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Agenda 
 

● Clinical Pearl: 
○  HERBAL COMPOUNDS THAT INHIBIT Tumor Promoting Oncogene mTOR  (mammalian 

target of rapamycin) 
 

● Research Highlights: 
○ Role of tumor microenvironment in tumorigenesis 
○ Nearly half of cancer patients don’t feel involved in treatment decisions, survey finds 

Patient insights on cancer care: opportunities for improving efficiency 
○ Study Finds Primary Care Providers Are Engaged in Cancer Survivorship Care but Report 

Barriers to Optimal Care Delivery 
○ A study of coagulation profile in neoplastic conditions 

 
 
 

Clinical Pearl:  
HERBAL COMPOUNDS THAT INHIBIT Tumor Promoting Oncogene mTOR  (mammalian target of 
rapamycin) 

See Slides Below 
 
 

Case Study:  

Submitted by: No Case Study Submitted 
 
 

Questions & Answers: 

No Questions Submitted 
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Research:  

REVIEW 
Role of tumor microenvironment in tumorigenesis 
Journal of Cancer 2017, Vol. 8 
Maonan Wang1,2, Jingzhou Zhao et al 
 
Abstract 
Tumorigenesis is a complex and dynamic process, consisting of three stages: initiation, progression,and 
metastasis. Tumors are encircled by extracellular matrix (ECM) and stromal cells, and the physiological state 
of the tumor microenvironment (TME) is closely connected to every step of tumorigenesis. Evidence 
suggests that the vital components of the TME are fibroblasts and myofibroblasts, neuroendocrine cells, 
adipose cells, immune and inflammatory cells, the blood and lymphatic vascular networks, and ECM. This 
manuscript, based on the current studies of the TME, offers a more comprehensive overview of the primary 
functions of each component of the TME in cancer initiation, progression, and invasion. The manuscript also 
includes primary therapeutic targeting markers for each player, which may be helpful in treating 
tumors. 

 
 

Research: 

Nearly half of cancer patients don’t feel involved in treatment decisions, survey finds 
Patient insights on cancer care: opportunities for improving efficiency 
Findings from the international All.Can patient survey 
https://www.all-can.org/what-we-do/research/patient-survey/ 
 
“It is so important that, as physicians, we listen to what patients are telling us in this survey,”  
The patient perspective is too often forgotten in considerations of how cancer care can be improved. The 
All.Can patient survey gave us a unique opportunity to ask this question directly to those who have had 
personal experience of cancer. 
Almost 4,000 cancer patients and caregivers from more than 10 countries across the world responded to the 
survey to share their experiences. While most reported that their needs were sufficiently addressed during 
their care, they highlighted some specific areas where they encountered inefficiency. 
We have identified four key opportunities for improvement based on the responses to the survey: 

● Ensure swift, accurate and appropriately delivered diagnosis 
● Improve information-sharing, support and shared decision-making 
● Make integrated multidisciplinary care a reality for all patients 
● Address the financial impact of cancer 
● It’s impossible to get a bank loan… One is punished for being ill, and it all comes down to luck.  

Respondent from Belgium 
● I think the psychological involvement part is forgotten. It is true that the main thing is to survive, but it 

is also necessary to feel accompanied and understood.  Respondent from Spain 
● I don’t want more information, but better information.  Respondent from the United States 
● I had delays in diagnosis, and I felt I was made a fool of about the symptoms I had – they were 

trivialised as an intestinal virus and anxiety. Respondent from Italy 
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Research:  

Study Finds Primary Care Providers Are Engaged in Cancer Survivorship Care but Report Barriers to 
Optimal Care Delivery 
By The ASCO Post  
https://www.ascopost.com/News/60182?email=f5131f75e03b4964ecb0429aa2a88b9c6990b3fc521c540
2a84c497cb05136d0&utm_medium=Email&utm_campaign=TAP%20EN Posted: 6/24/2019 12:26:09 
PM 
 
A new study published by McDonough et al in the Journal of Oncology Practice found that while 
primary care physicians are often involved in cancer survivorship care, many do not feel adequately 
prepared for key components of it. 

The study shared the results of a survey of 117 primary care physicians in practices affiliated with a 
large academic medical center to evaluate four key areas: (1) current practices in care of cancer 
survivors, (2) sense of preparedness to deliver such care, (3) barriers to care of cancer survivors, 
and (4) preferences for shared care and communication between primary care physicians and 
oncologists. 

A majority (82%) of respondents had been practicing for more than 10 years and saw a median of 36 
patients per week. Nearly all survey respondents reported that they commonly assume primary 
responsibility for at least some aspects of survivorship care.  

Key Points 

● 84% reported regularly assuming primary responsibility for the management of chronic 
physical complications of cancer therapy; but, only 10% felt very prepared to do so.  

● 73% of those surveyed were uncertain about delegation of responsibility and 72% lacked 
needed training. 

● 97% wanted access to a cancer treatment summary, and 78% reported that they generally 
had such access; but 98% reported that they wanted a survivorship care plan with explicit 
follow-up care recommendations, and only 11% reported regularly having such access. 

 
 
Practice, Preferences, and Practical Tips From Primary Care Physicians to Improve the Care of 
Cancer Survivors 
 
 
Allison L. McDonough, Julia Rabin, Nora Horick, Yvonne Lei, Garrett Chinn, Eric G. Campbell, Elyse 
R. Park, and Jeffrey Peppercorn 
Journal of Oncology Practice 2019 15:7, e600-e606  
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References: 

Peter Attia MD Podcast THE DRIVE 

 
#62 - Keith Flaherty, M.D.: Deep dive into cancer—History of oncology, novel 
approaches to treatment, and the exciting and hopeful future 
This link takes you to an episode landing page where you can find the show notes, 
listen to or watch the episode, access references from the conversation, and more. 
 
“We can't keep hitting the same pillar and expect that we're going to cure cancer. . .we 
need the activators of the immune system, we need the inhibitors of the activated 
oncogenes, we need the drugs that target epigenetic regulators, and we need the 
metabolic switch regulators.” — Keith Flaherty 
 
In this episode, Keith Flaherty, director of clinical research and targeted cancer 
therapy at Massachusetts General Hospital, shares his vast wealth of knowledge in 
cancer starting with the history of treatment from chemotherapy to radiation to surgical 
therapy and where those methodologies seemed to have leveled off. He also walks us 
through the timeline of advancements (and lack thereof) from when the War on Cancer 
was declared in the 1970s, through the sequencing of the entire human genome, and 
all the way to today. Keith dives into the topic of immunotherapy, probably the most 
exciting recent development in cancer therapy, and also provides us a rundown of his 
notion of a different approach to cancer that attacks all the essential pillars of cancer 
growth and survival. Finally, we talk a little bit about liquid biopsies, we discuss the 
roles of CRISPR and other potentially over-hyped therapies with respect to cancer. We 
also touch on stem cell therapy a bit, as well as some other common cancer-related 
questions such as the role of vitamin D and sun exposure in melanoma, and much 
more. 

 

 

 
 
 

Research: 

A study of coagulation profile in neoplastic conditions 
ICF  Intravascular Coagulation and Fibrinolysis 
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Patel SM, Gupta S, Patel MM, Mahadik JD, Patel KA, Patel AS 
Int J Med Sci Public Health 2016;5:402-407 
 
Malignancies show an increased susceptibility to thromboembolic events when compared with benign 
tumors and the general population. 
 
Ovarian, pancreatic, prostatic, and lung cancers and mucin-producing carcinomas of gastrointestinal 
tract are among the malignancies often associated with thromboembolic episodes.[2] 
 
Thrombosis occurs spontaneously, after surgery, radiation therapy, and anticancer treatment and might be 
the first manifestation of underlying cancer.[3] 
 
Abnormal coagulation activation encourages endothelial adhesion, metastatic spread, tumor cell growth, and 
survival.[2 
 
 
Our study implies a relation between activation of hemostasis mirrored by elevated D-dimer and 
malignancy. D-dimer might be used as a universal surrogate indicator of the relation between cancer 
and the activation of hemostasis and fibrinolysis, with elevated D-dimer levels symbolizing the 
pathogenesis of a more aggressive malignant process associated with poor clinical results. 
 
Amin et al.[7] showed that the percentage of patients with 
abnormal coagulation was 88%. Mohammed et al.[2] showed 
that the coagulation abnormalities were in 80% patients. 
In our study, 94.28% malignancies showed coagulation abnormalities 
comparable with the above studies 
 
In our study, the mean platelet count in malignancies was 334.14 ± 104.56 Å~ 103/cm, which was 
higher when compared with apparently normal controls (273.73 ± 126.52 Å~ 103/cm) 
 
Patients with malignancies predominantly showed D-dimer > 0.5μg/mL (88.57%). Such patients 
with elevated D-dimer are said to have ICF syndrome. Malignancies tended to show elevated D-dimer when 
compared with benign lesions 
 
Plasma D-dimer correlates with tumor burden, no. of metastatic sites, progression kinetics, 
cytokines related to angiogenesis,[11] invasion depth, lymph node metastasis, peritoneal 
dissemination, distant metastasis, tumor size, and TNM stage[12]   
 
 
CONCLUSION 
Increased D-dimer and altered coagulation parameters significantly correlated with malignant 
behavior of tumors and their spread. They might be useful indicators of aggressive tumor biology 
and behavior. 
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mTOR is an Atypical Protein Kinase 
• phosphorylates tyrosine and serine/threonine 
• mTOR is hyperactive in the majority of cancers
• mTOR is also important in normal physiology

Activates several oncogenic signaling pathways that promote cell survival
• Regulates growth factor signaling and proliferation
• Regulates nutrient metabolism
• Promotes protein, lipid and nucleotide synthesis 
• Promotes angiogenesis and metastasis
• Promotes cell survival/Inhibits autophagy
• Promotes immunity
• Activates IGF-1 Receptor and Insulin Receptor

Activated by several oncogenic upstream pathways
• Ras/Raf/MEK/ERK. (MAPK) and PI3K/AKT/PTEN

http://www.aiiore.com
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PI3K/Akt/mTOR
signaling 

pathway in cancer

Curr Oncol. 2015 Feb;22(1):33-48
doi: 10.3747/co.22.2393.

mTOR
Tumor Promoter

PTEN
Tumor Suppressor

INHIBIT 

INHIBIT
PROMOTE

INHIBIT

http://www.aiiore.com
https://www.ncbi.nlm.nih.gov/pubmed/25684987
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Treating Breast 
Cancer

by Targeting the 
mTOR Pathway

http://ubcf.org/treating-
breast-cancer-targeting-

mtor-pathway/

http://www.aiiore.com
http://ubcf.org/treating-breast-cancer-targeting-mtor-pathway/
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mTOR is frequently de-regulated in both 
solid tumors and hematologic cancers

Brain
Breast
Endometrial
Ovarian
Neuroendocrine
Pancreatic
Gastric
Colorectal

Thyroid
Prostate
Renal
Hepatic
Melanoma
Myelomas
Lymphomas
Leukemias

http://www.aiiore.com
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Effects of short-
term fasting on 

cancer treatment
de Groot et al. 

Journal of Experimental & 
Clinical Cancer Research

(2019) 38:209 
https://doi.org/10.1186/s130

46-019-1189-9 mTOR inhibition 
is activated by

Fasting
Calorie Restriction

Carbohydrate Restriction

http://www.aiiore.com
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mTOR Inhibition Effects 
are a function of the MicroEnvironment

mTor inhibition can either inhibit or promote immune response 
depending on the antigenic stimulus and 

the  tumor microenvironment signals

Inhibits Immune Response against transplant allografts 
AND

Promotes Immune Response against 
micro-organisms and tumor cells

Transplant Res. 2013; 2(Suppl 1): S2.
Published online 2013 Nov 20. doi: 10.1186/2047-1440-2-S1-S2

http://www.aiiore.com
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3834556/
https://dx.doi.org/10.1186%2F2047-1440-2-S1-S2
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Inhibition of mTOR and Beneficial Immune Modulation
ENHANCE ANTI TUMOR RESPONSE
• Induce memory cytotoxic CD8 + T lymphocytes (CTL) formation against tumor cells

REDUCE IMMUNOSUPPRESSIVE AND PRO GROWTH ACTIVITY OF 
• Cancer Associated Fibroblasts
• Myeloid Derived Stem Cells
• Anti-Inflammatory Tumor Associated Macrophages
• Inhibition of PDL-1 Immune Suppression

IMPROVE FOREIGN ANTIGEN RECOGNITION and Dendritic Cell Function
• Inhibition of infectious organisms and 
• Reduced viral infections 

DOWNREGULATION of PI3K-mTOR-AKT pathway
Front Immunol. 2018; 9: 578.
Published online 2018 Mar 
27. doi: 10.3389/fimmu.2018.00578

Potential use WITH 
Cancer Immunotherapy

http://www.aiiore.com
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5890199/
https://dx.doi.org/10.3389%2Ffimmu.2018.00578
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Front Immunol. 2018; 9: 578.
Published online 2018 Mar 
27. doi: 10.3389/fimmu.2018.00578

http://www.aiiore.com
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5890199/
https://dx.doi.org/10.3389%2Ffimmu.2018.00578
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Phytochemical Type of Neoplasm Reference
Curcumin
Curcuma Longa

Colorectal Anticancer Res. 2009 August; 29(8): 3185

Curcumin
Curcuma Longa

Multifocal Cancer Res 2009;69(3):1000–8

Curcumin
Curcuma Longa

Prostate
Cancer Ther. 2008 Sep;7(9):2609-20. 

Curcumin
Curcuma Longa

Leiomyosarcoma Gynecol Oncol. 2011 Jul;122(1):141-8. Epub 2011 Mar 29.

Curcumin +EGCG
Curcuma longa+ Camelia 
sinensis

Leiomyosarcoma Int J Clin Oncol. 2012 Feb 15. 

EGCG
Camelia sinensis

Breast Br J Cancer. 2008 Oct 7;99(7):1056-63. Epub 2008 Sep 16.

Isoliquiritigenin
Glycyrhhiza spp

Adenoid Cystic Carcinoma Apoptosis. 2012 Jan;17(1):90-101. 

Phytochemicals That Inhibit mTOR

http://www.aiiore.com
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Phytochemical Type of Neoplasm Reference
Salidroside
Rhodiola rosea

Bladder Mol Carcinog. 2011 Apr 22. doi: 10.1002/mc.20780. 

Ursolic Acid
Salvia spp, Heydotis/Oldenlandia

Breast Nutr Cancer. 2010;62(8):1074-86. 

Withaferin A
Withania somnifera

Colorectal Mol Cancer Ther. 2010 Jan ; 9(1): 202–210 

Silibinin
Silybium marianum

Breast, Prostate Mol Cancer Ther. 2009 Jun;8(6):1606-12.  Epub 2009 Jun 9.

Apigenin
Matricaria, Petroselinum,

Breast, Prostate, Colon, 
Cervical, Lung, Ovary, Skin
Liver, Pancreas, Hematologic,

Anticancer Agents Med Chem. 2013 Sep; 13(7): 971–978
Biomed Pharmacother. 2018 Jul;103:699-707. doi: 
10.1016/j.biopha.2018.04.072. Epub 2018 Apr 24.

Genistein
Soy

Breast Genome Med. 2010; 2(12): 90. 

Honokiol
Magnolia spp

Breast, Prostate, Renal, Brain J Immunother. 2009 Jul-Aug; 32(6): 585–592.
doi: 10.1097/CJI.0b013e3181a8efe6

Phytochemicals That Inhibit mTOR

http://www.aiiore.com
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=23272913
https://www.ncbi.nlm.nih.gov/pubmed/29680738
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=19483651
https://dx.doi.org/10.1097%2FCJI.0b013e3181a8efe6
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Phytochemical Type of Neoplasm Reference

Resveratrol
Polygonum cuspidatum

Multifocal .Ann N Y Acad Sci. 2015 Aug;1348(1):116-23. doi: 10.1111/nyas.12829. Epub 2015 
Jul 22.
Anticancer Agents Med Chem. 2013 Sep;13(7):1032-8.

Baicailein
Scutellaria baicelensis

Prostate, Breast,  Hepatic, 
multi

Int J Mol Sci. 2016 Oct; 17(10): 1681.
Pub online 2016 Oct 9. doi: 10.3390/ijms17101681
Cancer Lett. 2015 Mar 28;358(2):170-179. doi: 10.1016/j.canlet.2014.12.033.
Mol Cell Biochem. 2015 Aug;406(1-2):111-9. doi: 10.1007/s11010-015-2429-8. 

Quercetin-Isoquercitrin
Camelia sinensis, Cruciferae
spp, Allium spp, Rubus spp,  +

Renal, Prostate, Colon, multi PLoS One. 2016; 11(6): e0157251. Pub online 2016 Jun 
10. doi: 10.1371/journal.pone.0157251
PLoS One. 2012; 7(10): e47516.
Pub 2012 Oct 18. doi: 10.1371/journal.pone.0047516
Molecules. 2016 Jan; 21(1): 108.
Publ online 2016 Jan 19. doi: 10.3390/molecules21010108

Urolithin
Punica granatum

Pancreatic Mol Cancer Ther DOI: 10.1158/1535-7163.MCT-18-0464 Vol 8 (2)
February 2019. AACR

Vitamin D
Cholecalciferol

Breast Int J Mol Sci. 2017 Oct 19;18(10). pii: E2184. doi: 10.3390/ijms18102184.
J Nutr Biochem. 2018 Mar;53:111-120. doi: 10.1016/j.jnutbio.2017.10.013.

Calorie Restriction
Carbohydrate restriction

Multifocal
Oncotarget. 2015 Oct 13;6(31):31233-40. doi: 10.18632/oncotarget.5180.
Cell. 2017 Feb 23; 168(5): 775–788.e12.doi: 10.1016/j.cell.2017.01.040

Omega 3 Fatty Acid DHA
Prostate Biomed Res Int. 2013;2013:568671. doi: 10.1155/2013/568671

Inhibition of mTOR

http://www.aiiore.com
https://www.ncbi.nlm.nih.gov/pubmed/26200935
https://www.ncbi.nlm.nih.gov/pubmed/23272906
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5085714/
https://dx.doi.org/10.3390%2Fijms17101681
https://www.ncbi.nlm.nih.gov/pubmed/25543165
https://www.ncbi.nlm.nih.gov/pubmed/25957503
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902235/
https://dx.doi.org/10.1371%2Fjournal.pone.0157251
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3475699/
https://dx.doi.org/10.1371%2Fjournal.pone.0047516
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6273093/
https://dx.doi.org/10.3390%2Fmolecules21010108
https://www.ncbi.nlm.nih.gov/pubmed/29048387
https://www.ncbi.nlm.nih.gov/pubmed/29216499
https://www.ncbi.nlm.nih.gov/pubmed/26378060
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=28235195
https://dx.doi.org/10.1016%2Fj.cell.2017.01.040
https://www.ncbi.nlm.nih.gov/pubmed/23841076
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Afinitor everolimus

Torisel temsirolimus

Rapamune sirolimus

Rapamycin     sirolimus

Adverse Effects
Stomatitis

Pneumonitis
Dermatitis-Rash
Hyperglycemia

Immunosuppression
Myelosuppression

Monitor
CBC + differential

Platelets
Liver Function
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Abstract 

Tumorigenesis is a complex and dynamic process, consisting of three stages: initiation, 
progression, and metastasis. Tumors are encircled by extracellular matrix (ECM) and 
stromal cells, and the physiological state of the tumor microenvironment (TME) is closely 
connected to every step of tumorigenesis. Evidence suggests that the vital components of the 
TME are fibroblasts and myofibroblasts, neuroendocrine cells, adipose cells, immune and 
inflammatory cells, the blood and lymphatic vascular networks, and ECM. This manuscript, based 
on the current studies of the TME, offers a more comprehensive overview of the primary functions 
of each component of the TME in cancer initiation, progression, and invasion. The manuscript also 
includes primary therapeutic targeting markers for each player, which may be helpful in treating 
tumors. 

Key words: cancer-associated fibroblasts (CAFs), neuroendocrine cells, adipose cells, immune-inflammatory 
cells, angiogenesis 

Introduction 
Currently, ten major characteristics of cancer 

have been universally recognized, including 
unlimited multiplication, evasion from growth 
suppressors, promoting invasion and metastasis, 
resisting apoptosis, stimulating angiogenesis, 
maintaining proliferative signaling, elimination of cell 
energy limitation, evading immune destruction, 
genome instability and mutation, and tumor 
enhanced inflammation (Figure 1) [1]. Although 
researchers now have an understanding of most 
characteristics of cancer [2-30], the characteristics 
regarding cancer formation, which is the focus of the 
current study, remains unknown. After the ‘ecological 
therapy’ strategy was widely employed [31], much 
effort has been devoted to determining how cellular 
and noncellular components of the tumoral niche help 
tumors to acquire these characters. These cellular and 

noncellular components of the tumoral niche 
comprise tumor the microenvironment (TME). The 
TME consists of extracellular matrix (ECM) as well as 
myofibroblasts and cellular players, such as 
fibroblasts, neuroendocrine (NE) cells, adipose cells, 
immune-inflammatory cells, and the blood and 
lymphatic vascular networks [32]. Furthermore, TME 
has increasingly been shown to dictate aberrant tissue 
function and play a critical role in the subsequent 
evolution of more stubborn and advanced 
malignancies [33]. Oncologists have also found that 
when the microenvironment in a healthy state, it can 
help protect against tumorigenesis and invasion. By 
contrast, if it is not in a healthy state, it will become an 
accomplice.  

The intent of this paper was to summarize the 
existent knowledge on the potential role of each TME 
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component in tumorigenesis: initiation, progression, 
and metastasis, respectively. We have also 
summarized some of the main cellular players, such 
as cancer-associated fibroblasts, immune and 
inflammatory cells, blood and lymphatic vascular 
networks, adipose cells, neuroendocrine cells and 
ECM in the TME, as well as their corresponding 
targets in TME, in the hope of providing some clues 
for future TME research. We have also introduced the 
therapeutic target markers for various parts of TME 
based on the current research results. 

 

 
Figure 1. The tumor microenvironment and characteristics of 
cancer. It is currently widely recognized that tumor microenvironments are 
wildly influenced by the ten main characteristics of cancer: A. unlimited 
multiplication; B. escaping from growth suppressors; C. promoting invasion and 
metastasis; D. resisting apoptosis; E. stimulating angiogenesis; F. maintaining 
proliferative signaling; G. elimination of cell energy limitation; H. evading 
immune destruction; I. genome instability and mutation; J. tumor-enhanced 
inflammation. Lower cure rate and poor prognosis of cancer patients are closely 
related to these ten characteristics of cancer. These ten characteristics make 
cancer more mysterious within the complex tumor microenvironments. 

 

Cancer-associated fibroblasts (CAFs) 
A sub-population of fibroblasts with a 

myofibroblastic phenotype in cancerous wounds is 
distinguished as cancer-associated fibroblasts (CAFs). 
After activation, fibroblasts are known as CAFs or 
myofibroblasts [34-36]. During natural wound repair, 
myofibroblasts are transiently present [37]. Unlike the 
process of wound healing, CAFs at the site of a tumor 
remain perpetually activated, as in tissue fibrosis. 

Several studies have demonstrated that only the 
activated fibroblasts are required to initiate and 
promote tumor growth [38-40]. Fibroblast activation 
may be induced through various impetuses when 

tissue lesions occur, including growth factors, direct 
cell-cell communication, adhesion molecules 
contacting with leukocytes, reactive oxygen species 
[41], and microRNA [42, 43]. When the fibroblasts 
remain activated after the initial insult has regressed, 
these activated fibroblasts may work with other 
molecular pathways to boost neoplasm initiation. 
These CAFs have a significant impact on cancer 
progression through remodeling ECM, inducing 
angiogenesis, recruiting inflammatory cells, and 
directly stimulating cancer cell proliferation via the 
secretion of growth factors, immune suppressive 
cytokines, and mesenchymal-epithelial cell 
interactions [41, 44]. For instance, Galectin-1 
overexpression in CAFs advances the development of 
abutting cancer cells [45] and is correlated with poor 
prognosis in several types of cancer, including breast 
and prostate cancer and laryngeal carcinoma [46-49]. 
Chemokine (C–X–C motif) ligand 12 (CXCL12), 
violently uttered in CAFs, may induce 
epithelial-mesenchymal transition (EMT) of cancer 
cells to promote cancer progress in gastric and 
prostate cancers [50, 51]. Moreover, one team 
discovered that MMP-2, derived from senescent 
CAF-CMs, induced epithelial invasion and 
keratinocyte discohesion into collagen. Interleukin-22 
(IL-22) is also expressed by CAFs to encourage gastric 
cancer cell invasion through STAT3 and ERK 
signaling [52]. Using a 3D invasion model, another 
study found that HCT116 cells manifested a 
substantially invasive phenotype, while media 
originated from human dermal fibroblasts (HDF) [53].  

Since myofibroblasts can be distinguished by 
alpha-smooth muscle actin (α-SMA), laminin-1, 
transforming growth factor beta (TGF-β1), vascular 
endothelia growth factor A (VEGF-A), etc. [54, 55], 
CAFs have been recognized as playing an essential 
role in the metastasis and development of cancer [56]. 
Oncologists have found that through HGF, TGF-β, 
platelet-derived growth factor (PDGF) etc., CAFs may 
promote tumor growth and invasion (Figure 2). 
Through fibroblast growth factor 2 (FGF2), VEGF, etc., 
CAFs may promote tumor development by 
promoting angiogenesis [57]. Additionally, CAFs also 
interact with immune-inflammatory cells and 
neuroendocrine cells through different cell factors and 
cytokines to jointly promote the initiation, 
progression, and invasion of cancer [58-62]. However, 
many of the markers that have been gradually proven 
to be unable to identify all of the CAFs, are not unique 
to the CAFs [63]. The cardinal functions and the 
primary markers of CAFs are illustrated in Table 1. 
For instance, α–SMA, one of the previous major 
markers of CAFs, was found to be expressed in 
normal fibroblasts [64], pericytes, and smooth muscle 
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cells [65]. The cell-surface serine protease fibroblast 
activation protein α (FAPα), which is highly 
expressed in quiescent mesodermal cells in multiple 
tissue types [66], is also not specific to CAFs. 
Additional markers fibroblast-specific protein 1 
(FSP-1) [67], vimentin, and certain proteins, including 
NG2 (Neuroglial Antigen-2), platelet-derived growth 
factor receptor-β (PDGFR-β), fibroblast-associated 
antigen, and prolyl 4-hydroxylase have been shown to 
be expressed in cells other than CAFs [63]. 

 

Table 1. The function of cell players in the tumor 
microenvironment. 

Cell players Main markers Primary functions 
Cancer-associated 
fibroblasts (CAFs)  

PDGF*; FAP*; 
FGFR*; VDR* 

Regulating inflammation; 
Participating in wound healing; 
Integrating collagen and protein to 
form the ECM fiber network; 
Escaping damage; 

Immune & 
Inflammatory cell 

TNF-α; IL-10; IL-12; 
TGF-β; Foxp3+*; 
HMGB1*; CD163+*; 
KIR*; PD-1+* 

Treatment of wound healing and 
infection; Clearing dead cells and 
cellular debris; Having a double 
effect on tumor formation 

The blood & 
lymphatic 
vascular 
networks 

VEGRF3; LYVE-1; 
CD31; CD34; VEGF*; 
PlGF*; VEGF-B*; 
VEGF-C*; VEGF-D* 

Require nutrients and oxygen; 
Evacuating metabolic wastes and 
carbon dioxide; Helping to escape 
immune surveillance. 

Adipose cell AIs*; MBD6* Producing circulating blood 
estrogen; A major energy source; 
Relating with inflammation; 
Recruiting immune cells; Support 
vasculogenesis. 

Neuroendocrine 
cell 

NSE; CgA; K18&K8 
cytokeratins; PGP9.5; 
Ki-67; IL-2; KE108*; 
DLL3*; EGF* 

Extending lumina and adjacent 
epithelial cells; Regulating 
secretion and motility; Controlling 
lung branching morphogenesis; 
Providing a protective niche for a 
subset of lung stem cells. 

Note: *, the targeting markers. 
 

Similarly, although there is no unique marker, 
there are still some targets for significant help in 
cancer treatment. CAFs work in two main ways in 
cancer treatment. One method is by directly reversing 
CAFs into the normal fibroblasts or inhibiting their 
growth. This method highlighted that efforts such as 
reconstituting miRNA expression had been proven to 
deactivate CAFs [68-70] and inhibit PDGF signaling in 
the mouse model of cervical carcinogenesis; it can also 
reduce tumor proliferation [71]. Additionally, the 
fibroblast growth factor receptor (FGFR) signaling 
pathway may be one of the therapeutic objectives in 
gastric cancer [72].The other objective is 
dedifferentiating CAF into a quiescent state. One data 
set showed that Vitamin D receptor (VDR) ligands 
promoted the dedifferentiation of satellite cells and 
abrogated fibrosis [73]. Using a murine xenograft 
model of colon carcinoma, another recent study found 
that when targeting fibroblast activation protein 
(FAP), the accumulation of CAFs was markedly 
reduced [74]. FAP is expected to become another 
marker of CAFs targeted therapy. 

Immune and inflammatory cell 
The main function of the mammalian immune 

system is to monitor tissue homeostasis, to protect 
against invading or infectious pathogens and to 
eradicate damaged cells [75]. The primary theory 
advises that immune surveillance has significant 
roles in recognizing and eradicating a large part of 
nascent tumor cells [1]. However, unlike normal 
functions, immune-inflammatory cells would persist 
in sites of chronic inflammation, linked to diverse 

tissue pathologies, including 
fibrosis, aberrant 
angiogenesis, and neoplasia 
[76]. In light of recent 
discoveries in immune system 
research, it is difficult to 
ignore the crucial issue that 
immune-inflammatory cells 
may be the early cradle of 
cancer [77-83]. 

Several studies have 
revealed the contribution of 
adaptive and innate 
immunity in cancer 
immunoediting, including the 
unmanipulated innate 
immune system without 
adaptive immunity [84]. 
Dunn et al. divided the 
dynamic process of cancer 
immunoediting into three 
steps: elimination, 

 
Figure 2. The inactive network of cancer cells and the tumor microenvironment. 
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equilibrium, and escape [85]. These three stages can 
also be used to express the role of the immune system 
in cancer initiation, progression, and invasion. He 
pointed out that in the elimination phase, the 
immunologic system can defeat nascent tumors. This 
is accomplished by different inflammatory cells 
[86-88] and signaling molecules [88, 89]. Once cancer 
cells have been completely eliminated, these active 
factors and immune cells may have an additional role 
in producing “immunologic sculpting” or 
“immunoediting” [85]. This means that in the 
equilibrium stage, tumor cells cannot be completely 
cleared, but the tumor growth can controlled. In order 
to escape the immune surveillance, cancer cells tend 
to evolve a number of phenotypic changes in this 
stage, such as EMT [90]. These cells, with survival 
advantage, would eventually develop into the 
primary solid tumor. In other words, the immune 
microenvironment helps cancer cells to select the 
dominant cells so that the tumor can progress at the 
fastest rate in a limited environment. Several studies 
in mice have revealed that the depletion of 
macrophages during tumor induction restrained 
tumor growth [91, 92]. Regarding the escape stage, the 
immune system may help tumor cells to format the 
clinical characterization of tumor immune escape 
mechanisms, while many experiments have proven 
that immune cells can reduce anti-cancer proteins or 
cytokines to promote cancer invasion [93, 94]. In 
addition, one experiment also found that immune 
cells may be related to the regulation of apoptosis [95]. 
However, the greatest divergence between these 
transitional immune cells and the other stroma cells is 
that these immune cells can be redesigned toward the 
tumor destruction in therapies. How to activate the 
normal function of immune cells will be the focus of a 
future study. 

As depicted in Figure 2, CAFs [96], NE cells [97], 
adipose cells [98-100], and inflammatory cells 
[101-103] in the TME can affect the role of immune 
cells through the secretion of different cytokines, cell 
factors, or interacting proteins, which adds several 
difficulties to the search for markers and targets for 
cancer therapy [104, 105]. In different cell and tumor 
types, the complexity and heterogeneity of immune 
factors also provides a further complication to finding 
more specific markers of the immune cells. The 
immune system is divided into adaptive immunity 
and innate immunity. Adaptive immune cells include 
thymus-dependent lymphocytes (T cells), and 
bursa-dependent lymphocytes (B cells). Innate 
immune cells consist of dendritic cells (DC), killer 
lymphocytes, natural killer (NK) cells, hyaline 
leukocyte/macrophage, granulocytes, and mast cells 
[106]. According to the different clusters of 

differentiation, T cells are divided into CD4+ T (helper 
T cells, Th) and CD8+ T (cytotoxic T cells, Tc) cells. 
These secrete IFN-γ, TNF-α, and IL17, which have 
antitumor effects. B cells are mainly marked by 
different antigens in different physiological periods, 
such as mainly expressing CD19 and CD20 in pre-B 
cells, immature B cells, and plasma cells, mainly 
expressing IgM, IgD, and CR1 in mature B cells, and 
mainly expressing IgM, IgD, IgA, IgG in memory B 
cells. A key feature of human NK cells, which could 
efficiently recognize infected and malignant target 
cells, is the expression of HLA class Ⅰ-specific 
receptors of the KIR and NKG2 gene families [107]. 
DCs express co-stimulatory molecules and innate 
inflammatory cytokines, such as IL-12, IL-23, and IL-1, 
that promote IFN-γ-secreting CD4+ T cells and 
cytotoxic T lymphocyte responses [108]. DCs 
represent key targets for 1,25-dihydroxyvitamin D3 
(1,25(OH)2D3), which can directly induce T cells [109]. 

After the addition of immune-inflammatory cells 
into an emerging hallmark of cancer [1], studies have 
shown that immune cells were associated with 
immunosuppression. Some types of immune cells 
have an innate function of immune suppression, and 
some cytokines can also activate them through 
different signaling pathways. The main 
immunosuppressive cells are regulatory T (Treg) cells 
marked by Foxp3+ [110], myeloid-derived suppressor 
cells (MDSC) marked by HMGB1 [111], and M2 
macrophages marked by CD163+ [108, 112], which 
have emerged as a leading method in the 
development of new immunotherapeutics. Studies 
have also found that some granulocytes can promote 
cancer development through the expression of 
cytokines, such as the hematopoietic growth factor 
(HGF), granulocyte colony-stimulating factor 
(G-CSF), or inducing changes in stromal cells 
[113-115]. PD-1+ and cytotoxic T-lymphocyte 
antigen-4 (CTLA-4) expressed by “exhausted” CD8+ T 
cells are also targeting markers in treating patients 
with breast and non-small cell lung (NSCL) cancer 
[116-118]. In addition to the mutual activation [119], 
the antitumor effects also can be suppressed by some 
co-inhibitory molecules expressed by antitumor 
immune cells, such as PD-1/PD-L1 [120, 121]. Some 
antitumor cytokines can also promote 
immunosuppression, such as IL-10 and TGF-β 
secreted by DCs, which may activate Treg cells that 
are recruited to the tumor under the influence of the 
chemokines, including CCL22 and CXCL12 [108]. As 
for these immunosuppressive cells, cell depletion 
strategies [122-125], tumor vaccines [126], 
intratumoral injection with an agonistic antibody 
[127], targeting the transcription factor, and 
suppression of activated receptors [128, 129] have 
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been widely used in improving immune surveillance 
and promoting antitumor immune responses. Agonist 
antibodies of CD40, 4-1BB, GITR, and OX-40 can also 
be used to enhance antigen-specific T cell responses 
[130], CD25 antibody can be used to reduce the 
number of Treg cells or inhibit Treg function [131], 
and promote the maturation of DC and rational use of 
cytokines and antibodies to break the immune 
tolerance [132]. The significant roles and the master 
markers of the immune and inflammatory cells are 
indicated in Table 1.  

The blood and lymphatic vascular 
networks 

Similar to normal tissues, the blood and 
lymphatic vascular networks supply oxygen and 
sustenance as well as removing carbon dioxide and 
metabolic wastes for sustaining the survival of 
neoplasm growth. These networks have two main 
features. First, the new vessels surrounding tumors 
are usually inefficient, tortuous, or leaky [133]. 
Second, the angiogenic switch is almost always 
activated and remains active during the process of the 
tumorigenesis, resulting in continued growth of new 
natural blood vessels [134]. In the tumor angiogenesis 
process, new blood vessels form from pre-existing 
vessels, making the blood and lymphatic vascular 
network more complex [135]. 

The blood and lymphatic vascular networks 
have different roles during the stages of 
tumorigenesis [136]. Tumor normal cells are 
confronted with the challenge of hypoxic 
surroundings [137]. To survive in hypoxic 
circumstances, primary tumor cells may adjust to the 
low oxygen setting, or migrate to and recruit blood 
vessels [138]. A selection shape can be chosen, which 
is more enterprising and metastatic, and is provided 
by a chronically hypoxic environment [139, 140]. In 
the process of tumor progression, one of the primary 
functions of the blood and lymphatic vascular 
networks is to help tumor cells escape immune 
surveillance. Escape measures are mainly divided into 
two categories. Directly, the lymphatic 
microenvironment will weaken or eliminate the 
normal function of immune cells. For instance, the 
myeloid-derived suppressor cells (MDSCs) and the 
immature DCs in the sentinel lymph nodes (SLNs) 
could restrict the normal operation of T cells [141-143]. 
When the metastatic tumor enters a novel 
environment, CD4+and CD8+ T cells may help them to 
evade the host immune system [144, 145]. The 
remodeling of unusual endothelial venules (HEVs) 
can indirectly influence immune cells to traffic into 
lymph nodes [146]. Though some immune cells traffic 
into the lymph nodes through the draining afferent 

lymphatic vessels, lymphocyte recruitment into the 
SLN via HEVs is fundamental [144].  

Moreover, lymphatic vessels around the tumor 
also provide a physical link between the SLNs and 
primary tumor. When lymphatic vessels are 
obstructed, collateral lymphatic vessels can make up 
for the diminution in lymphatic capacity [144, 147]. 
This physical connection is like a highway through 
which tumor cells can reach other locations. Some 
phenomena showed that local tumor invasion 
correlated with excellent lymphatic vessel density in 
the tumor margin [148, 149]. Figure 2 shows that 
through different interacting factors, adipose cells, 
inflammatory cells, and CAFs can also closely connect 
with lymphatic vascular networks [150-153]. The 
physical and chemical connection makes the role of 
angiogenesis in tumor formation more of a mystery.  

The important functions and the primary 
markers of the blood and lymphatic vascular 
networks are listed in Table 1. Banerji et al. found that 
the lymphatic vessel endothelial HA receptor 
(LYVE-1) was expressed predominantly in lymphatic 
vessels [154]. Evidence suggests that VEGF is among 
the most important factors for anti-angiogenic 
treatment [155, 156]. A number of studies have 
discovered that VEGF would inhibit the development 
of new vessels, block the VEGF or its signaling 
pathways, prune pre-existing vessels, and induce 
vessel normalization [133, 157, 158]. Furthermore, 
clinical trials that targeted VEGF and other markers 
showed prolonged survival [155, 159]. Members of the 
VEGF family include placental growth factor (PlGF), 
VEGF-B, VEGF-C, and VEGF-D, which were also 
good candidates for anti-angiogenic treatment [133, 
160-164]. Another marker, PDGFβ, secreted by 
sprouting ECs, has two sides of the effects on tumors. 
It would recruit prostate cancer (PC) signaling 
through the presenting PDGF receptor-β (PDGFRβ) 
[165]. Studies have revealed that blockage of PDGFβ 
makes tumor vessels more sensitive to VEGF 
inhibitors [166, 167]. Consequently, the decrement of 
PDGFβ also enhances the risk of increased 
metastasis [158]. Generally, anti-PDGFβ drugs play 
an auxiliary role in anti-VEGF treatment. Some other 
markers, such as CRISP-3 [94], CCR7 [168], GATA2 
[169], Prox1 [170], and Foxc2 [171] have also been 
found and are well used in the treatment. In 
conclusion, abnormal tumor vasculature exhibited 
remarkable spatiotemporal heterogeneousness, and 
not only damaged perfusion and drug delivery, but 
also made chemoradiotherapy less expeditious. 

Adipose cells  
Adipose tissue comprises two cell types, white 

adipose tissue (WAT) and adipocytes [172]. The 
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significant functions and major markers of adipose 
cells are shown in Table 1. Extensive evidence has 
proven that some features of adipose tissue are 
associated with cancer. First, obese adipose tissue 
hypoxia establishes a highly proinflammatory 
microenvironment, which is more likely to breed 
tumors [173-175]. Second, adipose cells also secrete 
more than 50 different cytokines, chemokines, and 
hormone-like factors [176, 177]. These factors, whose 
production may upregulate in obesity, may be 
accomplices in tumor initiation. Similar to interleukin 
(IL)-6, IL-8, IL-1β, tumor necrosis factor-α (TNF-α), 
VEGF, chemokine (C-C motif) ligand 2 (CCL2) and 
CCL5 [178, 179]. Third, in obese patients, adipose 
tissue accommodates a higher proportion of 
preadipocytes, in which figures of macrophages and 
monocytes synergistic increase [180]. These 
alterations may also contribute to cancer development 
locally. Fourthly, adipose tissue reprogramming and 
the associated systemic secretion may have an effect 
on cancer growth and progression [180]. Excess 
adiposity leads to high circulating blood estrogen 
[181] and chronic, low-grade inflammation, which is 
involved in cancer development [176, 182-184]. 
Cancer progression has been proven to be 
accompanied by recruiting progenitor mesenchymal 
stromal cells (MSCs) in reaction to setting factors free 
by TME with hypoxic and inflammatory conditions 
[185, 186].  

Another type of cancer-associated adipose cell is 
the adipose stem cells (ASC), which have the 
capability to differentiate into multiple cell lineages 
[187-189]. ASC plays a chief role when it comes to the 
promotion of tumor progress. First, ASCs influence 
the tumor microenvironment (Figure 2). Eterno et al. 
[190] suggested that ASCs may worsen the 
tumorigenic behavior of c-Met-producing breast 
cancer cells by creating a TME characterized by 
inflammation. The TGFβ1 signaling pathway may 
also play a role in the interaction between ASCs and 
the TME [98]. Second, ASCs may promote 
angiogenesis [191]. Gehmert et al. [192] reported that 
ASCs might contribute to angiogenesis by migrating 
toward tumor-conditioned media through the 
platelet-derived growth factor BB/platelet-derived 
growth factor receptor-β (PDGF-BB/PDGFR-β) 
signaling pathway[193]. Third, ASCs may 
differentiate into carcinoma-associated cells. In 
breast-cancer tumor models, many studies have 
found that ASCs may differentiate into fibroblasts and 
promote tumor proliferation [194]. The same findings 
were also reflected in ovarian cancer and lung cancer 
progression [195-198]. Fourth, ASCs may promote 
EMT. Studies using pleural effusions or established 
breast cancer cell lines from breast cancer patients 

exemplified that either co-culture with ASCs or 
conditioned medium from could advance invasion 
and EMT of breast cancer cells [199-201]. 

Cancers are triggered by adipocytes to gain 
enterprising tumor phenotypes with some aggressive 
traits. In turn, cancer cells may express the 
corresponding markers. Although there is no unique 
marker for clinical identification, the increase or 
decrease in the number of a substance in adipose 
tissue may directly or indirectly reflect the initiation, 
progression, and invasion of the tumor, such as the 
EMT-like phenotypic alterations accompanied by the 
upregulation of matrix metallopeptidase 9 (MMP9) 
and TWIST1 [202, 203]. Higher aromatase activity and 
higher degrees of obesity may abate the efficacy of 
aromatase inhibitors [204]. Leptin, an 
adipocyte-derived cytokine, would arouse 
proliferation in some cell types, such as mammary 
epithelium, which has an effect on the neoplasm cell 
proliferation, apoptosis, and cell cycle [205-207]. Data 
has shown that high glucose levels can induce leptin 
signaling directly [208]. Additionally, adiponectin in 
given cells may inhibit proliferation promoting 
apoptosis through the adenosine monophosphate 
kinase (AMPK) and MAPK pathways [180]. 

Certain types of cancer have found 
adipose-related target markers. For instance, 
methyl-CpG-binding protein 6 (MBD6) is a direct 
target of octamer-binding transcription factor 4 (Oct4) 
and controls the stemness and differentiation of 
adipose tissue-derived mesenchymal stem cells 
(ASC)[209]. Aromatase is one of the newly discovered 
adipose-related markers for postmenopausal breast 
cancer. The majority of postmenopausal breast 
cancers are estrogen receptor (ER)-positive. Obesity 
results in the secretion of inflammatory factors, which 
stimulates the expression of the aromatase enzyme 
and converts androgens into estrogens in the adipose 
tissue [210]. Several clinical trials have revealed that 
many pathways could be targeted to specifically 
inhibit aromatase within the breast. For example, 
through targeting aromatase inhibitors (AIs), clinical 
treatment may inhibit the activity of aromatase 
enzymes and prevent estrogen production [211]. 
Although targeted therapy has achieved promising 
results, it also has certain side effects. 

Neuroendocrine cell 
In the late 1920s, Siegfried Oberndorfer found 

that the secretion of nerve cells in the hypothalamus 
enters the blood [212]. These cells are now called 
neuroendocrine (NE) cells, and a series of experiments 
proved that this type of cell exhibits a combination of 
neuronal and endocrine features [56]. In healthy 
organisms, normal NE cells play complex local 



 Journal of Cancer 2017, Vol. 8 

 
http://www.jcancer.org 

767 

regulatory roles at the tissue level [213]. NE cells are 
part of the diffuse NE system, which is spread 
throughout the normal organism. They can also be 
found within endocrine glands or tissues, such as the 
hypothalamus, anterior pituitary gland, pineal gland, 
thyroid gland (calcitonin-secreting cells), thymus, 
breast, and the pancreatic islets of langerhans [212, 
214, 215]. Under the electron microscope, two 
different morphologies were found: open-type cells 
and closed-type cells [212]. There is no difference in 
the location of these two kinds of cells, but the 
function is not the same, which increases the difficulty 
in studying NE cells.  

NE cells are the accomplices of tumor formation 
[216]. Extensive evidence has proven that the NE 
system strongly influences the function of the 
immune system (Figure 2). The NE system can 
regulate the migration and cytotoxicity in NK cells 
through neurotransmitters [217]. Additionally, 
substance P showed the ability to block the 
β1-integrin-mediated adhesion of T lymphocytes 
[218] and increase their migratory activity [219]. 
Substance P also can induce the production of various 
cytokines in leukocytes [220]. Norepinephrine, 
another neurotransmitter, also showed a significant 
impact on T cells [219]. It could inhibit the generation 
of antitumor cytotoxic T-lymphocytes (CTLs) through 
the inhibition of TNF-α synthesis [221]. On the other 
hand, as a result of their secretory products, NE cells 
could stimulate the proliferation of prostate 
carcinoma cells and increase their aggressiveness 
[222], while in the development of NE-cell tumors, NE 
cells may play a leading role [223]. NE carcinomas are 
rare malignancies that originate from the 
hormone-producing cells of the body’s NE system. 
While there is no conclusive evidence, several studies 
have reflected on this conclusion. For example, one 
result showed that androgen-dependent lymph node 
carcinomas of the prostate (LNCAP) could only 
develop in the presence of NE tumors in castrating mice, 
which proved that NE tumor cells may secrete specific 
factors [224]. NE tumors had a highly internal 
heterogeneity, and there were 13 different types of NE 
cells [225]. Different NEs produce different secretions, 
which leads to different or mixed symptoms. NE 
tumors are also highly aggressive. Approximately 
50% of pancreatic NE tumors have hepatic metastases 
[226] due to the secretion of several peptide 
hormones. To improve the survival rate of NE tumors, 
it is becoming more and more urgent to find specific 
markers. 

The significant functions and the major markers 
of NE are shown in Table 1. Many markers have 
gradually been found to be expressed in a large 
number of prostatic NE cancer cases[227], such as K18 

and K8 cytokeratins [228], 
α-methylacyl-CoA-racemase (AMACR) [228], plasma 
anterior gradient 2 (AGR2) [229], and PGP9.5 [230]. 
Additionally, neuron-specific enolase (NSE) and 
chromogranin A (CgA) may be the most frequently 
expressed neuropeptides [231-233], but they also have 
limitations in sensitivity, specificity, reproducibility, 
etc. [234]. IL-2 was more specific than any marker 
other than Ki-67 in detecting gastroenteropancreatic 
NE tumors [235], even though some other targeting 
markers were promising for use in clinical treatment. 
Novel TDP-A-loaded and KE108-conjugated 
unimolecular micelles exhibited the best potential in 
suppressing NE cancer cell growth both in vitro and 
in vivo [236]. There also have also been some 
achievements in the fields of prostate, lung, pancreas, 
and gastrointestinal tracts. Delta-like canonical notch 
ligand 3 (DLL3) proteins are expressed on the surface 
of pulmonary NE tumor cells but not in normal adult 
tissues. One multiple model in vivo showed that a 
DLL3-targeted antibody-drug induced durable tumor 
regression [237]. In addition, more than 85% of lung 
cancer patients are diagnosed with NSCLC, while the 
other 15% are classified as small cell lung cancer 
(SCLC) [238, 239]. All the SCLC patients show 
histological features of NE morphology. 
Synaptophysin (Syn), and neural cell adhesion 
molecule 1 (NCAM1) are known as NE diagnostic 
markers. One recently study result showed that the 
positive expression rates of these three markers were 
112 (58.3%), 160 (83.3%), and 166 (86.5%), respectively, 
in a total of 192 SCLC patients [240]. In addition to 
targeted therapy, peptide receptor radionuclide 
therapy is a promising new treatment modality for 
inoperable or metastasized gastroenteropancreatic NE 
tumors patients [241]. Some studies have found that 
EGF receptor inhibition may disrupt some signaling 
cascades, which may inhibit the growth of foregut NE 
tumors/pancreatic NE tumors [242]. Another result 
also proved that PRCRT is an effective treatment in 
patients with FDG-avid NE tumors, even in patients 
for whom conventional therapies have failed[243]. 
Recent genomic profiling studies, which have 
demonstrated that prostate cancers with an NE 
phenotype are enriched for loss of RB, loss or 
mutation of TP53, loss of AR, and AR target gene 
expression, and overexpression of MYCN and 
AURKA, may also provide a new treatment method 
[244].  

ECM within the microenvironment 
ECM, a dynamic and complicated environment, 

is characterized using biophysical, mechanical and 
biochemical properties specific for each tissue. ECM 
contains all the cytokines, growth factors, and 
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hormones secreted by stromal and tumor cells. Many 
assays have respectively demonstrated ECM 
components, including collagens [245-247], laminins 
[248], fibronectins [249], proteoglycans [250], and 
hyaluronans [251, 252] in a specific organization [225]. 
In vitro, one three-dimensional (3D) model indicated 
that ECM heterogeneity is crucial for controlling 
collective cell invasive behaviors and determining 
metastasis efficiency [253-262]. Because of the 
complexity of ECM heterogeneity in vivo, its 
influence on collective cell behavior has been 
described but not quantified [253]. 

Depending on the different organization and 
locations, ECM has complementary effects on the 
development and metastasis of tumors in diverse 
ways. First, ECM may affect tumors through 
extracellular secretion. During embryogenesis, 
fibroblastic mesenchyme determines the sexual 
phenotype of the gland, while the adipocyte 
mesenchyme controls mammary-specific ductal 
morphogenesis [263-266]. One study illustrated that 
innate ECM scaffolds, derived from decellularized 
tissues, lead the cells derived from stem cell 
differentiation that reside in the tissue from which the 
ECM was derived [267]. Second, ECM may alter the 
phenotype type of stromal cells or tumor cells. 
Oncogenic mutations are broadly thought to increase 
cellular fitness and result in the clonal expansion of 
receivers. One experiment revealed that the ability to 
clean apoptotic colon cancer cells can be promoted by 
tumor-associated macrophages (TAMs) through the 
expression of sulfoglycolipids (SM4s). During this 
procedure, phenotypic change of TAM was 
accompanied by expression of TGF-β1 and secretion 
of IL-6, which may have an advantage in further 
activating the angiogenic process [268]. Third, ECM 
can help neoplasms to get away from immune 
surveillance. For instance, colon cancer cells always 
display an increased production of Fas ligand binding 
to its receptor on immune cells [269]. Fourth, the ECM 
tumor will provide a hypoxic or acidic environment in 
which the tumor cells have greater survival 
advantages than normal cells. ECM will select 
survival cells to aid in tumor growth and invasion at 
the fastest rate. 

Conclusion 
Tumor management strategies include surgery 

for a cure or for cytoreduction, radiological 
intervention, chemotherapy, and somatostatin 
analogs to control symptoms. However, tumor cells 
are extremely elastic and may adapt to treatments and 
environmental modifications speedily [270-277]. Once 
one component has been obstructed, other 
mechanisms will quickly follow. This may be one of 

the main factors that lead to poor prognosis. The 
major interaction between different stromal cells and 
active factors in the advanced TME is shown in Figure 
2. Different impeding mechanisms at the same time 
might lead to the best results of tumor development. 
In other words, it is important to understand the role 
of different components of the TME in the treatment 
and prevention of tumors. Moreover, the study of 
predictive biomarkers, which may fully address the 
complexities of the biology, will promote the 
development of therapies tailored to individual 
patients. At present, the emerging targeted 
microenvironment therapy has been widely accepted. 
According to the characteristics of different tissues, 
the synergistic therapies targeting multiple 
microenvironment stromal cells and the continuous 
discovery of multiple target markers may be the 
direction of future research. 
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This glossary provides definitions of terms used throughout 
this report. These may be accepted definitions (referenced 
as appropriate), or All.Can’s internal definitions of terms used 
in relation to the patient survey. Where text is coloured light blue 
in the report, it indicates that these terms are explained in the 
glossary.*
 
Active treatment 
Any range of treatments intended to control or cure cancer (e.g. surgery, radiotherapy, 
chemotherapy, hormonal therapy or immunotherapy), as opposed to treatments 
patients may receive in addition to relieve symptoms or side effects of treatment 
(e.g. pain medication).1 

Allied health professionals 
Health professionals other than those working in medicine, nursing or pharmacy 
who are involved with the delivery of health or related services. This includes, 
among others, dietitians, nutritionists, occupational therapists and physiotherapists.2

Caregivers 
‘Any relatives, friends, or partners who have a significant relationship with and provide 
assistance (i.e. physical, emotional, medical) to a patient with a life-threatening, 
incurable illness.’3

Inefficiency 
The allocation of resources to anything that does not focus on what matters 
to patients. 

Integrated care 
Care that is ‘person-centred, coordinated, and tailored to the needs and preferences 
of the individual, their caregivers and family. It means moving away from episodic 
care to a more holistic approach to health, care and support needs, that puts 
the needs and experience of people at the centre of how services are organised 
and delivered.’4

Glossary of terms 
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* Terms relating specifically to All.Can or the reporting of survey findings, such as ‘inefficiency’ and ‘respondents’,  
 are not highlighted in light blue throughout the report.



Multidisciplinary cancer care  
Care used and implemented by multidisciplinary care teams, which are ‘an alliance 
of all medical and healthcare professionals related to a specific tumour disease 
whose approach to cancer care is guided by their willingness to agree on 
evidence-based clinical decisions and to coordinate the delivery of care at all stages 
of the process, encouraging patients in turn to take an active role in their care.’5

Out‑of‑pocket costs
The entirety of costs related to cancer that patients have to pay for themselves. 
This includes, for example, costs of diagnostic tests, treatment or care which 
are not covered by the patient’s health insurance, travel costs associated with care, 
and the cost of childcare or household help. 

Palliative care 
An approach to care ‘that improves the quality of life of patients and their families 
facing the problems associated with life-threatening illness, through the prevention 
and relief of suffering from pain and other problems, as well as psychosocial 
and spiritual support.’6

Respondents 
People who completed the All.Can patient survey. This may include both current 
and former cancer patients, as well as caregivers who completed the survey on 
behalf of patients who were themselves unable to do so or had passed away. 
The term is used in this report in relation to both weighted and unweighted data; 
for an explanation of data weighting please see About this survey (page 11).    

Shared decision‑making 
A process in which ‘clinicians and patients work together to choose all aspects 
of care, based on clinical evidence, patient goals and informed preferences.’7 8 

06



Tackling inefficiency in cancer care: the patient perspective

The prevalence, complexity and costs of cancer are rising – yet, across healthcare, 
up to 20% of expenditure is thought to be spent on interventions that are deemed 
inefficient.9 There is thus an urgent need to ensure that cancer care is delivered 
as efficiently as possible for the sustainability of our healthcare systems.
 
All.Can defines efficiency as focusing resources on what matters to patients – 
and our aim is to find practical solutions to improve the efficiency of cancer care. 
However, in order to tackle inefficiency from the patient’s perspective, we believe 
that we need to gain a better understanding of where patients consider their care 
is not focused on what matters to them. 

Executive summary
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The All.Can patient survey was designed with this 
purpose in mind. It asked patients where they had 
encountered inefficiency across the entire continuum 
of cancer care, including diagnosis, treatment and care, 
ongoing support and the broader impact of cancer 
on their lives. The survey questionnaire made explicit 
our definition of inefficiency.

Nearly 4,000 respondents from more than 
10 countries participated in the survey from 
January – November 2018 – making this, to our 
knowledge, the largest international survey 
specifically aimed at obtaining patient perspectives 
on inefficiency in cancer care. 

Patient insights on cancer care: opportunities for improving efficiency 

About this survey

The All.Can patient survey
was conducted by Quality Health,
with close input from the  
All.Can international research 
and evidence working group. 
It was disseminated via patient
organisations and social media.

To find out more about the
survey and to view additional
materials, see www.all‑can.org/
what‑we‑do/research/patient‑
survey/about‑the‑survey/

https://www.all-can.org/what-we-do/research/patient-survey/about-the-survey/
https://www.all-can.org/what-we-do/research/patient-survey/about-the-survey/
https://www.all-can.org/what-we-do/research/patient-survey/about-the-survey/


2. Information, support and shared decision-making 
 
 In qualitative responses, respondents said that they felt overwhelmed   
 because too much information was given at once, and they would have   
 preferred to receive relevant information at appropriate points along the   
 entire care pathway. 

 Nearly a third of respondents (31%) felt they were not given adequate   
 information about their cancer care and treatment in a way that they could  
 understand. Additionally, only half of respondents (53%) felt they were   
 sufficiently involved in making decisions about their care.  

Key opportunities identified to improve efficiency in cancer care

Overall, the majority of survey respondents reported that their needs were 
sufficiently addressed during their care. However, the survey highlighted 
four crucial areas where respondents reported that they experienced inefficiency 
and where there are opportunities for improvement. 

1.  Swift, accurate and appropriately delivered diagnosis 
 
 Diagnosis was not always communicated to respondents in the most   
 appropriate way. Respondents sometimes reported a lack of empathy from 
 physicians, along with poor timing. For example, some were told they had 
 cancer without a family member present, or had to wait several days to speak  
 to a specialist after receiving their diagnosis.

 When asked to select the one area of cancer care where they experienced the most  
 inefficiency, 26% of respondents chose diagnosis – more than any other area  
 of cancer care. 

 Across all cancer types, 58% of respondents had their cancer detected outside  
 of a screening programme. As might be expected, this varied considerably  
 by cancer type.

 Among respondents whose cancer was detected outside of a screening   
 programme, delayed diagnosis (>6 months) was associated with a more   
 negative patient view of all aspects of care and support. 

 Time to diagnosis varied significantly by cancer type: nearly 80% of prostate 
  cancer respondents whose cancer was detected outside of screening said   
 their cancer was diagnosed in less than a month, while for head and neck   
 cancer respondents diagnosed outside of screening this was only 25%.

 Nearly a third (32%) of respondents whose cancer was detected outside   
 of a screening programme reported that their cancer was initially diagnosed  
 as something different – and, again, this varied considerably by cancer type. 
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 Nearly two in five respondents (39%) felt they had inadequate support to deal  
 with ongoing symptoms and side effects, both during and beyond active   
 treatment. In particular, nearly a third (31%) felt that they lacked adequate   
 information and care for dealing with the pain they experienced. 

 Respondents reported a lack of information and support on what to 
  expect after their phase of active treatment was over. Specifically, more than  
 a third of respondents (35%) felt inadequately informed about how to  
 recognise whether their cancer might be returning or getting worse. 

 Gaps in information and support along the entire care pathway were more   
 prevalent among those with more advanced cancers – reflecting similar   
 findings in the literature that the support needs of these patients are often   
 less well met than are those of patients with earlier-stage cancer.

3. Integrated multidisciplinary care
 
 A common finding was that respondents felt there was sometimes a lack   
 of coordination in their care – for example, they had no written care plan,  
 nor a primary point of contact to whom they could direct questions. 

 Respondents stated that cancer specialist nurses played a critical role  
 in filling this gap, acting as the respondents’ companion and ‘navigator’   
 through the cancer care journey and helping them adapt all aspects of their  
 lives to cancer – both during and after treatment.

 Respondents wanted more information about what they could do    
 to support their treatment and recovery in terms of diet, exercise    
 and complementary therapies. In most countries, they had to pay for   
 these services themselves. While three quarters (76%) felt that support   
 from allied health professionals (dieticians, physiotherapists etc.)    
 was always or sometimes available, nearly a quarter (24%) did not.

 The majority of respondents (69%) said they needed psychological    
 support during or after their cancer care, yet one in three (34%) of those   
 who needed such support reported that it was unavailable. Even when   
 psychological support was available, it was not always considered helpful.   
 This may reflect the limited availability of specialist psycho-oncology services  
 that are designed with the needs of cancer patients in mind. 

 In addition, respondents expressed concerns about the impact of cancer   
 on their families and wanted psychological support for them as well. 

 More than two in five respondents (41%) were not given information   

 at the hospital about available peer‑support groups.
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4. The financial impact of cancer
 
 Respondents frequently spoke of the financial impact that cancer had on   
 their lives – not just in terms of components of their care they may have   
 had to pay for themselves, but also the cost of travel to medical appointments,   
 childcare or household help, lost income from employment, and difficulties   
 in getting insurance, mortgages or loans as a result of their cancer diagnosis. 

 More than half of respondents (51%) paid for some part of their overall cancer  
 care themselves, either out‑of‑pocket or through private insurance.    
 Respondents highlighted that this often created significant financial pressure   
 for their families. 

 Apart from any possible care costs incurred, 36% of respondents also referred   
 to significant travel costs (i.e. to and from the hospital or clinic), and 26% to loss  
 of employment income – with those who were self-employed and caring   
 for young children being especially vulnerable to financial insecurity due to their  
 cancer diagnosis.

 A recurring theme among respondents was that the financial implications   
 of cancer could last a lifetime, in terms of people’s ability to find or keep   
 employment, reduced productivity for themselves and their caregivers, and an   

 inability to get insurance or loans – even years after their treatment was finished.

Conclusions 

Findings from this survey identify some important areas where cancer patients have 
highlighted from personal experience that improvements are needed. They align 
with other findings from patient surveys in the literature, as well as the views of patient 
organisations in the All.Can network. These themes are intrinsically important as they 
represent respondents’ perceptions of their care.

As we strive to improve the efficiency of cancer care, we must ensure that the patient 
perspective is always central to our definitions and aims. Each of the areas identified 
represents an opportunity to improve cancer care for patients. We need to give these 
issues due prominence in future cancer plans, policies and investment decisions to build 
truly patient-driven care. We need to develop integrated health and social policies to 
address the wide-reaching impact cancer can have on all aspects of people’s lives.

Making these changes could lead to real differences – to patients’ outcomes, 
their experience of care and the financial impact cancer has on them, their families 
and ultimately on the health system and society as a whole.
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Purpose
The aim of the survey was to obtain patients’ perspectives on where they felt they 
encountered inefficiency in their care, looking at the entire care continuum as well as 
the broader impact of cancer on their lives. The survey questionnaire made explicit that 
we defined inefficiency as resources that are not focused on what matters to patients.

Survey conduct and oversight
The design and conduct of the survey was led by Quality Health (quality-health.co.uk), 
a specialist health and social care survey organisation working with public, private 
and voluntary sector organisations to understand and improve patients’ experience 
of their care and treatment. The All.Can international research and evidence working 
group provided close input and validation for all phases of the survey and analysis. 

The survey was conducted internationally, with adapted versions in 10 countries  
(Australia, Belgium, Canada, France, Italy, Poland, Spain, Sweden, the United 
Kingdom and the United States). 

Survey development and patient interviews 
The questions included in the survey were developed based on key themes that 
emerged from an international literature review and five exploratory pre-survey 
patient interviews. Iterative versions of the survey were revised based on input from 
the All.Can international research and evidence working group and other professional 
stakeholders where appropriate. 

Country-specific versions of the survey were produced in relevant languages for each 
country and comprised both common questions and a maximum of five questions 
specific to the country. All surveys were developed with input from national All.Can 
initiatives (where they existed) and validated by patient representatives in each country. 
Additionally, an international ‘generic’ version of the survey was available in English, 
French, German and Spanish.

All versions of the survey were reviewed by the All.Can international research and 
evidence working group to ensure consistency between the different country versions.  
The survey asked respondents whether they would be willing to take part in 
a post-survey interview to provide more insights. These interviews were conducted 
in all participating countries except France, Spain and the United States (as there were 
no volunteers in those countries). Some of these interviews have been featured as 
patient stories throughout this report. 

About this survey 
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Recruitment of respondents
The survey was made available online, with only a few paper copies distributed where they 
were requested. Respondents were predominantly recruited via patient organisations and 
social media (Facebook, Twitter and LinkedIn). A notable exception was in Australia, where 
the survey was also distributed by clinic staff in Western Australia; and the United States, 
where it was distributed via the healtheo360 online platform. These methods of recruitment 
were chosen as they offered the most feasible and flexible approach to reaching a wide 
group of patients within the scope and budget of the project.
 
The survey was open to current and former cancer patients, irrespective of age and 
cancer type. Caregivers and former caregivers were also invited to respond on behalf 
of those patients who were unable to respond personally or who had passed away. 
Because caregivers were asked to complete the survey on behalf of patients, we use 
the term ‘respondents’ in this report when describing the survey results to refer to both 

patients and caregivers who completed the survey.

The survey ran from January to November 2018.  

Respondent characteristics
A total of 3,981 people completed the survey. The number of respondents by country 
is presented in Table I. Overall characteristics of respondents are presented in Table II. 

Table I. Overview of survey languages and responses (unweighted data)

*  The number of respondents for each country shown here represents the international grouping of respondents. Each country survey  
 asked whether the respondent was a resident in that country; if the respondent said no, their response was added to the international  
 sample but not the country-specific sample. Therefore, the number of respondents shown in each country profile (Appendix 1) may not  
 match the number of respondents for each country shown here. For more information, please see the full survey methodology  
 at www.all-can.org/what-we-do/research/patient-survey/about-the-survey/ 

** This comes to a total of 101% due to rounding

Country Survey languages
Number of 

respondents*
% of total 
responses

Australia English 861 22%

Belgium French, Dutch,  German 396 10%

Canada English, French 342 9%

France French 55 1%

Italy Italian 97 2%

Poland Polish 1135 29%

Spain Spanish 50 1%

Sweden Swedish 60 2%

United Kingdom English, Welsh 360 9%

United States English 513 13%

International ‘generic’ 
version

English, Spanish, 
German, French

112 3%

Total 3,981 101%**
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https://www.all-can.org/wp-content/uploads/2019/07/AllCan_patient_survey_questions_UK.pdf
https://www.all-can.org/wp-content/uploads/2019/07/AllCan_patient_survey_questions_US.pdf
https://www.all-can.org/wp-content/uploads/2019/07/AllCan_patient_survey_questions_international.pdf
https://www.all-can.org/wp-content/uploads/2019/07/AllCan_patient_survey_questions_international.pdf


Table II. Characteristics of respondents (unweighted data)

*  The age distribution of survey respondents is similar to the age distribution of the general cancer patient population  

** For a full breakdown of cancer types included in these categories, please see the full methodology at www.all-can.org/what-we-do/ 
 research/patient-survey/about-the-survey/ 
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Number Percentage

Respondents
(Age: mean 55 years; 

median 57 years)*

Patients (current or former) 3,450 89%

Caregivers filling in the survey 
on behalf of a patient

432 11%

Unspecified 99 n/a

Gender distribution Male 787 20%

Female 3,092 80%

Unspecified 102 n/a

Length of time since 
patients were first treated 
for this cancer, at the time 
they completed the survey

Less than 1 year 964 25%

1–5 years 1,706 44%

More than 5 years 1,185 30%

Don’t know/can’t remember 35 1%

Unspecified 91 n/a

Patients per cancer type Brain/central nervous system 97 2%

Breast 1,656 42%

Colorectal/bowel 216 6%

Gastric cancers 
(oesophageal, stomach, pancreatic, 

liver or gall bladder) 

123 3%

Gynaecological 415 11%

Haematological 362 9%

Head and neck 161 4%

Lung 167 4%

Prostate 144 4%

Sarcoma 72 2%

Skin 203 5%

Urological 186 5%

Other** 115 3%

Unspecified 64 n/a

Patient insights on cancer care: opportunities for improving efficiency 
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Reporting of quantitative findings
Quantitative findings from the survey are based on responses to the closed-ended 
questions in the survey. Percentages are calculated after excluding respondents who 
did not answer each particular question. All percentages are rounded to the nearest 
whole number, therefore the sum of percentages for all answers to a given question 
may not total 100%. 

As the patient survey welcomed responses from all cancer patients (no quotas were 
set) in order to be as inclusive as possible, the relative volume of people responding 
to the survey varied between countries and cancer types. To correct for this, 
quantitative findings have been weighted by two factors: 

 • Representative cancer prevalence rates for each cancer type listed  
  within each participating country
 • General population statistics for each country as a proportion  
  of the international total. 

Where figures and tables in the findings section of this report state a base size, 
this is always the unweighted base size; however, all other data in these figures 

and tables have been weighted.

Reporting of qualitative findings
Qualitative findings presented in the report are based 
on responses to open-ended questions. A thematic 
analysis was conducted of all qualitative responses 
to the survey, as well as the in-depth patient interviews. 
Final themes were agreed by consensus of the All.Can 
international research and evidence working group 
and Quality Health. The most relevant and illustrative 
quotes supporting these themes were then selected 
to substantiate each section in the report. 

Qualitative responses were not quantitatively analysed 
due to the significant cost that translations and coding 
would have entailed on such a large sample. In addition, 
as not all respondents answered the open-ended 
questions, it would not be possible to give an accurate 
estimation of what proportion of all respondents 
might agree with each comment. Therefore, we have 
expressed these findings throughout the report as 
‘respondents’ in the plural – without quantifying how 
many this concerned in each instance.

To see the statistics 
used for these 
calculations 

Please download a copy of the 
full methodology document at 
www.all‑can.org/what‑we‑do/
research/patient‑survey/about‑
the‑survey/
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Report structure
The report is organised into four themes that emerged from our findings. 
These themes closely mirror the closed-ended questions in the survey, 
which focused on specific areas known from previous research to be important 
to patient care. However, open-ended free-text questions allowed respondents 
to mention other areas of importance to them. As these responses were captured 
in the thematic analysis described above, they also contributed to our selection 
of the four themes highlighted in this report. 

A selection of patient stories based on the post-survey patient interviews are also 
included throughout the report, providing more context and insights into the 
relevant sections. Names and some other identifying details have been changed 
to protect the anonymity of those respondents who shared their stories with us.

Country‑level findings
Country-level findings are reported in Appendix 1. These findings are unweighted 
and therefore not directly comparable between countries. Individual country reports 
were only developed where the survey had more than 50 responses, namely for 
Australia, Belgium, Canada, Italy, Poland, the United Kingdom and the United States. 
Country-level reports were not developed for France, Spain and Sweden. 
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For more 
information

The survey questionnaires 
and full methodology may be 
found on the All.Can website 
(www.all‑can.org/what‑we‑do/
research/patient‑survey) along 
with other survey materials 
not included in this report – 
including further patient stories 
drawn from interviews conducted 
as part of the survey.

Limitations
Respondents participated in the survey voluntarily, therefore 
they are self-selected and represent the perspectives of 
patients who wanted to have their voices heard and were 
able to complete the survey. They do not necessarily reflect 
the perspectives of all cancer patients. 

As the survey was primarily distributed online, it was limited 
to those who had access to the internet, were active on 
social media, or connected with a national or international 
patient organisation that shared the survey. 

The survey was focused on patient experiences 
and processes of care and therefore did not include any 
questions regarding specific treatments or interventions. 

Finally, it is important to mention that this report is focused 
on reporting the findings of the survey, and as such, 
we have not conducted an in-depth analysis of what 
improvements in health outcomes and overall efficiency 
of care could be achieved if the issues highlighted in this 
report were adequately addressed. All.Can is committed 
to exploring these questions further and it is our hope 
that this report may also encourage others within 
the research and policy community to do the same.

Patient insights on cancer care: opportunities for improving efficiency 
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All.Can patient survey: 
findings 
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The past decade has seen transformational advances in cancer care. As the 
prevalence of cancer increases, governments and health systems around the world 
are struggling to fund these advances – and notions of value, efficiency and affordability 
have become increasingly important in the cancer policy debate. At least one fifth 
of total healthcare spending is thought to be wasted on inefficient care.9 Moreover, 
removing wasteful or ineffective interventions could lead to a gain of approximately 
two years of life expectancy in industrialised countries.10 Within this landscape, 
leading researchers and policy experts are trying to identify where inefficiencies lie, 
in order to pave the way for sustainable cancer care.11-13

Unfortunately, the patient perspective is too often forgotten in current definitions 
of value and efficiency.14 Existing definitions are most often driven by health 
economists and healthcare professionals, with outcomes measures often based 
on processes that are easily measurable within healthcare systems, rather than on 
outcomes known to matter to patients.14 15 Yet patients are, arguably, the only people 
who have full sight of the impact of their condition and care experience on their 
physical, emotional and mental wellbeing.14 Their perspectives must, therefore, 
be built into any definitions of value and efficiency. 
 
All.Can defines inefficiency as the allocation of resources to anything that 
does not focus on what matters to patients.16 Our aim is to find sustainable 
solutions to improving cancer care. To guide these efforts, we need to gain a better 
understanding of where patients perceive their care is not focused on what matters 
to them – and find practical ways to remedy any gaps.
  
The All.Can patient survey was designed with this purpose in mind: we asked patients 
where they had encountered inefficiencies in their care, and where efforts were 
most needed to improve efficiency. We made our definition of inefficiency explicit 
throughout the survey.
 
This report presents the main themes that have emerged from our findings. 
While most respondents reported that their needs were sufficiently addressed, 
the findings also show that there is clear room for improvement. Each of the themes 
represents an opportunity for improving cancer care from the perspective of patients. 

Nearly 4,000 respondents from more than 10 countries participated in the survey 
– making this, to our knowledge, the largest international survey specifically aimed 
at obtaining patient perspectives on inefficiency in cancer care. It is our hope that 
the insights gathered in this report may help guide patient-driven policies to improve 
the efficiency and sustainability of cancer care. 

Introduction  



Swift, accurate and appropriately delivered diagnosis 

Information, support and shared decision-making 

Integrated multidisciplinary care

The financial impact of cancer

Key opportunities
to improve efficiency from  
the patient perspective: 
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1

• The way diagnosis is communicated was found to be important. Respondents   
 reported a lack of empathy from physicians and poor timing – such as being told  
 they had cancer without a family member present, or having to wait several days  
 to speak to a specialist.

• When asked to select the one area of cancer care where they experienced the   
 most inefficiency, 26% of respondents chose diagnosis – more than any other   
 area of cancer care. 

• Across all cancer types, 58% of respondents had their cancer diagnosed outside  
 of a screening programme.

• Among respondents whose cancer was detected outside of screening:

 ‑ Delayed diagnosis (>6 months) was associated with a more negative  
  respondent view of all aspects of care and support

 ‑ The speed of diagnosis varied significantly by cancer type

 ‑ Nearly a third (32%) reported that their cancer was initially diagnosed    
  as something different. 

Swift, accurate  
and appropriately delivered diagnosisi   

Key findings 

’No procedure was useless; everything 
happened very quickly and efficiently. Ultra-fast 
and professional support.’ Respondent from Belgium

’Everyone was vague about my diagnosis. No one 
wanted to commit. I had to press the surgeon for a 
direct response. It took too long for a final diagnosis.’   
Respondent from the United States

i  Please note that in this survey, patients were asked only about their experience of diagnosis from the moment they contacted the doctor 
or were seen as part of a screening programme.
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ii  As explained on page 14 (About this survey), where this report refers to ‘respondents’ without a specific percentage, we are referring to qualitative 
findings. These findings cannot be quantified as not all respondents answered the open-ended questions, so it would not be possible to give an 
accurate estimation of what proportion of all respondents might agree with each comment.

The way diagnosis was communicated was very important 
to respondents. 

A theme that emerged from qualitative responses was that respondentsii sometimes 
felt that their instincts were not listened to by doctors – even when they themselves 
thought their symptoms may be related to cancer. This was mentioned particularly 
by younger respondents.

Overview of findings

‘After seeing multiple doctors, not one of them thought 
my symptoms could be related to cancer as I was 15 
at the time and “too young” for a cancer diagnosis.’  
Respondent from Australia

‘I had delays in diagnosis, and, above all, I felt I was made 
a fool of about the symptoms I had – they were trivialised 
as an intestinal virus and anxiety.’ Respondent from Italy

‘Make the diagnosis in a softer way and take a little more 
time for it.’ Respondent from Belgium

‘My GP just told me he would be surprised if I didn’t have 
leukaemia as he looked at a blood test done for another 
issue… What was I supposed to do with that information?’ 
Respondent from Canada

In qualitative responses, respondents often reported a lack of attention and 
empathy in how doctors communicated the news of their diagnosis. Respondents 
said they would have liked more time to discuss things and digest information.  

Respondents also expressed concern that information was sometimes withheld 
from them – including the fact that they had cancer. There were comments 
indicating that the different steps in their diagnosis were not explained enough, 
or in an understandable way.

Patient insights on cancer care: opportunities for improving efficiency 
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’I wish I had been told the whole truth from the start 
instead of diminishing it. I was the one to use the word 
“cancer” for the first time.’ Respondent from Belgium

‘Nothing would have changed the diagnosis, but the 
way I was treated and lack of communication made 
a difficult time horribly upsetting for me, my friends 
and family.’ Respondent from the United Kingdom

‘A nurse called on a Friday and gave me the biopsy 
results and said a doctor wouldn’t be available 
to speak to me until Monday. Worst weekend ever.’  
Respondent from the United States

‘I was told over the phone that it was melanoma and 
I was being booked with a surgeon, but wasn’t given 
any other information, so it was extremely stressful.’  
Respondent from Canada

The timing of delivering the diagnosis is also key. Respondents commented that 
doctors should make sure people are not alone when receiving their diagnosis 
and are given a point of contact for any questions that will inevitably arise after 
they recover from the initial shock. 

The proportion of respondents whose cancer was detected 
by screening varied by cancer type. 

Overall, 26% of respondents recalled that their cancer was detected through 
a routine cancer screening programme and 17% stated their cancer was detected 
through screening for a health problem unrelated to cancer. The remainder (58%) 
had their cancer detected outside of any screening programme (Figure 1). 

1 | Swift, accurate and appropriately delivered diagnosis
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Figure 1. Was your cancer diagnosed as part of a routine screening 
programme, or as part of a screening programme for an unrelated 
health problem? 

For all respondents, regardless of whether their cancer was 
detected through screening, diagnosis was one of the main 
areas where they reported the greatest inefficiency. 

When asked to select the one area of cancer care where they experienced the 
most inefficiency, 26% of respondents chose diagnosis – more than any other 
area of cancer care. As might be expected, this was highest among respondents 
whose cancer was diagnosed outside of screening (31%), compared to 18% among 
respondents whose cancer was detected through a routine cancer screening 
programme and 13% among respondents whose cancer was detected through 
screening for an unrelated health problem.

Yes, as part of a 

routine screening 

programme  

Yes, as part of a 

screening programme 

for an unrelated 

health problem  

No, it was not 

diagnosed as part 

of any screening 

programme  

Unweighted base size: 2,596 
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During the whole of your cancer care and treatment, where do you feel there 
was most inefficiency?

(Respondents were asked to select one option only) 

•  26% my initial diagnosis

•  21% dealing with the ongoing side effects

•  14% getting the right treatment for my cancer

•  12% dealing with the psychological impacts

•  10% dealing with the financial implications 

•  5% the opportunity to take part in clinical trials 

•  2% access to patient support groups

•  10% other*

* The most frequently reported ‘other’ sources of inefficiency included coordination between different elements   
 of the healthcare system (e.g. general practice, social services and hospital), inefficiency around organising   
 appointments, general delays, follow-up care, and getting the right information and communication. 

For cancers detected outside of a screening programme, the speed 
of diagnosis had a major impact on respondents’ experience across 
the entire care pathway.

‘I lost valuable time having to wait three months 
to secure an appointment with the specialist after 
I noticed symptoms.’ Respondent from Belgium

Why it matters
For many cancers, early diagnosis can improve survival17 – for example, a breast 
cancer study showed that patients who experienced short delays in diagnosis (under 
3 months) had 7% better overall survival compared with those who had longer delays 
(3–6 months).18 19   

Early diagnosis is associated with reduced treatment costs – the cost of treating colon, 
rectal, breast, ovarian and lung cancer at stage IV has been reported as 2–3 times 

the cost of treating these cancers at stage I.20

1 | Swift, accurate and appropriately delivered diagnosis



25

People whose cancer diagnosis took longer gave more negative scores on virtually 
every question in the survey, particularly in terms of information and support (Table 1).  

For cancers detected outside of a screening programme, 
the speed of diagnosis varied considerably by cancer type. 

Nearly 80% of prostate cancer respondents said their cancer was diagnosed 
in less than a month, while for head and neck cancer respondents this was only 25% 
(Figure 2).  

Survey questions
Unweighted 

base size*

% of respondents who answered ‘No’ to each question**

Overall
Respondents whose diagnosis took…

< 1 month 1 to 3 
months

3 to 6 
months

6 months 
to 1 year

> 1 year

Were you involved as much as you 
wanted to be in deciding which 
treatment options were best for you?

3,124 15% 14% 16% 14% 22% 30%

Have you always been given enough 
information about your cancer care 
and treatment, in a way that you 
could understand?

3,650 31% 24% 38% 36% 44% 44%

Have you always been given enough 
information, in a way that you could 
understand, about signs and symptoms 
to look out for that your cancer might 
be returning/getting worse?

2,627 35% 30% 40% 31% 48% 51%

Were you given information about 
patient groups, charities and other 
organisations that might be able to 
support you through your diagnosis 
and care?

3,717 41% 40% 43% 41% 54% 52%

Table 1. Respondents’ negative perceptions of information 
and support, by time taken to receive diagnosis

*  Total number of people who responded to each question  
** Interpreting this table: the ‘Overall’ column gives the proportion of all respondents who answered ‘no’ to each question in the first column,  
 and the other columns are broken down by the time taken to diagnose the cancer. For example, 15% of respondents overall reported that they  
 were not involved as much as they wanted to be in deciding which treatment options were best for them; for those diagnosed in less than one  
 month, this figure was 14%, but for those whose diagnosis took more than one year, it was 30%.

Patient insights on cancer care: opportunities for improving efficiency 
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Figure 2. Time to diagnosis, by cancer type (among respondents 
whose cancer was detected outside of a screening programme) 

What we know
Late diagnosis and misdiagnosis are common in many cancers and can lead to delays 
in treatment or limited treatment options, poorer outcomes, lower likelihood of survival 
and higher costs of care.16 18

Diagnosis may be delayed for various reasons, including patient‑related factors 
(e.g. lack of awareness of symptoms) and system‑related factors, including availability 
of specialists, speed of referral, fast access to imaging, pathology capacity and other factors. 
The complexity of the process of clinical evaluation, diagnosis and staging may also vary 
by cancer type.18  

Early diagnosis is not equally feasible for all cancer types. Cancers that have clear signs 
and symptoms and effective treatments (e.g. breast cancer) tend to benefit most from 
early diagnosis.18

For some cancers (e.g. colorectal), early diagnosis – before symptoms start to show – 
is crucial to allow time for effective treatment options. This emphasises the importance 
of screening for early detection. 

Unweighted base size: 2,082 

Less than a month  1 to 6 months  More than 6 months
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One reason for delays in diagnosis for respondents whose cancer 
was detected outside of a screening programme was that they 
were diagnosed with something else before eventually receiving 
a correct diagnosis of cancer. 

• 32% of respondents whose   
 cancer was not detected  
 through a screening  
 programme reported that   
 their cancer was diagnosed   
 as something else (initially   
 or multiple times).

This varied between cancer types, with 
over half (51%) of gastrointestinal cancer 
respondents having been diagnosed with 
something else, once or many times, 
whereas for breast cancer respondents 
this was significantly less at 19% (Figure 3).  

Figure 3. Proportion of cancers diagnosed as something else, 
once or multiple times, by cancer type (among respondents 
whose cancer was detected outside of a screening programme) 

Unweighted base size: 2,082  
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Deborah* (United Kingdom) 

I had random abdominal pain, which the GP thought was a kidney infection. 
When antibiotics didn’t help, I was referred to gynaecology at my local hospital. 
They weren’t expecting me when I arrived, and were very rude. I was in so much pain, 
and they thought I was making it up. The whole experience was horrendous.
 
It took about a month to work out what it was, when I eventually had the right 
scan. The doctor said, ‘There’s a mass near your kidney. There’s nothing we can do 
about it now – it’s Friday night. Don’t worry about it. Go home and we’ll be in touch 
next week.’ He wrote my discharge summary, which obviously the patient isn’t 
supposed to read. It said I had a 10cm tumour – potential lymphoma. I read that 
in the car on the way home with my children. That’s how I found out that things 
were not good.

The scan was in July, and I had to wait until the end of November before I had 
surgery. I have a very aggressive form of cancer and to have to wait so long for 
surgery was completely unacceptable. It took them three months to get all the scans 
in order because it was the summer holidays.
 
I had one appointment with my surgeon and the letter was never sent to me. 
I got a phone call about five days after my diagnosis, asking why I wasn’t at my 
appointment. The letter arrived three days after the appointment was supposed 
to happen. At that point, you feel like it is the end of the world.
 
Ten weeks after my surgery, I had another scan. The disease had spread to my 
bones. They found other tumours, including one in my liver.

I had further major surgery. Then I read about a new drug and proactively referred 
myself to a medical trial. Surgery is the main option for sarcoma, but you get to the 
stage where they cannot keep operating. I had to demand to see my oncologist. 
I never met her before that point – maybe if I had met her after my first surgery, 
my cancer might not have metastasised. Anyway, they were trialling the new drug 
at a hospital in another city and I asked if she could refer me. It took a while to 
get onto the trial. I would have started chemo a lot earlier if I had stayed at my 
first hospital, but it was definitely a good decision. When you have a rare cancer, 
you’re going to have to travel. It’s just what you do to get the best treatment. 
I was more than happy to go where I was referred.

Patient stories 

1 | Swift, accurate and appropriately delivered diagnosis



I was given amazing emotional support through the hospital’s charity. I’m having 
counselling, which I found out about through the research team. But this is the thing: 
there are all sorts of things available, but it is finding out about them. The counselling 
only came about from a nurse making a throwaway comment. Similarly, I found out 
there’s an acupuncture team, but only because the radiologists mentioned it.

I’ve had some hideous experiences – like being told my cancer had spread 
by someone I’d never met before. Several times, I have been made to feel that 
I’m making things up. I’ve had to see doctors who know nothing about my disease 
and write incorrect follow-up notes. It takes weeks to unpick that sort of stuff – 
it’s a waste of time and energy. 

The computer systems are ridiculous. If I have to go into Accident & Emergency, 
I take a copy of all my scans and notes, as they won’t be able to access them. 
They won’t know what drug I’m on because they’ll never have heard of it. I’ve seen 
about 50 people over the last year. It can’t be that difficult to find someone to provide 
some continuity of care.

Communication between departments shouldn’t be siloed. I once had genetic 
blood tests and they wouldn’t fax the form from one hospital to another, so I had to 
physically drive to one hospital, pick up a piece of paper, drive to the other hospital, 
wait for two hours for a blood test – and then they lost the test, so I had to do it again. 
It’s archaic – why can’t they just email my doctor?

It would have been better if I’d been listened to. When people say you’re making 
it up, and you know something is wrong, you almost need your GP, or someone who 
knows you, to speak for you. I know that some people do make things up, and they 
have to deal with that, but I had a 10cm tumour. They should take patients seriously. 
I was made to feel like I was nothing from the moment I walked into the hospital. 
I was shouted at! I can still remember the nurse who did it – she was clearly having 
a really bad day, but that was no excuse. When you go into this profession, you have 
to be professional. Be nice!

They should treat patients like people – that’s their biggest job. That’s what I would 
say to anyone coming into this: make them see you as a person. 

* Names and some other identifying elements have been changed to protect patients’ anonymity.

29Patient insights on cancer care: opportunities for improving efficiency 
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• Respondents reported that too much information being given at once    
 was sometimes overwhelming, and they would have preferred to receive   
 relevant information at appropriate points along the entire care pathway. 

• Almost half of respondents (47%) did not feel sufficiently involved in deciding   
 which treatment option was best for them.   

• Nearly two in five respondents (39%) felt they had inadequate support to deal   
 with ongoing symptoms and side effects. 

• Close to a third of respondents (31%) felt that they lacked adequate support   
 for dealing with pain.

• More than a third of respondents (35%) felt inadequately informed about how   
 to recognise whether their cancer might be returning or getting worse. 

• 41% of respondents were not given information at the hospital about available   
 peer-support groups. 

• Gaps in information and support were more prevalent among people with more  
 advanced cancers.

Information, support 
and shared decision-making

Key findings 

’The disconnect between the language my 
haematologist uses and common language has been 
frustrating.’ Respondent from Canada

’I don’t want more information, but better information.’ 
Respondent from the United States

2
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Respondents often felt overwhelmed by the information they received.

A recurring theme in qualitative responses was that respondents felt overwhelmed 
by all the information they received at the point of diagnosis, and would rather 
have had information provided at each stage of their care. 

   ‘It would have been good to have access to resources   
  at appropriate points during treatment i.e. before surgery,  
  before radiation. I found I was given all the information  
  at once, which was too much.’ Respondent from Australia

Respondents also spoke of a disconnect between the language used by their doctors 
and what they could understand. They often did not know where to begin or what 
to ask, as the experience of cancer was new to them. 

What we know
Information needs vary 
from one patient to another 
and are influenced by many 
factors.21 22 They also change 
along the care pathway.23

Many studies show that 
patients often do not fully 
comprehend what their diagnosis, 
prognosis and treatment mean. 
This can be due to them not fully 
understanding the terminology 
used, not receiving all relevant 
information or not being able to 
recall what they have been told 
during medical appointments.22 24‑26

 ‘How can you ask a question when  
 you have never had chemotherapy  
 before? It’s like being given a lemon  
 meringue pie and not knowing   
 what it tastes like until you try it!’   
 Respondent from Australia 

Overview of findings

Patient insights on cancer care: opportunities for improving efficiency 

 ‘Some of the information was   
 not relevant to my situation.   
 To go through all the information  
 was beyond what I was up for,   
 so most of it remained unread.’   
 Respondent from Canada

There were also comments that the information provided 
was not always tailored to the patient’s individual 
experience or stage of treatment.
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Respondents were often not sufficiently involved in decisions 
about their care or provided with enough information about 
their treatment options. 

Almost half of respondents (47%) did not feel sufficiently involved in deciding which 
treatment option was best for them, and nearly a third (31%) felt they were not always 
given enough information about their treatment and care.  

  ‘Options could have been explained a little better.    
 I had a new procedure done and thought I was cured.’  
 Respondent from the United States 

Why it matters
Part of quality healthcare delivery is understanding what patients want to know 
and providing that information at the right time in an understandable way.27 28 

Information can help patients feel in control of their disease, reduce anxiety, create realistic 
expectations, and promote self‑care and engagement in their care.22 23 Fulfilling patients’ 
needs for information is also associated with improved treatment adherence21 29 30 
and better clinical outcomes.22 30   

Were you involved as much 
as you wanted to be in deciding 
which treatment options 
were best for you? 

•  Yes: 53%

•  Yes, to some extent: 32%

•  No, I would have liked 
to be more involved: 15% 

Have you always been given enough 
information about your cancer care 
and treatment, in a way that you could 
understand?*

•  Yes: 69% 

•  No, I was given information, but could not 
understand it all: 14% 

•  No, I was not given enough information: 16%

 * All percentages are rounded to the nearest whole number,  
 so may not total 100%

2 | Information, support and shared decision-making
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Respondents needed more and better 
guidance on how to deal with ongoing side 
effects – especially after treatment was over.

Dealing with ongoing side effects was perceived as a 
major source of inefficiency, with 21% of respondents 
saying it was the greatest source of inefficiency in 
their care. This was the second highest-reported area 
of inefficiency overall, after diagnosis (26%). 

  ‘I think we do not take the   
 aftermath into account enough. 
  Treatments… help heal cancer but  
 destroy other things. Life becomes  
 different after and many “little   
 sores” occur, with which one must  
 live.’ Respondent from Belgium

In some comments, respondents said they had little 
warning of what the most common side effects were or 
how to deal with them – especially once they were no 
longer having active treatment. 

  ‘The side effects are more than  
 just a nuisance and need real   
 recognition.’ Respondent from   
 the United Kingdom

What we know
Patient empowerment – 
including involving patients 
in shared decision‑making 
and providing information to help 
them better understand their 
condition – is widely recognised 
as being an enabler of high‑quality 
and sustainable healthcare.31‑33

Shared decision‑making should 
involve enquiring into patients’ 
goals for their treatment, providing 
evidence‑based information 
about treatment options, 
and having systems for recording 
and implementing patients’ 
treatment preferences.7 8

Why it matters
Studies have shown that shared decision‑making 
is associated with improved patient outcomes.34 
Treatment decisions can change after patients become 
well informed – with many choosing fewer treatments 
– and there is a substantial gap between the outcomes 
patients prefer and the outcomes that doctors think 
patients prefer.35  

 ‘Perhaps a clinician could   
 go over the fine details  
 on the usage of the drugs.   
 I’m having to learn the do’s  
 and don’ts via the internet  
 rather than someone    
 attached to my particular   
 case.’ Respondent from   
 Canada

Patient insights on cancer care: opportunities for improving efficiency 
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Respondents were not always given adequate 
information about pain management 
and palliative care.

   

•  31% of respondents said they were never, or only 
sometimes, given enough information and care to deal 
with the pain they experienced.

Although 69% of respondents said they received enough 
information and care to manage their pain, this was not 
the case for all respondents. Further, in the qualitative 
comments, respondents suggested that their worries or 
the pain they experienced were sometimes dismissed.  

  ‘Although I kept saying that   
  my pain was 7–8 out of 10,   
  each time I returned to the 
   room for chemotherapy,   
  I was never advised or directed  
  to solve this problem. I was the  
  one to take charge… but it   
  took (and still takes) a lot of   
  energy.’ Respondent from France

Why it matters
Without adequate assessment of patient needs – both during and after active treatment – 
suboptimal service use (overuse or underuse) may occur. This can have a negative impact 
on patient outcomes and costs incurred for healthcare systems.39 

More individualised approaches to follow‑up versus a one‑size‑fits‑all approach may have 
benefits as well – for example, by supporting patients in self‑managing their condition.37

In England, it is estimated that follow‑up costs £1,554 per patient over a five‑year period 
(equivalent to 4–5% of the total national cancer budget) but one study showed it may 
be possible to save up to £1,000 per patient through a stratified approach to follow‑up, 
pathway efficiency and better management of comorbidities.37 

2 | Information, support and shared decision-making

What we know
Evidence shows that, at the 
end of their treatment, cancer 
patients may be left to deal with 
consequences of treatment that 
could have been managed or 
avoided altogether.36 37 

Long‑term consequences and 
effects of having cancer and its 
treatment can include physical 
effects, chronic fatigue, sexual 
difficulties, mental health issues 
and pain. Problems can persist for 
up to 10 years after treatment, or 
even longer, and may lead to social 
isolation and financial difficulties 
due to disruption to work.38   
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 ‘I was referred to the palliative   
 service, which provided much   
 more supportive care than I had 
  ever imagined I could receive.   
 I was given support, counselling,   
 specialist advice, which was 
  invaluable.’ Respondent  
 from Australia

What we know
Many cancer patients experience 
unnecessary pain – studies suggest 
that one in three cancer patients 
do not receive pain medication 
appropriate to their pain level.40 

Palliative care is often assumed 
to be solely focused on end‑of‑life 
care – but, in fact, it is much 
broader. The World Health 
Organization defines it as an 
approach that improves quality 
of life for people (and their 
families) with life‑threatening 
illnesses – including pain relief 
and psychosocial support.6 

Guidelines recommend that the 
need for palliative care should 
be built into treatment plans 
early in the course of illness, 
in conjunction with therapies that 
are intended to prolong life, such 
as chemotherapy or surgery.6 41

Why it matters
Early integration of palliative care can lead to improved symptom control and reduced 
distress through treatment and care delivery that matches patients’ preferences – 
and overall improvements in patient outcomes, quality of life and survival.42‑44 

It can also significantly improve patients’ understanding of their prognosis over time, 
which may impact treatment decisions about end‑of‑life care and lead to less aggressive 
treatment.44 45

Patient insights on cancer care: opportunities for improving efficiency 

Respondents who had access to comprehensive 
palliative care services reported great satisfaction 
with this aspect of their care. However, a number 
of respondents said that palliative care was not 
discussed with them as an option when they 
themselves thought it could be helpful.
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Respondents often lacked information 
about how to tell whether their cancer 
might be coming back.

Another important gap frequently expressed 
in qualitative comments was the lack of 
information on how to deal with possible 
signs and symptoms that cancer might be 
recurring. This led to significant fears for 
respondents, not knowing whether a symptom 
they experienced was harmless or a cause 
for greater concern.

What we know
Studies have shown that patients’ 
information needs are often highest, 
and least well met, during the 
phase following active treatment.30 

An effective handover from secondary 
care to primary care, with regular 
and timely follow‑up, is therefore 
necessary for all patients.39 

  ‘I don’t think professionals   
 really understand how much  
 we fear recurrence.’   
 Respondent from    
 the United Kingdom

 ‘I would like to understand better how I will be able  
 to monitor the risk of recurrence when I am no longer   
 receiving regular follow-up after my hormone therapy.’  
 Respondent from Belgium

Why it matters
Without appropriate follow‑up after discharge, patients can feel lost or abandoned, 
and ill‑prepared to manage their condition, after weeks of intensive treatment and frequent 

interactions with their care team.46 

2 | Information, support and shared decision-making
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In addition to information and support they may have received from their care team, 
respondents expressed the value of being able to speak to people who had been 
through a cancer diagnosis themselves.  

  ‘I would suggest that anyone with any type of cancer 
  look for  others that have that type of cancer, and help   
  each other. Only those who are going through cancer,  
  or have gone through it, really understand.’    
  Respondent from the United States

Why it matters
Even with the support of family and friends, many people who have cancer find it helpful 
and comforting to talk with others who have already gone through the experience 
first‑hand, to discuss all aspects of how to deal with cancer and its impact on life. 
Patient organisations often help provide this peer support to patients. They can fill 
important gaps in patients’ needs, providing emotional support and financial advice, 
as well as valuable information about treatment options and available services.47

Not all healthcare professionals may feel comfortable or able to distribute patient 
support‑group information. This presents a missed opportunity as doctors are usually 

the main source of information connecting patients to support groups.48  

Respondents were not always given information about available 
patient groups or peer support.

  

•  41% of respondents said they were not given any information about patient 
advocacy groups, charities or other organisations that could support them. 

Patient insights on cancer care: opportunities for improving efficiency 

Overall, gaps in information and support were found to be 
greatest for respondents whose cancers were diagnosed 
at an advanced stage.

Across almost all questions relating to information, respondents whose cancer was 
diagnosed at a more advanced stage reported gaps more often than those with 
earlier-stage cancer (Table 2).
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What we know
There is evidence that support services available for cancer patients may not always 
be appropriate for patients with more advanced disease. For example, a comprehensive 
survey of breast cancer patients in Australia found that those with metastatic breast 
cancer found available support less adapted to their needs compared to patients with 
earlier‑stage disease.49

Survey responses
Unweighted 

base size*

% of respondents who answered ‘No’ to each question**

Overall Respondents whose 
cancer had not spread to 
other organs at diagnosis 

Respondents whose 
cancer had spread 
to other organs at 

diagnosis 

Were you involved as much as 
you wanted to be in deciding 
which treatment options were 

best for you?

3,124 15% 12% 22%

Have you always been 
given enough information 

about your cancer care and 
treatment, in a way that you 

could understand?

3,650 31% 26% 39%

Have you always been given 
enough information, in a way 
that you could understand, 
about signs and symptoms 

to look out for that your 
cancer might be returning/

getting worse?

2,627 35% 31% 39%

Do you feel you have 
always been given enough 

support to deal with any 
ongoing symptoms and side 

effects, even beyond the 
phase of ‘active’ treatment 

(if applicable)?

3,623 39% 34% 54%

Table 2. Respondents’ negative perceptions of information and support, 
by stage of disease at time of diagnosis 

*  Total number of people who responded to each question 
** Interpreting this table: the ‘Overall’ column gives the proportion of all respondents who answered ‘no’ to each question in the first column,  
 and the other columns are broken down by how advanced the cancer was at point of diagnosis. For example, 15% of respondents overall  
 reported that they were not involved as much as they wanted to be in deciding which treatment options were best for them; for those whose  
 cancer had not spread at diagnosis, this figure was 12%, but for those whose cancer had already spread by the time of diagnosis, it was 22%.

2 | Information, support and shared decision-making
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Julie* (Belgium) 

Two weeks after noticing a lump in my breast, I saw my GP and was referred for 
a mammogram. They told me it was probably benign but suggested I get it removed 
just in case. I had a biopsy, and the people at the research centre said everything 
looked OK and that I shouldn’t be too worried about it – so I felt really reassured. 
When I got the results a few weeks later from my gynaecologist, he told me they’d 
found some bad cells in my breast. I didn’t know what that meant exactly, but I knew 
there was something wrong. When I got emotional, he asked, ‘Didn’t you expect this?’ 
The way he gave the diagnosis was very hard for me; I found it unprofessional and 
it felt like he didn’t take me seriously.
 
The breast care nurse was at the appointment and, after the conversation with 
the gynaecologist, she had all the time in the world to answer questions. She was 
very understanding, gave us a lot of information and made me feel it was OK to be 
emotional. It still wasn’t clear to me whether I had cancer or not, so the nurse had 
to tell me. Throughout my cancer treatment, the breast care nurses have always 
been a great support.

I wasn’t really involved in discussing my treatment plan. They never gave me the 
option to choose an alternative location or seek a second opinion. Now, I know that 
I actually had a choice about certain things, but at the time I just trusted the doctors. 
It gave me a good feeling that my treatment plan was designed by a team of doctors. 
I’ve had various treatments: mastectomy, tissue expansion, radiation, anti-hormonal 
therapy, chemotherapy and a breast reconstruction. If I had the choice now, 
I wouldn’t have had a breast reconstruction. I wasn’t well informed about the 
rehabilitation. It’s been very hard. I have a very tight tummy now, which makes walking 
difficult and causes heavy back pain. They also removed my lymph nodes, which gave 
me a very big arm. All these things cause me a lot of stress. 

My illness had a huge effect on my marriage, which ended in a divorce. 
The emotional impact was huge. But I’m very happy with the psychological support 
I received from the breast care nurses and my friends. I practised mindfulness 
for cancer patients and my kids got support from the hospital as well.
 
I had so many questions, but they all needed to be answered by different doctors. 
It would have been nice to have an appointment with all the doctors at once, 
so I could ask all my questions at the same time. It would be less time-consuming 
and would have cost me less energy – energy I didn’t have.
 
I would like to tell other patients that you have a choice about certain treatments. 
If you make your own decisions, you will probably feel a lot more in control – 
and that will make you feel stronger. 

* Names and some other identifying elements have been changed to protect patients’ anonymity.

Patient stories 

Patient insights on cancer care: opportunities for improving efficiency 
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• Respondents commented that specialist cancer nurses had played a critical role – 
 acting as their ‘navigators’ and helping them adapt all aspects of their lives   
 to cancer – both during and after treatment.

• Nearly a quarter of respondents (24%) felt that support from allied health   
 professionals (dieticians, physiotherapists etc.) was not always available. 

• Respondents wanted more information about what they could do to support their  
 treatment and recovery in terms of diet, exercise and complementary therapies. 

• 69% of respondents said they needed psychological support during or after their  
 cancer care. However, of these, 34% said it was not available.

• Many respondents expressed concern for the impact their cancer had on their   
 families, and wanted psychological support for them as well.

Integrated  
multidisciplinary care 

Key findings 

‘There needs to be a plan made for each cancer patient, 
so a person doesn’t have to explain to each healthcare 
person what is going on and why the cancer patient 
needs help.’ Respondent from Canada

’Psychological support should not just be offered 
in the form of a brochure stating, “If you need help, 
you can get it here.” Many people will say they are 
“coping” when, in reality, they need support readily 
at hand.’ Respondent from Australia

3
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Cancer nurses played a critical role in coordinating care 
for respondents.

Respondents often reported a lack of communication between their primary care 
physician and specialists – particularly in countries with a primary-care-led model 
(e.g. Canada, Australia and the United Kingdom). Respondents reported the impact 
of this lack of communication from diagnosis onwards – and again after they had left 
the hospital setting and were in the follow-up stage of care in the community setting. 

   ‘There needs to be more communication between   
  healthcare providers… don’t tell the patient to ask   
  the surgeon, who then refers you back to your doctor, 
   and this keeps going on and on.’ Respondent from Canada

Overview of findings

What we know
In 2014, the European CanCer 
Organisation (ECCO) endorsed 
cancer nurse specialists 
as an essential part of the 
multidisciplinary care team.50 

Ideally, a cancer nurse specialist 
acts as a central point of contact 
for patients, helping them navigate 
through diagnosis, treatment, 
follow‑up and, if necessary, 
end‑of‑life care.50 51

Cancer nurses can help ensure 
clear communication with patients 
and their families and other 
healthcare professionals; they 
can address patients’ emotional, 
psychological, financial and 
social needs and offer information, 
advice, support and reassurance.51 52

 ‘I needed one central point of   
 contact for everything but also   
 one place to go for everything too.  
 I have been under the care    
 of three different hospitals    
 with appointments for different   
 procedures, tests etc. at different   
 locations – it takes a lot of energy.  
 I have had to become, in effect,   
 a manager rather than a patient.’ 
 Respondent from the  
 United Kingdom

Patient insights on cancer care: opportunities for improving efficiency 

Respondents commented that specialist cancer nurses 
had played a vital role in remedying these communication 
and coordination gaps – acting as the patient’s 
companion and ‘navigator’ through all phases of care.

 ‘The reference nurse in oncology  
 has been very helpful  and has  
 always directed me to the  
 appropriate specialist doctor  
 without ever underestimating   
 my problems. It is a real asset   
 to have such a reliable person.’   
 Respondent from Belgium
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Access to allied health professionals and complementary care 
was often perceived as inadequate by respondents. 

Almost a quarter of respondents (24%) said they did not have access to support from 
allied health professionals. In qualitative findings, respondents commented that they 
would have liked to be told what role these different professionals or services could 
play in aiding their recovery. 

  ‘It was difficult to find a physiotherapist. The importance  
 of this [role in my recovery] was not explained.’  
 Respondent from France 

 ‘They should actually involve additional specialists  
 (i.e. dietitian, physiotherapist, psychologist) in the  
 treatment of the patient from the moment of diagnosis.  
 The content provided by all physicians should be  
 consistent. I would avoid frightening a patient  
 by focusing on how difficult and demanding their  
 treatment is, and focus more on the goals to be  
 achieved after treatment.’ Respondent from Poland

Why it matters
Having a cancer nurse specialist has been shown to improve outcomes for patients and reduce 

associated costs of care, due to:

 

• reduction of symptoms53 54 

• improved patient knowledge and self-management53 54 

• improved management of chronic problems54

• faster care pathways, allowing more patients to be seen52

• reduced rates of emergency admissions and shorter hospital stays54-56    

• fewer follow-up appointments.54 

Data also suggest that this specialist role may bring overall savings to healthcare systems, 

with one report in the United Kingdom suggesting that introducing specialist nurses into 

the cancer care pathway could save about 10% of cancer expenditure.52   

3 | Integrated multidisciplinary care
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In addition, respondents reported that they were not always provided with enough 
information about how they could optimise their care through diet, exercise, 
mindfulness and complementary therapies. In many countries, respondents had to pay 
out‑of‑pocket for these services. 

  ‘I had to source my own information regarding    
 complementary therapies… These were quite expensive,  
 and yet they should be offered as part of cancer  
 treatment, in my opinion.’ Respondent from Australia

 ‘I would have liked to know more about the food that   
 should be eaten, the quality of life I could expect…’  
 Respondent from Spain 

What we know
The added value of complementary therapies is widely recognised among international 
cancer societies. For example, the American Cancer Society recommends a selection 
of evidence‑based complementary therapies as part of integrated care: music therapy, 
meditation, yoga and relaxation, massage, acupressure and acupuncture.57 

Complementary approaches can be important for patients’ care, wellbeing and 
recovery.58 Doctors do not necessarily need to provide these components of care, but 
they should be able to signpost patients to relevant services.49

Psychological support was often 
unavailable to respondents.

A recurring comment from respondents was that 
their psychological or emotional needs were not 
sufficiently addressed by their cancer care team. 
More than a third of respondents (34%) who wanted 
psychological support said it was unavailable to them.

•  69% of respondents said they needed psychological  
support during or after their cancer care. But 34% 
of these respondents said it was not available.

Patient insights on cancer care: opportunities for improving efficiency 

‘I think the psychological 
involvement part is 
forgotten. It is true that the 
main thing is to survive, 
but it is also necessary 
to feel accompanied and 
understood.’ Respondent 
from Spain
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‘I needed someone to talk to; 
I was given written information.’ 
Respondent from France

‘On the emotional side, I had 
to deal with everything myself. 
A psychologist, in the hospital 
after an operation, reduced me 
to tears by asking questions 
like, “Do you know that you 
will be bald and may lose your 
job?” It sounds unbelievable, 
but it happened.’  
Respondent from Poland

What we know
According to the International 
Psycho‑Oncology Society, 40–60% 
of cancer patients and family members 
experience psychological distress 
that could benefit from intervention, 
but only a minority receive 
psychological support and care.59 
This is despite psychological distress 
screening being recommended 
for all cancer patients from diagnosis 
onwards.60

These figures are partly due to the 
fact that significant gaps exist in the 
availability of psycho‑oncology services 
across the world. A 2015 survey 
across 27 countries in Europe found 
that only eight (30%) had nationally 
recommended psycho‑oncology care 
guidelines, ten (37%) had budgets 
for psycho‑oncology care, and 
six (22%) had official certifications for 
psycho‑oncology care education.59 61   
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Even when psychological support was available, it was not always 
felt to be helpful.

In qualitative comments, respondents mentioned being referred to professionals 
who did not have a sufficient understanding of cancer to provide any meaningful 
help to them or their families. In some instances, support was inappropriate or even 
hurtful to respondents. 
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Why it matters
Mental distress is common among cancer patients, and can result in difficulty in processing 
information, decisional regret about treatment choices, fear of cancer recurrence, 
chronic pain and difficulty with social reintegration.60

Cancer patients are three times more likely to suffer from depression compared with 
the general population. Cancer patients with depression have 39% higher mortality,62 
higher healthcare utilisation, and higher healthcare expenditure than patients who do not 
have depression.63 For example, a study in the United States found that adult cancer survivors 
had an estimated 31.7% greater total expenditure compared to those without depression.63

A higher incidence of anxiety and depression is reported in adolescents and young adult 
cancer survivors compared with older populations. This can inhibit their ability to get 
an education and gain employment.64 Furthermore, psychological care is especially 
crucial in the post‑treatment phase, due to fears over not being able to conceive children, 
body image dissatisfaction and anxiety.64

The impact of cancer on families and loved ones was a common 
concern for respondents.

In addition to needing psychological support themselves, respondents said that 
psychological support should be offered to their spouses and children. This comment 
was made by both patients and caregivers completing the survey.  

 ‘I wish more attention was given to the partners 
of cancer patients. It is often they who suffer most 
from the treatment.’ Respondent from Belgium

‘We, as a family, also felt broken. We had no previous 
cases of cancer in the family. I don’t know if you know 
what it feels like, watching someone close to you 
for 12 months, knowing they are dying.’  
Respondent from Poland

Patient insights on cancer care: opportunities for improving efficiency 
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Why it matters
Many studies show the negative impact that parental cancer has on the lives of children 
and the whole family unit, including siblings, necessitating support for the entire family.65 66

Caregivers to people with cancer, in particular, have a unique burden placed on them – 
and their new role in providing practical, emotional and other support can negatively affect 
their own psychological, physical and financial health. Reasons for experiencing increased 
burden are multifaceted, and can be due to coping with the emotional impact of a loved one 
who is suffering, taking on this new ‘full‑time job’ of providing care to a patient with cancer 
and/or taking on additional household responsibilities with no extra support. On average, 
these caregivers provide 8.3 hours of care each day for 13.7 months.3 

As a result, caregivers can have high unmet needs.3 They frequently report psychological 
issues, including fear, hopelessness and mood disturbances. Studies also show that rates 
of anxiety and depression among family caregivers are comparable to, or higher than, 
those of the patient for whom they provide care. Physical health complications are also 
common – including sleep difficulties, fatigue, cardiovascular disease, decreased immune 
function and increased mortality.3

In the United States alone, it is estimated that the annual economic value of caregiving 
is $375 billion across all diseases.3  
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Patient stories 
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Hanna* (Sweden)

I saw a doctor after discovering blisters on the roof of my mouth. I had to fight 
to get an examination and was eventually sent to an ear, nose and throat clinic. 
It was easy for the doctor to spot the tumour and I was sent home; later, my doctor 
called me and told me it was malignant. I would rather have spoken face to face, 
so that I could have had someone to answer my questions. 

I was not given a clinical nurse or doctor after my diagnosis, and I had no one 
to talk to. At the hospital they did not show much sympathy for me and I felt 
I was annoying when I was seeking information.
 
I was never involved in any discussion about different treatments. Everything 
went so quickly, and I had no other information – I had to search online for a lot 
of information about my diagnosis myself. 

After my surgery, my speech was very affected, which was a complete shock. 
This might have been communicated to me, but if it was, it was not in a way 
that I was able to understand due to the circumstances. I had severe issues with 
swallowing and could only consume liquids. I had to contact a nutritionist myself 
as I became malnourished because I couldn’t eat properly. I was given a speech 
therapist, who has been an enormous support. 

I wasn’t given any psychological support at all after the surgery – even my 
surgeon never found the time to see me afterwards – and I really needed someone 
because what had happened to my speech was so traumatic. Throughout my career, 
communication has been hugely important, and I am a very social person. 
 
The dates of my follow‑up appointments are constantly changing, which is very 
hard for me as I am very anxious and nervous before them – if it was once or twice 
it would have been fine, but it happens all the time.
  
As I haven’t been given any psychological support, it has affected my mental 
health. I feel like I haven’t been listened to; I have felt very lonely and not cared for. 
It has now been more than four and a half years, and I still haven’t been offered any 
support at all. I am so grateful to my family and friends for their support – I don’t 
know what I would have done without them. But I need someone to talk to outside 
of my friends and family. This is something that has never been discussed during 
my follow-ups. 

My treatment was very efficient – everything happened so fast, from my first visit 
to the surgery, so that worked out very well. But if I could change something, it would 
be that I would have had someone to talk to. That’s something I still need.

* Names and some other identifying elements have been changed to protect patients’ anonymity.
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Ray* (United Kingdom) 

From the first time I saw my GP to being diagnosed with cancer took six months. 
It’s far too long – shockingly long.
 
I think GPs’ knowledge needs to be improved, and if they don’t know they should 
send people for a biopsy. A biopsy is zero inconvenience to me, but maximum 
efficiency for results. Looking back now, I should have demanded a referral. 
But I also think the doctor should say that they don’t know what it is and send you 
to get a biopsy done. 

Unless you have been told the words – ‘You’ve got cancer’ – you have no 
idea what it means to hear them. I can’t even explain it now. It’s everything you 
understand about life: you as a person, your whole existence, all your experiences 
– when you hear those words, ‘you’ve got cancer’, it just goes out the window. 
Everything. You can’t hear anything else. 

I had surgery, but the cancer came back a few years later. With my secondary 
cancer, I wasn’t happy after treatment. Maybe I was a bit depressed – I wasn’t 
in a good place. And then I found out about a holistic centre, where I had some 
psychology appointments. They were absolutely fantastic, and that turned my 
life around. It wasn’t just psychology, there was reiki, aromatherapy and all sorts – 
all provided by volunteers. The thing that annoys me, though, is that I had to ask 
for it. No one told me this was available until I told them I needed someone to help 
me with my head. I wish I’d had it the first time around as well.

The best emotional support I got in the hospital, the people that spent time with 
me to make me feel safe and secure, were the healthcare assistants. They’re worth 
their weight in gold. When I was crying in bed, they used to sit there and literally 
hold my hand. It’s those small things that make so much difference. 

The main thing I would change about my cancer treatment would be the 
psychological side of things. Your emotional needs are not acknowledged 
or addressed at all. And it shouldn’t just be aftercare, it should be right the way 
through treatment. 

The National Health Service is fantastic at the clinical side of it – they do 
that brilliantly. But we really need to concentrate on the psychological impact. 
It’s not just medication, surgery and treatment. The psychological trauma of cancer 
is massive, but no one ever tells you that. It can only be supported through good 
psychological care, and that needs to be provided as part of your cancer treatment. 
I got it as part of my cancer treatment – but only because I asked for it.  
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You do sort of get used to having cancer, and I have lived with it successfully, 
I think. For the first five years I was running away from it, but I’m not running away 
anymore. It’s part of me. I’ve learnt that if you call it a ‘battle’, it’s almost like you’re 
going to lose. It’s not about winning or losing a battle; it’s about living. I’m not 
scared of dying – I’m just scared of not living well. And living well doesn’t mean 
it has to be hedonistic; it can just be sitting with your wife and kids watching TV, 
laughing, having quality of life, and feeling safe and secure. 

My health is not bad now. You can’t compare it, my pre-cancer life and post-cancer 
life. I’ve had lymph nodes and muscle removed, and blood clots in my lungs. 
Health-wise, physically, I’m probably 70% of what I used to be. I used to run a lot 
of marathons; I was lean. Now I’m a bit rotund, which upsets me a bit. 

Mentally, though, I’m the strongest I’ve ever been. That’s the positive side. But I’ve 
had to do that through psychology, just for myself as well. I can’t stress that enough: 
people need to put the effort into their own heads. No one can make you feel 
happy apart from yourself, so you can be your own worst enemy. You’ve got to be 
your own best friend.  

* Names and some other identifying elements have been changed to protect patients’ anonymity.



4

50

• Just over half of respondents (51%) paid for some part of their care,  
 either out-of-pocket or through private insurance. 

• Travel costs (36%) and loss of employment income (26%) were the most   
 frequently reported non-treatment-related costs for respondents.

• Cancer had a negative, and often long-term, impact on productivity for    
 respondents and their caregivers. In some cases, a diagnosis of cancer created   
 lifelong financial insecurity.

The financial impact  
of cancer 

Key findings 

’The running costs of cancer are generally ignored. 
There are a huge number of hospital visits involved in 
chemo and oncologist appointments, with travel costs 
(petrol and parking), as well as the dislocation and stress 
to the driver/carer’s life.’  
Respondent from the United Kingdom

’I was not really given any info about how long 
to recover from chemo or returning to work. 
I had to devise my own return-to-work plan.’   
Respondent from Canada



Many respondents were shocked by the dramatic financial impact 
cancer had on their lives.

Respondents were asked about the financial impact of cancer on their lives, 
and in the qualitative responses many reported that they had incurred significant 
costs due to cancer. 

Even in countries with publicly funded healthcare systems, respondents frequently 
reported having to pay for some of their cancer care themselves. Reasons differed 
but included wanting to avoid delays or because a particular aspect of care was not 
covered by their insurance system. 

Overview of findings

‘I paid for several exams out of my 
own pocket to speed things up.’  
Respondent from Italy

‘I did the biopsy privately because 
the National Health Fund doctor 
said she did not see a reason to 
do it.’ Respondent from Poland

What we know
There is growing evidence from 
different countries that many patients 
face a ‘cascade of financial burden’ 
due to cancer: 

• An Australian study found that cancer  
 patients may spend up to 15% of their  
 lifetime income on their disease.67 

• A study of working‑age cancer   
 survivors in the US found that one 
 third had gone into debt, and 55%   
 incurred costs of $10,000 or more   
 due to their cancer.68

• A French national study (VICAN 2) 
 found that, two years after diagnosis,  
 25% of people living with cancer 
 were below the poverty threshold,   
 compared with 14% of the general   
 population.69  

• Patients living in rural or remote areas   
 may be most affected by the financial   
 impact of cancer due to the need to 
  travel a long way to specialist centres.49

• Even when cancer patients are eligible  
 for support, they may not be aware  
 of financial assistance to which they  
 are entitled, and navigating existing  
 benefit systems can be difficult.70 

For some respondents, cancer continued 
to have a financial impact for many years 
after they had completed treatment, such 
as having to pay for complementary care 
not covered by their health insurance, 
or not being able to fully return to work. 

The financial impact of cancer was 
sometimes devastating, as respondents 
had to make huge sacrifices to pay 
for their care and the associated travel. 

‘I had to sell an investment 
property to pay for my cancer 
treatment, as I had to travel, 
and stay away, for seven weeks 
for radiation treatment.’  
Respondent from Australia
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4 | The financial impact of cancer

Travel costs and loss of employment 
were the most frequently reported 
non‑treatment‑related costs 
for respondents.

   

Were there any other financial implications 
of your cancer care and treatment?*

•  Travel costs: 36%

•  Loss of employment: 26%

•  Loss of insurance: 10%

•  Childcare costs: 8%

 * This was a ‘tick all that apply’ question, therefore results  
    do not equal 100%

What we know
With the growing number of 
cancer survivors, there is increasing 
recognition of the need for 
social policies to help former 
cancer patients return to work 
after their care and protect them 
from financial insecurity.71

In Italy, for example, there is a 
law allowing patients to switch 
from full‑time to part‑time work 
while undergoing treatment, 
and go back to full‑time work as 
soon as they are able. It has been 
recommended that all countries 
implement similar measures.72 
The Netherlands, meanwhile, 
is one of the first countries with 
a government Plan of Action for 
‘Cancer & Work’.73 

Unfortunately, not all countries 
have legal frameworks for the 
reintegration of cancer survivors 
into the workplace, although 
more countries are developing 
legislation to support and protect 
this right to return to work.72  

‘Cost of parking, especially 
when attending the 
hospital for appointments 
up to three times a week. 
Paying up to $100 a week.’  
Respondent from Australia

For some respondents, cancer had a negative, and often long‑term, 
impact on productivity for them and their caregivers.

Over a quarter of respondents (26%) reported that they had suffered financially 
due to loss of employment related to their cancer. 

Respondents sometimes reported not only a loss of their own income, but reduced 
income for their caregivers, who had to assume greater responsibility by caring 
for a spouse with cancer alongside maintaining daily household tasks and often 
caring for children on their own. Self-employed respondents and caregivers felt 
the impact of this most strongly.



‘My husband has cancer, and he’s self-employed (no work 
means no money). I was denied paid leave (I’m a caregiver). 
I can’t take unpaid leave (no work means no money).’ 
Respondent from Italy

‘I have no family nearby and my husband’s employers were 
not understanding. He had to take unpaid leave to take me 
for treatment and tests, and visit me during surgery and 
recovery. This not only caused financial strain but added 
to stress as he could have lost his job due to absences.’ 
Respondent from the United Kingdom

Why it matters
Although many cancer patients are able to return to work after their care, this is not the case 
for all. Lost productivity due to cancer is estimated to cost €52 billion per year in the EU.74

People surviving cancer are 1.4 times more likely to be unemployed and three times more 
likely to receive disability benefits than the general population.75 Based on the French VICAN 
2 study, 22% of those aged 18–57 reported losing their job when their cancer was diagnosed, 
rising to 92% 15 months after diagnosis.69 

A study in the United Kingdom found that almost one in three people living with cancer 
(30%) had a loss of income as a result of their diagnosis and lost £860 a month on average. 
A third of people (33%) stopped working permanently or temporarily.70

These data underline the need for social policies that protect patients from financial 

insecurity during and after their cancer care.
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4 | The financial impact of cancer

A prior diagnosis of cancer created 
lifelong financial insecurity 
for some respondents.

In addition to the cost burden of 
cancer itself, respondents sometimes 
commented that having had cancer 
had a long-term impact on their ability 
to get a mortgage or affordable insurance 
– and many worried about their future 
financial security as a result.

What we know
In France, research found 
that disclosure of a childhood cancer 
was associated with difficulties 
in obtaining insurance and loans 
later in life.76

As a result of these findings, 
France put into place in 2016 the first 
anti‑discrimination laws to relieve 
cancer survivors of having to disclose 
their history of cancer to insurers, 
as long as it had been at least 
five years since the end of their 
active treatment. These laws – called 
‘The right to be forgotten’ (Le Droit 
à l’Oubli) – are now also being 
implemented in Belgium. 

‘It’s impossible to get 
a bank loan, however 
necessary at this 
moment... One is 
punished for being ill, 
and it all comes down 
to luck. In my case, 
I had never neglected 
my health.’ Respondent  
from Belgium

‘Cannot get a new mortgage insurance, new travel 
insurance or new life insurance. We have become 
outcasts in the eyes of insurance companies.’  
Respondent from Canada



Sofia* (Italy)

During one year, I consulted three specialists at my own expense. After three 
negative medical opinions, I had peace of mind. But when I eventually saw another 
specialist, he immediately arranged an operation. A week later, he phoned to 
confirm that it was cancer, and that I needed a second operation. I considered 
that phone call a gesture of kindness; he wanted to inform me immediately, 
as I had asked. But the diagnosis could have been made a year earlier.

I chose to do all the diagnosis and the surgical operations at my own expense, 
because I found it difficult to get an appointment in a public hospital – especially 
at 8.30am to fit around work.

Cancer treatments have had a heavy impact on my work. My job required me 
to travel a lot and did not allow for long absences. After the first two operations 
to remove the primary cancer, I had another seven preventive operations. 
After each operation, I needed to be off work for two weeks.

The psychological impact has also been very hard. I had to face fears and make 
tough decisions. Each operation left marks on my body, which has been difficult 
to accept. During these years of analysis and examinations, I have never been 
offered any psychological support, nor had I been advised about patient support 
groups. I paid for psychological aid at my own expense.

Through personal online research, I discovered support networks. I have become 
an active member of an association that offers support. Meeting other patients, who 
understand and know exactly what you are experiencing, is of enormous importance. 

The financial impact of my cancer has been significant. At the time, I had private 
health insurance – an optional benefit of my job. It covered about 40% of the total 
expenses, and I paid the rest out of my own pocket.

But after quitting my job, I had to subscribe to new health insurance. It includes 
oncologic expenses in the case of primary tumours, but not any risks related 
to previously diagnosed cancer – unless you pay impossible premiums.

The experience of having cancer in my 30s changed my perspective on life. 
I decided to make a career change; now I work with my partner, so I can spend 
more time with him and I have a more peaceful approach to work. I began to ask 
myself: how do I want to live my life from now on? In my case, it led to a profound 
change of my priorities and a reorganisation of my life – to give more value 
to myself rather than other people’s expectations.

* Names and some other identifying elements have been changed to protect patients’ anonymity.
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This report presents findings from nearly 4,000 respondents 
on where they felt inefficiency occurred in their care.

These findings are intrinsically important, as they represent patients’ perceptions about 

the efficiency of their care. Patients live the reality of healthcare delivery. Their insights 

are both unique and valuable. If we want to be true to our aim of delivering care 

focused on what matters to patients, we must consider these patient insights alongside 

economic and clinical data, and ensure that we account for them in our definitions 

of efficiency and inefficiency. From a policy perspective, we should not only be looking 

at health system reform; we should also look at how policies and societies need to 

adapt to adequately provide for people living with and beyond cancer.

The All.Can patient survey findings reflect similar findings from surveys and reviews 

in the literature38 49 77 78 and reveal a number of opportunities where improvement 

is needed from the patient perspective:

 

 1. Ensure swift, accurate and appropriately delivered diagnosis. When asked  

  to select the one area of cancer care where they experienced the most   

  inefficiency, 26% of respondents chose diagnosis – more than any other   

  area of cancer care. Even in countries where another area of cancer care  

  was reported as most inefficient, diagnosis was always among the top three  

  areas of inefficiency reported by respondents. For respondents whose   

  cancer was diagnosed outside of a screening programme, speed of  

  diagnosis had an impact on their entire experience of care. 

 2. Improve information‑sharing, support and shared decision‑making.   

  Respondents expressed the need for better information and support to help  

  them feel more engaged in their care. Information on what to expect  

  in terms of side effects and risk of recurrence, and what to do after the phase  

  of active treatment was over, was particularly needed. 

Conclusions  



 3. Make integrated multidisciplinary care a reality for all patients.    

  Respondents asked for more focus on the emotional and psychological  

  impact of cancer and better integration of allied health and complementary  

  services into their care. Cancer nurse specialists were often cited as playing  

  an essential navigator role for respondents and their families.

 4. Address the financial implications of cancer. Respondents commented on  

  the significant and lasting economic burden often caused by cancer, and the  

  need for greater support early in their care to facilitate their return to work  

  and adapt their lives following cancer care. 

Throughout the survey, respondents’ comments underscored the wide-reaching 

impact cancer can have on all aspects of their lives. This is also reflected 

in economic data: social costs represent 60% of the total cost of cancer.74 

Integrated health and social policies that recognise the broad impact of cancer 

on individuals will be essential72 if we are to curb the costs of cancer on our society. 

Finally, we should not forget that simple solutions can often go a long way in 

improving efficiency – leading not only to economic gains but, most importantly, 

to better outcomes for patients. 

Find out more

All.Can is eager to continue working with others based on these survey findings.  

More patient stories will be posted on our website, and we would be happy to 

share further information about the survey. To find out more, please contact us at 

secretariat@all-can.org. 
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This Appendix contains overviews of findings of the All.Can patient survey 
in seven participating countries.
 
All.Can international and Quality Health worked with individual All.Can national 
initiatives and associated member organisations to develop tailored surveys for 
each participating country. Most questions remained the same across countries, 
but additional questions were added to suit local country contexts and at the 
request of each country. In some cases, the wording of questions was adapted 
to accommodate local differences. Surveys were produced in English, and then 
translated into local languages. All translations were verified by a representative 
of the country’s national All.Can initiative. The surveys were hosted online, 
and links were distributed. 

To download a copy of the survey questions used in each country, please visit the  
All.Can international website (www.all-can.org/what-we-do/research/patient-survey/
about-the-survey/). 

For more information on All.Can national initiatives involved in the patient survey, 
please visit http://www.all-can.org/national-initiatives/.  

Interpretation of findings
The survey was conducted in 10 countries: Australia, Belgium, Canada, France, Italy, 
Poland, Spain, Sweden, the United Kingdom and the United States. We have excluded 
findings from France, Spain and Sweden from this section due to small sample sizes 
(<50 responses each). 

Country findings presented in this section are unweighted and therefore represent 
the actual responses from current and former cancer patients and/or caregivers who 
completed the survey in each country. As they represent different populations in each 
country, the country findings in this Appendix must be considered independently 
and cannot be directly compared with those of other countries. Further country 
comparisons will form part of the next phase of our research.

For more information 
For more detailed findings from each country, please contact the All.Can international 
secretariat: secretariat@all-can.org. Further country-level analyses will be disseminated 
by each All.Can national initiative throughout 2019.

Introduction

http://www.all-can.org/what-we-do/research/patient-survey/about-the-survey/
http://www.all-can.org/what-we-do/research/patient-survey/about-the-survey/
http://www.all-can.org/national-initiatives/
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Australia

About this survey in Australia

The survey in Australia was conducted in partnership 
with All.Can Australia and the University of Western 
Australia. Data collection took place from 12 July – 
30 November 2018.  

A total of 850 people took part 
in the Australian survey.    

Respondent profile   

•  Cancer type: breast 68%; lymphoma 7%; prostate 
5%; other (various cancer types, all <5%) 20%

•  Gender: female 89%; male 11%  

•  Age: 0–24 1%; 25–64 67%; 65+ 32%
 
Please note: as the majority of respondents in Australia were breast cancer 
patients, the key findings (page 67) consider the results for breast cancer 
patients against the results for all other cancer types. This applies only 
to the Australian findings.

Where did inefficiencies occur most? 
• My initial cancer diagnosis: 23% 

• Dealing with ongoing side effects: 19% 

•  Dealing with the psychological impacts: 15%

i  Cancer Council Australia. 2019. Cancer in Australia. Available online at https://www.cancer.org.au/about-cancer/what-is-cancer/facts-
and-figures.html 

’My cancer nurse was, and still is, the most amazing 
support we could have asked for. She has a wealth 
of knowledge and helped us out and at any time 
of the day or night!’

’Some initial psychological assistance might be useful, 
even if the patient doesn’t request it – sometimes 
one doesn’t realise one needs it!’

1 in 2 Australians will 
be diagnosed with 
cancer by the age 
of 85 and, in 2019, 
it is estimated 145,000 
new cases will be 
diagnosed and 50,000 
deaths will occur.i

https://www.cancer.org.au/about-cancer/what-is-cancer/facts-and-figures.html
https://www.cancer.org.au/about-cancer/what-is-cancer/facts-and-figures.html
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Australia: key findings  

Swift, accurate and appropriately delivered diagnosis 
•  28% of respondents whose cancer was detected outside of a screening 

programme said that their cancer was diagnosed as something different – 
either initially or multiple times. This occurred less frequently for respondents 
with breast cancer (18%) than for all other tumour types (43%) 

•  The largest difference between cancer types was expressed in diagnosis: 
91% of breast cancer respondents whose cancer was detected outside of a screening 
programme were diagnosed within three months, compared to an average of 69% 
in all other tumour types  

•  12% of respondents whose cancer was detected outside of a screening programme 
waited more than six months to be diagnosed with cancer. In breast cancer this was 
5%, while the average across all other tumour types was 22% 

Information, support and shared decision‑making 

•  35% did not feel involved enough in deciding which treatment options were best for them

•  28% were not given enough information (in a way they could understand) 
about their cancer care and treatment 

•  50% did not receive enough support to deal with ongoing symptoms and side effects 
– including beyond the active phase of their treatment

•  41% did not receive enough information (in a way they could understand) about the 
signs and symptoms indicating that their cancer might be returning or getting worse

•  31% were not given information about patient groups, charities and other 
organisations that might be able to support them 

Integrated multidisciplinary care
• 30% did not have access to a specialist cancer nurse, either immediately after   
 their diagnosis or during treatment  

• 19% said that supported from allied health professionals was not available   
 when they needed it 

• 63% were not offered complementary therapies (e.g. massage, meditation,   
 acupuncture, aromatherapy and/or other non-traditional therapies) as part   
 of their cancer treatment  

• 64% reported that they needed some sort of psychological support during/after  
 their cancer care but, of those, 35% said it was not available  

The financial impact of cancer
•  79% reported out-of-pocket costs, 32% reported travel costs (11% had to travel for 

1–2 hours to attend appointments or receive treatment, 7% for more than 2 hours, 
and 9% required an overnight stay because it was too far from home), 27% reported 
a loss of employment, 8% a loss of insurance and 4% childcare costs 
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Belgium
About this survey in Belgium

The survey in Belgium was conducted in partnership 
with All.Can Belgium. Data collection took place from 
28 August – 30 November 2018.  

A total of 391 people took part 
in the Belgian survey.    

Respondent profile   

•  Cancer type: breast 47%; haematological 
9%; bowel/colorectal 7%; lung 7%; other 
(various cancer types, all <5%) 29%  

•  Gender: female 75%; male 25% 

•  Age: 0–24 1%; 25–64 61%; 65+ 34%;  
not specified 3%

•  Language: Dutch 63%; French 37%;   
German 0.26%

Where did inefficiencies occur most? 

• Dealing with ongoing side effects: 28%

• My initial cancer diagnosis: 17% 

• Getting the right treatment for my cancer: 15%   

i  Belgian Cancer Registry. Cancer burden 2004-2013. Available online at https://kankerregister.org/media/docs/publications/BCR_
publicatieCancerBurden2016_web160616.pdf 

ii Belgian Cancer Registry. Annual tables. Available online at https://kankerregister.org/default.aspx?PageId=643 

’My son’s diagnostic process was very fast and efficient. 
Even after our first emergency visit, the follow-up (to make 
sure we did not stop the medical exams) was impeccable.’

‘I had to ask for psychological help myself. This wasn’t the 
priority of the treating physician, but I am very glad that 
I insisted. The doctor was not against it, but didn’t think 
it was a priority!’

An estimated 3% of 
the Belgian population 
were living with 
and beyond cancer 
between 2004 and 
2013.i There are over 
70,000 new cases 
of cancer each year.ii

https://kankerregister.org/media/docs/publications/BCR_publicatieCancerBurden2016_web160616.pdf
https://kankerregister.org/media/docs/publications/BCR_publicatieCancerBurden2016_web160616.pdf
https://kankerregister.org/default.aspx?PageId=643
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Swift, accurate and appropriately delivered diagnosis 
•  26% of respondents whose cancer was detected outside of a screening 

programme said their cancer was diagnosed as something different – 
either initially or multiple times 

•  13% of respondents whose cancer was detected outside of a screening 
programme waited more than six months to be diagnosed with cancer

Information, support and shared decision‑making 
•  45% did not feel involved enough in deciding which treatment options  

were best for them 

•  24% were not given enough information (in a way they could understand) 
about their cancer care and treatment 

•  42% did not receive enough support to deal with ongoing symptoms 
and side effects – including beyond the active phase of their treatment

•  40% did not receive enough information (in a way they could understand) about the 
signs and symptoms indicating that their cancer might be returning or getting worse

•  50% were not given information about patient groups, charities and other 
organisations that might be able to support them 

Integrated multidisciplinary care
•  53% always felt supported by those involved in their care (e.g. surgeons, 

oncologists, radiologists, nurses and other specialists) 

•  11% said that support from allied health professionals was not available 
when they needed it

•  71% reported that they needed some form of psychological support during/after 
their cancer care but, of those, 23% said it was not available 

•  80% of those who received psychological support found it helpful

•  6% had to miss or cancel their own appointments three or more times at short 
notice, whereas 2% reported this was done by their hospital or clinic

The financial impact of cancer
•  21% reported travel costs, 10% a loss of employment, 2% childcare costs, 

2% loss of insurance and 15% other 

Belgium: key findings 
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Canada

About this survey in Canada

The survey in Canada was conducted in partnership 
with All.Can Canada, led by Save Your Skin 
Foundation. Data collection took place from 
13 June – 30 November 2018.  

A total of 314 people took part 
in the Canadian survey.    

Respondent profile   

•  Cancer type: breast 37%; haematological 13%; 
skin 11%; other (various cancer types, all <5%) 39% 

•  Gender: female 81%; male 19%

•  Age: 0–24 1%; 25–64 61%; 65+ 37%

•  Language: English 87%; French 13%

Where did inefficiencies occur most? 

• My initial cancer diagnosis: 25%

• Dealing with ongoing side effects: 17%

•  Dealing with the psychological impacts: 15%

i  Government of Canada. 2018. Fact sheet: Cancer in Canada. Available online at https://www.canada.ca/en/public-health/services/
publications/diseases-conditions/fact-sheet-cancer-canada.html 

’Having a Nurse Practitioner assigned to my case to help 
me through the initial trauma of a cancer diagnosis would 
have been very helpful. Doctors don’t always have time 
to provide patients with all the support they need.’

Cancer is the leading 
cause of death in 
Canada – responsible 
for 30% of all deaths.  
One in every two 
Canadians is expected 
to develop cancer during 
their lifetime, and one 
in four Canadians will 
die from cancer. In 2015, 
2.1 million people in 
Canada (aged 12 and 
over) reported living 
with and beyond cancer.i

https://www.canada.ca/en/public-health/services/publications/diseases-conditions/fact-sheet-cancer-canada.html
https://www.canada.ca/en/public-health/services/publications/diseases-conditions/fact-sheet-cancer-canada.html
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Swift, accurate and appropriately delivered diagnosis 
•  27% of respondents whose cancer was detected outside of a screening programme said 

that their cancer was diagnosed as something different – either initially or multiple times 

•  14% of respondents whose cancer was detected outside of a screening programme 
waited more than six months to be diagnosed with cancer

Information, support and shared decision‑making 
• 44% did not feel involved enough in deciding which treatment options  
 were best for them

•  35% were not given enough information (in a way they could understand) 
about their cancer care and treatment

•  48% did not receive enough information (in a way they could understand) about the 
signs and symptoms indicating that their cancer might be returning or getting worse

•  43% were not given information about patient groups, charities and other 
organisations that might be able to support them 

•  Of those who knew about patient groups, 62% used them a lot, or some of the time

•  88% would like their health data shared with larger data bodies for the purpose 
of research and the ability to track long-term patient outcomes    

Integrated multidisciplinary care
•  18% said that support from allied health professionals was not available 

when they needed it 

•  61% reported that they needed some form of psychological support during/after 
their cancer care but, of those, 35% said it was not available

•  27% were left with unused medicine at the end of their treatment because   
they were given too much 

The financial impact of cancer
•  48% paid for some part of their cancer care: 25% for private insurance, 10% for care 

not covered by the national health system, and 6% to avoid delays 

•  43% paid for medicines, 38% paid for alternative treatment and support 
(homeopathy, naturopathy, psychosocial support, physiotherapy) and 19% paid 
for some part of their diagnosis not covered by a private or public insurance plan  

•  46% reported travel costs, 28% reported loss of employment, 6% reported loss of 
insurance, 5% reported childcare costs and 18% reported other non-care-related costs 

Canada: key findings 
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Italy

About this survey in Italy 

The survey in Italy was conducted in partnership 
with All.Can Italy. Data collection took place from 
27 September – 30 November 2018.

A total of 96 people took part 
in the Italian survey.    

Respondent profile   

•  Cancer type: breast 25%; urological 25%; 
skin 22%; other (various cancer types, 
all <5%) 29% 

•  Gender: female 66%; male 34% 

•  Age: 0–24 2%; 25–64 79%; 65+ 17%; 
not specified 1% 

Where did inefficiencies occur most? 

• Dealing with the psychological impacts: 25%

• My initial cancer diagnosis: 24%

•  Dealing with ongoing side effects: 11% 

• Access to patient support groups: 11%

i AIOM. 2018. I numeri del cancro in Italia. Available online at https://www.fondazioneaiom.it/wp-content/uploads/2018/10/2018_  
 NumeriCancro-pazienti.pdf 

’Cancer is a disease that must be addressed with 
a 360-degree view, and psychological support 
is necessary for the patient or for their partner.’

Cancer represents 
the second leading 
cause of death in 
Italy. In 2018, there 
were 3.3 million 
people living with 
and beyond cancer, 
and an incidence of 
373,000 new cases 
that year.i

https://www.fondazioneaiom.it/wp-content/uploads/2018/10/2018_%20NumeriCancro-pazienti.pdf
https://www.fondazioneaiom.it/wp-content/uploads/2018/10/2018_%20NumeriCancro-pazienti.pdf
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Swift, accurate and appropriately delivered diagnosis 
•  22% of respondents whose cancer was detected outside of a screening programme 

said that their cancer was diagnosed as something different – either initially 
or multiple times 

•  9% of respondents whose cancer was detected outside of a screening programme 
waited more than six months to be diagnosed with cancer  

Information, support and shared decision‑making 
•  50% did not feel involved enough in deciding which treatment options 

were best for them

• 32% were not given enough information (in a way they could understand)   
 about their cancer care and treatment 

• 44% did not receive enough support to deal with ongoing symptoms    
 and side effects – including beyond the active phase of their treatment

• 59% were not given information about patient groups, charities and other   
 organisations that might be able to support them 

• 94% of those who used patient groups, charities and other organisations   
 said they benefitted from them 

Integrated multidisciplinary care
•  76% were treated by a multidisciplinary team (e.g. surgeons, oncologists, 

radiologists, nurses and other specialists)

•  70% saw a physician within 24 hours if any complications occurred during treatment 

•  68% reported that they needed some form of psychological support during/after 
their cancer care but, of those, 46% said that it was not available 

•  Of those who received psychological support, 71% received it in a hospital setting 
and 19% from a voluntary organisation 

The financial impact of cancer
•  62% incurred expenses because of their cancer: 57% paid to speed-up waiting 

times, 9% paid for private insurance, and 33% for other reasons 

• 48% reported travel costs, 15% a loss of insurance, and 13% a loss of employment  

Italy: key findings 
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Poland

About this survey in Poland 

The survey in Poland was conducted in partnership 
with All.Can Poland. Data collection took place 
from 7 June – 30 November 2018.

A total of 1,135 people took part 
in the Polish survey.    

Respondent profile   

•  Cancer type: breast 39%; gynaecological 14%; 
haematological 8%; other (various cancer types, 
all <5%) 39%

•  Gender: female 83%; male 17% 

•  Age: 0–24 3%; 25–64 75%; 65+ 22% 

Where did inefficiencies occur most? 

• Dealing with ongoing side effects: 27%  

• Dealing with the psychological impacts: 18%  

•  My initial cancer diagnosis: 14%  

i  Najwyższa Izba Kontroli (NIK) 2018. How to prevent and cure cancer more effectively? Available online at https://www.nik.gov.pl/plik/   
id,16371,vp,18897.pdf 

’There is always something to improve – definitely faster 
start of treatment from the first diagnosis, because 
undoubtedly the whole process takes too long. During this 
time, the patient and family do not know what to do with 
themselves, and the cancer progresses’.

In Poland each year, 
over 163,000 people 
are diagnosed with 
cancer, and more than 
100,000 people die 
from cancer.i

https://www.nik.gov.pl/plik/%20id,16371,vp,18897.pdf
https://www.nik.gov.pl/plik/%20id,16371,vp,18897.pdf
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Swift, accurate and appropriately delivered diagnosis 
•  27% of respondents whose cancer was detected outside of a screening programme 

said that their cancer was diagnosed as something different – either initially 
or multiple times

•  12% of respondents whose cancer was detected outside of a screening programme 
waited more than six months to be diagnosed with cancer 

Information, support and shared decision‑making 
•  52% did not feel involved enough in deciding which treatment options were best for them 

•  53% were not given enough information (in a way they could understand) 
about their cancer care and treatment

•  63% were not informed in a way they could understand about possible treatments, 
including those that were not reimbursed or available in other centres

•  69% did not receive enough information on how to deal with pain 

•  69% did not receive enough support to deal with ongoing symptoms and side effects 
– including beyond the active phase of their treatment

•  75% were not given information about patient groups, charities and other 
organisations that might be able to support them 

Integrated multidisciplinary care
•  50% said that support from allied health professionals was not available 

when they needed it

•  89% reported that they needed some form of psychological support during/after 
their cancer care but, of those, 41% said it was not available  

The financial impact of cancer
•  47% paid for some cancer care and treatment themselves: 33% to avoid delays, 

15% for treatment not covered by the national health system, and 4% for private 
insurance 

•  63% reported that they had to purchase additional medicines, 43% reported 
an absence from work, and 43% reported additional costs to fulfil family 
and social roles (i.e. running a home, taking care of children)

Poland: key findings  



76

United Kingdom
About this survey in 
the United Kingdom 

The survey in the United Kingdom was conducted 
in partnership with All.Can UK. Data collection took 
place from 31 January – 23 August 2018.

A total of 322 people took part 
in the United Kingdom survey.    

Respondent profile   

•  Cancer type: breast 28%; gynaecological 20%; 
bowel/colorectal 9%; other (various cancer types, 
all <5%) 43%

• Gender: female 79%; male 21%

• Age: 0–24 1%; 25–64 62%; 65+ 37%

Where did inefficiencies occur most? 

•  My initial cancer diagnosis: 36%

•  Dealing with ongoing side effects: 19%

•  Dealing with the psychological impacts: 15%

i  Cancer Research UK. Lifetime risk of cancer. Available online at https://www.cancerresearchuk.org/health-professional/cancer-statistics/
risk/lifetime-risk#heading-Zero  

i i  Cancer Research UK. Cancer incidence statistics. Available online at https://www.cancerresearchuk.org/health-professional/cancer-
statistics/incidence#heading-Zero 

i i i  Macmillan Cancer Support (2015). 2.5 million people now living with cancer in UK. Available online at https://www.macmillan.org.uk/
aboutus/news/latest_news/25millionpeoplenowlivingwithcancerinukmacmillanrevealstoday.aspx

’In addition to support to manage the anxiety of having 
a life-threatening condition, I think that more needs 
to be done to support people [with cancer] managing 
at work, i.e. managing time off, talking to your employer, 
understanding your rights.’

‘I would like more information about mental health 
support. I asked repeatedly (oncologists, nurse and GP) 
and nobody was able to give me any information. I knew 
I had a problem, but it was extremely difficult for me 
to find professional support.’

1 in 2 people in the 
United Kingdom 
will be diagnosed 
with cancer in their 
lifetime.i In 2015, it was 
estimated that more 
than 2.5 million people 
in the United Kingdom 
were living with cancer, 
and there were 359,960 
new cases of cancer 
that year.ii iii

https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/lifetime-risk#heading-Zero
https://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/lifetime-risk#heading-Zero
https://www.cancerresearchuk.org/health-professional/cancer-statistics/incidence#heading-Zero
https://www.cancerresearchuk.org/health-professional/cancer-statistics/incidence#heading-Zero
https://www.macmillan.org.uk/aboutus/news/latest_news/25millionpeoplenowlivingwithcancerinukmacmillanrevealstoday.aspx
https://www.macmillan.org.uk/aboutus/news/latest_news/25millionpeoplenowlivingwithcancerinukmacmillanrevealstoday.aspx
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Swift, accurate and appropriately delivered diagnosis 
•  40% of respondents whose cancer was detected outside of a screening 

programme said that their cancer was diagnosed as something different – 
either initially or multiple times  

•  21% of respondents whose cancer was detected outside of a screening 
programme waited more than six months to be diagnosed with cancer

Information, support and shared decision‑making 
•  52% did not feel involved enough in deciding which treatment options 

were best for them 

•  38% were not given enough information (in a way they could understand) 
about their cancer care and treatment

•  58% did not receive enough support to deal with ongoing symptoms 
and side effects – including beyond the active phase of their treatment

•  48% did not receive enough information (in a way they could understand) 
about the signs and symptoms indicating that their cancer might be returning 
or getting worse  

•  40% were not given information about patient groups, charities and other 
organisations that might be able to support them 

Integrated multidisciplinary care
•  67% reported that they needed some form of psychological support during/after 

their cancer care but, of those, 50% said it was not available

•  34% said they were given too much medication and therefore had excess 
amounts left over at the end of their treatment 

The financial impact of cancer
•  14% paid for some or all of their cancer care themselves (either because the care 

and treatment they wanted was not available via the National Health Service, 
or because they wanted to avoid delays in treatment)

•  47% reported travel costs, 27% reported loss of employment, 12% reported loss 
of insurance and 5% reported childcare costs

United Kingdom: key findings 
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United States

About this survey in 
the United States

Respondents were recruited through the 
healtheo360 online platform. Data collection 
took place from 1 June – 17 August 2018.

A total of 497 people took part 
in the United States survey.    

Respondent profile   

•  Cancer type: breast 25%; skin 11%; gynaecological 
11%, head and neck 11%; other (various cancer 
types, all <5%) 41% 

• Gender: female 63%; male 37%  
•  Age: 0–24 1%; 25–64 87%; 65+ 12%

Where did inefficiencies occur most? 

• My initial cancer diagnosis: 31% 

• Dealing with ongoing side effects: 23% 

• Dealing with the financial implications:  15%    

’More follow-up care would be important. I ended up 
in a fairly serious bout of depression a year or so after 
my treatment ended. It came out of nowhere – luckily, 
I sought help from a therapist and was able to get through 
it with medication. The therapist said this is quite common 
in cancer patients – it would have been helpful to know 
this and to know what to expect’.

’Because I became too sick to work, I lost my job. 
Because I lost my job, I lost my health insurance’.

In 2018, an estimated 
1,735,350 new cases of 
cancer were diagnosed 
in the United States, 
with 609,640 people 
dying from the disease.i

i  National Cancer Institute. 2018. Cancer Statistics. Available online at https://www.cancer.gov/about-cancer/understanding/statistics

https://www.cancer.gov/about-cancer/understanding/statistics
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Swift, accurate and appropriately delivered diagnosis 
•  31% of respondents whose cancer was detected outside of a screening 

programme said that their cancer was diagnosed as something different  
– either initially or multiple times  

•  12% of respondents whose cancer was detected outside of a screening 
programme waited for more than six months to be diagnosed with cancer

Information, support and shared decision‑making 
•  41% did not feel involved enough in deciding which treatment options 

were best for them

•  25% were not given enough information (in a way they could understand) 
about their cancer care and treatment 

•  31% did not receive enough support to deal with ongoing symptoms 
and side effects – including beyond the active phase of their treatment

•  30% did not receive enough information (in a way they could understand) 
about the signs and symptoms indicating that their cancer might be returning 
or getting worse

•  23% were not given information about patient groups, charities and other 
organisations that might be able to support them 

Integrated multidisciplinary care
•  59% reported that they needed some form of psychological support during/after 

their cancer care but, of those, 31% said that it was not available  

The financial impact of cancer
•  68% paid for some part of their cancer care: 55% for private health insurance, 

6% for care and treatment not covered by insurance, and 4% to avoid delays 

•  44% reported travel costs, 31% reported loss of employment, 10% reported loss 
of insurance and 9% reported childcare costs

United States: key findings 



The All.Can initiative is made possible with financial support from Bristol-Myers Squibb 
(main sponsor), Amgen, MSD and Johnson & Johnson (sponsors) and Varian (contributor), 
with additional non-financial (in kind) support from Intacare and Goings-On. 
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© 2019 All.Can



Nearly half of cancer patients don’t 
feel involved in treatment decisions, 
survey finds 
CARLOTTA JARACH 

29	July	2019	News	0	

Almost half (47%) of patients with cancer do not think that they have been sufficiently involved 
in the treatment decision process. This is what the	international	All.Can cancer initiative reveals 
in its report Patient	insights	on	cancer	care:	opportunities	for	improving	efficiency, along with other 
patients’ outlooks concerning support and adequate information and care beyond the disease. 

The All.Can patient survey was conducted internationally, with adapted versions in 10 countries, 
and aims to obtain patients’ perspectives on where they felt they faced inadequacy in their care, 
looking at the entire care continuum as well as the broader impact of cancer on their lives. 

“Patients are often forgotten when it comes to cancer care planning,” said Alex Filicevas, Head 
of EU Affairs at the European Cancer Patient Coalition and member of All.Can international’s 
steering committee. “With the prevalence, complexity and costs of cancer rising across the 
globe, it is imperative to listen to what patients say would improve their experience of care. 
Ignoring the findings of this report would be a missed opportunity to do the right thing by 
patients and make changes that could make a real difference.” 

Almost 4,000 respondents took part who were affected by different cancers, and based on their 
answers four areas where to intervene were identified. The first area is the diagnosis itself:  for 
many cancers, an early diagnosis can improve survival, but according to the respondents 
almost a third (32%) of whose cancer was diagnosed outside of a screening programme said 
their cancer was diagnosed as something else, either once or even multiple times, and a 
quarter (26%) stated their initial diagnosis was the most inefficient part of their cancer care 
journey. Another possible theme is the cited information-sharing process, where 39% of 
respondents were mot given enough support to deal with any ongoing symptoms and side 
effects. In that, the issue was more prevalent among people with more advanced 
cancers. Integrated care is not a reality for everyone yet: 69% patients in fact said they needed 
psychological support either during or after their cancer care, but a third (34%) of them said it 
was ‘not available’. The fourth and last area identified by the survey, was regarding the financial 
issues:  26% of the respondents reported a loss of employment income and 36% of them cited 
travel costs as a financial implication of their cancer care and treatment. 



“It is so important that, as physicians, we listen to what patients are telling us in this survey,” 
said All.Can international member Christobel Saunders, breast cancer surgeon and Professor of 
Surgical Oncology at the University of Western Australia. “Each of the areas identified 
represents an opportunity to improve cancer care for patients and provide truly patient-driven 
care.” 

https://cancerworld.net/news/nearly-half-of-cancer-patients-dont-feel-involved-in-treatment-
decisions-survey-finds/ 
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cancers and mucin-producing carcinomas of gastrointestinal  
tract are among the malignancies often associated with throm-
boembolic episodes.[2]

Thrombosis occurs spontaneously, after surgery, radia-
tion therapy, and anticancer treatment and might be the first  
manifestation of underlying cancer.[3]

In this study, changes in hemostatic parameters and their 
relation to cancer are analyzed.

Materials and Methods
This study was conducted during a period of 6 months from 

August 2013 to January 2014. A total of 60 cases were included 
in this study, including apparently normal controls and patients 
with benign and malignant tumors; all the patients were admit-
ted to New Civil Hospital, Surat, Gujarat, India.

After taking consent, complete history and clinical findings 
with details regarding the tumor nature and laboratory data 
were collected.

Background: Malignant tumors are often associated with thromboembolic episodes and disturbed coagulative processes.  
Plasma D-dimer and other coagulation parameters form a simple panel of tests for the assessment of the intravascular 
coagulation and fibrinolysis (ICF) syndrome. The abnormal hemostatic results obtained in a proper clinical setting pave 
for the suspicion of the ICF syndrome. Moreover, precautionary measures can be taken to avoid its complication by the 
use of mild anticoagulants.
Objective: To evaluate the changes in hemostatic–clotting parameters in patients with malignancies and elucidate the 
association of ICF with malignant tumors.
Materials and Methods: This study comprised 60 cases, including apparently normal controls and patients of benign and 
malignant lesions. After the processing of blood samples, tests such as platelet count, prothrombin time, activated partial 
thromboplastin time, fibrinogen, fibrin degradation products, and D-dimer were done. 
Result: A total of 60 cases were evaluated in our study. A strong association was seen between the malignancies and 
the elevated D-dimer elucidating the presence of ICF in these patients along with other altered coagulation parameters in 
comparison with apparently normal controls in the study. 
Conclusion: Increased D-dimer and altered coagulation parameters significantly correlate with malignant behavior of 
tumors and their spread. They might be useful indicators of aggressive tumor biology and behavior. 
KEY WORDS: D-dimer, malignancy, coagulation

Abstract

International Journal of Medical Science and Public Health Online 2016. © 2016 Swati Gupta. This is an Open Access article distributed under the terms of the Creative  
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format 
and to remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

Introduction
According to Armand Trousseau, “if the diagnosis of a sus-

pected carcinoma of an internal organ could not be verified, 
spontaneous appearance of thrombophlebitis afforded nec-
essary proof for diagnosis” and described “phlegmasia alba 
dolens” as a presenting symptom of occult cancer.[1]

Malignancies show an increased susceptibility to throm-
boembolic events when compared with benign tumors and 
the general population. Ovarian, pancreatic, prostatic, and lung  
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This has been correlated with acute, subacute, and chronic 
disseminated intravascular coagulation (DIC) and decompen-
sated, overcompensated, and compensated DIC, respectively.

 ●  A set of hemostatic tests were applied to these four 
groups, and many tests were done. (PT, APTT, fibrinogen, 
and D-dimer).

 ●  In this study, D-dimer test has been considered for the diagn-
osis of ICF, because it is presently regarded to be more 
specific for fibrin degradation products, while the formation 
of FDP, X, Y, D, and E fragments, may be either fibrinogen 
or fibrin derived following the plasmin digestion.[5,6]

Statistical Analysis
Data were entered into a computerized database for statis-

tical analysis. The mean, standard deviation, standard error of 
mean, standard error of difference, t-value, and 95% confi-
dence intervals of various variables were calculated. The 
statistical significance of difference in the rate of an outcome 
between the two groups was assessed by χ 2-test.

Result
In our study, 37.14% of malignancies showed thrombo-

cytosis, indicating slight tendency toward thrombocytosis  
(n = 13/16) [Table 1].

Benign lesions showed PT from 11 to15 s (85.71%).  
Malignancies predominantly showed APTT > 35 s (85.71%) 
[Table 2].

Benign lesions showed APTT from 29 to 35 s (92.86%). 
Malignancies predominantly showed APTT > 35 s (85.71%). 
Thus malignancies exhibited elevated PT and APTT when 
compared with control group and benign lesions.

In our study, control group and patients with benign  
lesions showed exclusively to have fibrinogen from 250 to 
450 mg/dL (100%). Patients with malignancies predominantly 
showed fibrinogen within 250 and 450 mg/dL (45.71%). How-
ever, hypofibrinogenemia (17.14%) and hyperfibrinogenemia 
(37.14%) were seen only in patients with malignancies. Malig-
nancies tended to show abnormal fibrinogen (54.29%) when 
compared with benign lesions [Table 3].

In our study, control group and benign lesions showed 
negative FDP test (100%). Malignancies predominantly reve-
aled positive FDP test (80%). Malignancies tended to show 
a positive FDP test when compared with control group and 
benign lesions [Table 4].

In our study, control group and patients with benign  
lesions showed D-dimer between 0.2 and 0.5 µg/mL (100% 
and 92.86%, respectively). Patients with malignancies predom-
inantly showed D-dimer > 0.5µg/mL (88.57%). Such patients 
with elevated D-dimer are said to have ICF syndrome.

Malignancies tended to show elevated D-dimer when 
compared with benign lesions.

A singular case of elevated D-dimer in benign lesions was 
of recently operated intestinal polyp explaining the elevated 
D-dimer in this case [Table 5].

For the evaluation of hematological parameters, 2 mL 
blood sample was collected in EDTA Vacuette and run on 
Sysmex Kx 21 for the evaluation of Hb, total count, and platelets.

For coagulation parameters, 2 mL blood sample was 
collected in the Citrate Vacuette. Plasma thus isolated was 
evaluated for prothrombin time (PT), activated partial throm-
boplastin time (APTT), fibrinogen (FIB), fibrin degradation 
products (FDP), and D-dimer.

 ●  Platelet-poor plasma was prepared from citrated samples 
immediately after venipuncture by centrifugation for 10 min 
at 1,500 rpm at room temperature.

 ●  Plasma was transferred to plastic tubes, frozen, and 
stored at −40°C until evaluated.

 ●  Evaluation was done on fully auto coagulometer (Stago 
STA compact CT coagulation analyzer).

 ●  FDP was performed using latex agglutination test kit  
(TULIP XL FDP).

 ●  D-dimer levels were measured by a quantitative latex  
assay (STA-LIA test D-DI).

 ●  Pooled plasma from healthy individuals were prepared 
and divided into aliquots, each containing 1 mL, and 
stored at −40ºC to be used simultaneously with patientsʼ 
plasma. Positive and negative control plasma samples (for 
D-dimer test) were supplied with plasma D-dimer kit.

 ●  all the laboratory tests were performed in the laboratory of 
the hospital.
The reference ranges were established by our laboratory, 

which is NABL accredited. The reference ranges were:
 ● Platelet count: 150,000–400,000/mm3

 ● PT = 11–15 s
 ● APTT = 29–35 s,
 ● fibrinogen = 250–450 mg/dL,
 ● Plasma D-dimer concentration < 0.5μg/mL.
 ●  FDP, being a qualitative test, gives result as either positive 

or negative.
The concept of “intravascular coagulation and fibrinolysis 

(ICF) syndrome” was introduced by Owen and Bowie, and the 
purpose was to examine the incidence and type of hemostatic 
derangement in patients with malignancies.[4]

Patients were considered to have ICF if their D-dimer was 
more than 0.5 μg/dL.

The concept of ICF of Owen and Bowie was adopted and 
their classification of overcompensated, compensated, and 
decompensated ICF was tested with an attempt to identify 
key tests that might help to ascertain patients with coagula-
tion problems.

The D-dimer and platelets were used as indicators and to 
separate the patients into four groups:
1.  patients with no ICF (normal D-dimer);
2.  those with overcompensated ICF (elevated D-dimer and 

elevated platelets count);
3.  those with compensated ICF (elevated D-dimer but normal 

platelets count); and
4.  those with decompensated ICF (elevated D-dimer and  

decreased platelets count)[2].
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Table 1: Distribution according to the platelet count
Platelet count, ×103/mm3 Number of cases

Normal, N (%) Benign, N (%) Malignant, N (%) Total (%)
<150 2 (18.18) 3 (21.43) 2 (5.71) 7 (11.67)
150–400 8 (72.73) 9 (64.29) 20 (57.14) 37 (61.67)
>400 1 (9.09) 2 (14.29) 13 (37.14) 16 (26.67)
Total 11 (100) 14 (100) 35 (100) 60 (100)

Table 2: Distribution according to the PT
PT (s) Number of cases

Normal, N (%) Benign, N (%) Malignant, N (%) Total (%)
11–15 10 (90.91) 12 (85.71) 8 (22.86) 30 (50)
>15 1 (9.09) 2 (14.29) 27 (77.14) 30 (50)
Total 11 (100) 14 (100) 35 (100) 60 (100)

Table 3: Distribution according to FIB
FIB, mg/dL Number of cases

Normal, N (%) Benign, N (%) Malignant, N (%) Total (%)
<250 0 (0) 0 (0) 6 (17.14) 6 (10)
250–450 11 (100) 14 (100) 16 (45.71) 41 (68.33)
>450 0 (0) 0 (0) 13 (37.14) 13 (21.67)
Total 11 (100) 14 (100) 35 (100) 60 (100)

Table 4: Distribution according to FDP
FDP Number of cases

Normal, N (%) Benign, N (%) Malignant, N (%) Total (%)

Positive 0 (0) 0 (0) 28 (80) 28 (46.67)
Negative 11 (100) 14 (100) 7 (20) 32 (53.33)
Total 11 (100) 14 (100) 35 (100) 60 (100)

Table 5: Distribution according to D-dimer
D-dimer, µg/mL Number of cases

Normal, N (%) Benign, N (%) Malignant, N (%) Total (%)
0.2–0.5 11 (100) 13 (92.86) 4 (11.43) 28 (46.66)
>0.5 (ICF) 0 (0) 1 (7.14) 31 (88.57) 32 (53.33)
Total 11 (100) 14 (100) 35 (100) 60 (100)

Table 6: Distribution of the ICF syndrome cases into decompensated, compensated, 
and overcompensated
Platelets (×103/mm3) Number of cases

Benign, N (%) Malignant, N (%) Total (%)
150–400 (compensated) 1 (5) 199 (95) 20 (62.50)
<150 (decompensated) 0 (0) 2 (100) 2 (6.25)
>400 (overcompensated) 0 (0) 10 (100) 10 (31.25)
Total 1 31 32 (100)
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ICF syndrome is classified into compensated, decom-
pensated, and overcompensated types based on low, adeq-
uate, and high platelet levels of the patient, respectively.  
In our study, the majority of patients with malignant lesions with 
elev ated D-dimer showed compensated type of ICF (61.29%),  
followed by overcompensated type (32.26%) and decompen-
sated type (6.45%) [Table 6].

In our study, the status of lymph node involvement in  
19 patients with malignancies was available. Of the 19 cases,  
12 showed tumor involvement while seven of them did not. 
The mean D-dimers were 2.325μg/mL and 1.85μg/mL, respec-
tively [Table 7].

Statistical tests were done.The mean, standard deviation 
(SD), and standard error of mean (SEM) for various varia-
bles were calculated in the normal and malignancies groups.  
Statistical comparison was done between the normal group 
and malignancies group. The t value, degree of freedom (df), 
95% confidence interval (CI), standard error of difference 
(SED), and P value were calculated for each of the variables.

P value of < 0.05 was considered to be statistically signif-
icant. [Table 8].

The χ 2-test was done for FDP, thus comparing the malig-
nancies vs. normal controls group and malignant vs. benign 
lesions group [Table 9]. 

The P values for the above-mentioned comparison is 
<0.0001, which is extremely statistically significant.

Discussion
Cancer is a prothrombotic state. Experimental and clini-

cal studies have shown an association between cancer and 

haemostasis, which is altered and provides a growth benefit 
to tumors, although clinical symptoms occur less often.[7] The 
tumors, through the production of procoagulant factors, and 
the host, through its inflammatory response, participate in the 
process.

Abnormal coagulation activation encourages endothelial 
adhesion, metastatic spread, tumor cell growth, and survival.[2]

In this study we studied the hemostatic and coagulation  
profile in 60 cases (35 showed malignancies, 14 showed  
benign lesions, and 11 were apparently normal controls). 
Complete blood count, PT, APTT, Fibrinogen, D-Dimer, and 
FDP were done.

Amin et al.[7] showed that the percentage of patients with 
abnormal coagulation was 88%. Mohammed et al.[2] showed 
that the coagulation abnormalities were in 80% patients.  
In our study, 94.28% malignancies showed coagulation abnor-
malities comparable with the above studies.

Advanced cancer shows increased platelet activation, 
indic ated by increased platelet turnover and decreased platelet  
survival time.[8]

Mohammed et al.[2] showed that mean platelet count in 
cancer was 317.8 ± 23.46 ×103/cm and in control group was 
260.7 ± 7.96 ×103/cm. Amin et al.[7] showed that the mean 
platelet count = 286 ± 144 × 103/cm in malignancies in com-
parison with the control group (212 ± 46 × 103/cm). However, 
Omer and Abdalla[9] showed the mean platelet count in cancer 
was 249.6 ± 142.3 × 103/cm, while for the control group, it was 
279.7 ± 77.9 × 103/cm. Suega and Bakta[10] showed the mean 
platelet = 365 × 103/cm in malignancies.

In our study, the mean platelet count in malignancies was 
334.14 ± 104.56 × 103/cm, which was higher when compared 
with apparently normal controls (273.73 ± 126.52 × 103/cm).

Mohammed et al.[2] showed that mean PT in cancer was  
15 ± 0.32 s and in control group was 12.9 ± 0.27 s. Amin et al.[7] 
showed that the mean PT was15 ± 3s in malignancies group 
when compared with the control group with a mean PT of  
13 ± 1 s. Omer and Abdalla[9] showed that the mean PT in cancer 
was 13.7 ± 1.3 s, while in control group, it was 12.2 ± 0.8 s.

Table 7: Lymph node involvement status
Lymph nodes No. of cases Mean D-dimer (μg/mL)
Involved 12 2.325
Not involved 7 1.85
Total 19 100

Table 8: Statistical comparison between apparently normal controls and patients with malignancies
Variables Malignancy Normal t df 95%CI SED P

Mean SD SEM Mean SD SEM LL UL
PLT 334.14 104.56 17.67 273.73 126.52 38.15 1.5899 44 −16.17 137 38.001 0.119
PT 23.151 17.48 2.955 13.691 0.887 0.267 1.7805 44 −1.248 20.169 5.313 0.0819
APTT 46.426 18.796 3.177 32.945 2.25 0.678 2.3553 44 1.946 25.015 5.723 0.023
FIB 409.51 163.44 27.63 341.18 66.43 20.03 1.3437 44 −34.16 170.8 50.855 0.1859
D-dimer 2.7246 2.9599 0.5003 0.3682 0.061 0.0184 2.6199 44 0.5437 4.169 0.899 0.012

Table 9: FDP status
FDP Normal controls Malignant
Positive 0 28
Negative 11 7
Total 11 35
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In our study, the mean PT in malignancies was 23.15 ± 
17.48 s, higher in comparison with the patients with benign 
lesions and apparently normal controls (14.28 ± 1.91 s and 
13.69 ± 0.89 s, respectively).

Mohammed et al.[2] showed that mean APTT in cancer 
was 37.9 ± 0.31 s and in control group was 35.1 ± 0.56 s. 
Omer and Abdalla[9] showed that the mean APTT in cancer 
was 35.7 ± 6.6 s and in the control group was 29.6 ± 2.2 s.

In our study, the mean APTT in malignancies was 46.43 
± 18.8 s, higher in comparison with benign lesions and  
apparently normal controls (33.66 ± 4.26 s and 32.95 ± 2.25 s, 
respectively).

In our study, there is a significant difference in the mean 
APTT values of the control group and patients with malignan-
cies, the difference being statistically significant (p = 0.023).

Mohammed et al.[2] showed that the mean fibrinogen in 
cancer was 310 ± 15 mg/L and in control group was 300 ±  
8 mg/dL. Amin et al.[7] showed that the mean fibrinogen was 
300 ± 100 mg/dL in malignancies in comparison with the control 
group ( 230 ± 60 mg/dL).

In our study, the mean fibrinogen in malignancies was 
409.51 ± 163.44 mg/dL, higher in comparison with benign  
lesions and apparently normal controls (346 ± 57.94 mg/dL 
and 341.18 ± 66.43 mg/dL, respectively).

As the half-life of fibrinogen is 4 days, a 50% or greater 
decrease in fibrinogen over 1 day is convincing evidence of 
DIC or fibrinolysis, despite the final value being within normal 
range.[2]

D-dimer, the main breakdown fragment of fibrin, is a bio-
chemical marker of thrombogenesis and fibrin turnover. High 
D-dimer is an indirect marker of hypercoagulation activation 
and thrombolysis. Procoagulant factors in cancer cause 
constitutive activation of the coagulation cascade leading to 
thrombin and fibrin generation. Fibrin formation and remod-
eling process provides extra cellular matrix essential for the 
initial step of cancer cell to migrate, invade, and metastasize.  
It is summarized that more advanced the cancer, more D-dimer 
is produced as an marker for coagulation activation.[10]

Amin et al.[7] showed the mean D-dimer was 3.708 ± 3.236 
μg/mL in malignancies in comparison with the control group 
(0.325 ± 0.365 μg/mL). Omer and Abdalla[9] showed the mean 
D-dimer in cancer was 2.19632 ± 2.11095 μg/mL, while for the 
control group mean D-dimer was 0.21365 ± 0.10357 μg/mL. 
Mohammed et al.[2] showed D-dimer in cancer was 2–4 μg/mL  
and in control group was <0.5 μg/mL. Suega and Bakta[10] 
showed the mean D-dimer was 1.260 μg/mL in malignancies.

In our study, a statistically significant difference in the 
mean D-dimer of patients with malignancies and the control 
group is seen (p = 0.012).

However, high D-dimer can be seen in DIC, vaso-occlusive  
crisis in sickle cell disease, thromboembolic events, myocardial 
infarction, surgery, inflammatory processes, smoking, senility, 
pregnancy, trauma, and infection.

Plasma D-dimer correlates with tumor burden, no. of met-
astatic sites, progression kinetics, cytokines related to angio-
genesis,[11] invasion depth, lymph node metastasis, peritoneal  

dissemination, distant metastasis, tumor size, and TNM stage.[12] 
The D-dimer and platelets were used as markers to separate 
the patients into four groups of ICF.[5,13]

Patients with no ICF, those with overcompensated, com-
pensated, and decompensated ICF.

Mohammed et al.[2] showed that the patients with ICF 
was 45% (n = 18/40). Those with overcompensated ICF 
was 38.88% (n = 7/18), with compensated ICF was 38.88%  
(n = 7/18), and with decompensated ICF was 22.22% (n = 4/18).

In our study, patients with malignancies showing ICF 
was 88.57% (n = 31/35). Those with overcompensated ICF 
was 32.26% (n = 10/31), with compensated ICF was 61.29%  
(n= 19/31), and with decompensated ICF was 6.45% (n = 2/31).

This variation is probably owing to the difference in the 
type of patients that were studied in the two studies. The per-
centage of patients with compensated ICF is comparable in 
both the studies.

Suega and Bakta[10] found patients with ICF was 75.94% 
(n = 60/79), patients with overcompensated ICF was 40%  
(n = 24/60), which is comparable with our study. Omer and 
Abdalla[9] found ICF in 88% patients (n = 53/60). In this study 
most of the patients (87%) had normal platelets counts, 10% 
had thrombocytopenia and 3% had an elevated count sug-
gesting a compensated ICF in majority of the patients which 
is also comparable to our study.

Advance cancer stage with high tumour load and elevated 
proliferation rate is associated with high coagulation activa-
tion, its duration and severity.

Blackwell et al.[14] showed 75.75% (n = 25/33) of patients 
with involved lymph nodes had elevated D dimer, which is 
comparable with our study. In our study patients of malignan-
cies with lymph node involvement showed elevated D- dimer 
(83.33%, n = 10/12).

In our study, there were 19 patients with malignancies in 
which the status of lymph node involvement was available.  
Of the 19 cases, 12 showed tumor involvement in lymph 
nodes, while 7 were negative. The mean D-dimers was 2.325 
± 3.33 μg/mL and 1.85 ± 3.33 μg/mL, respectively, which 
showed a significant difference.

Given its sensitivity for predicting positive lymph node invol-
vement, a role of D-dimer, along with other predictive factors  
to decide whether or not axillary lymph node dissection is needed 
may be used.[14]

The χ 2-test was applied on the FDP values, thus comparing 
malignant lesions vs. normal controls group.

The P value for the above comparison is <0.0001, which is 
extremely statistically significant.

Conclusion
Malignant cells can interact with the haemostatic system 

in several ways, but the two major interactions are the capa-
city to produce and release procoagulant, fibrinolytic activities, 
and inflammatory cytokines; and direct interaction with other 
blood cells (i.e., endothelial cells, platelets, and monocytes). 
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Abnormal coagulation activation encourages endothelial adhe-
sion and metastatic spread, tumor cell growth, and their 
survival. Despite the well-established link between cancer 
and venous thrombosis, anticoagulation is not the standard 
treatment for these patients. Assessment of the coagulation 
profile in cancer might help understanding their relationship 
with coagulation abnormalities and in the prediction as well as 
management of complications arising from them. Disruption 
of blood coagulation impairs metastasis. Use of mild antico-
agulants in the setting of cancer with DIC might be considered  
hoping that antithrombotic treatment may have a positive  
result on tumor growth and propagation.

Our study implies a relation between activation of hemo-
stasis mirrored by elevated D-dimer and malignancy. D-dimer 
might be used as a universal surrogate indicator of the relation 
between cancer and the activation of hemostasis and fibrinol-
ysis, with elevated D-dimer levels symbolizing the pathogen-
esis of a more aggressive malignant process associated with 
poor clinical results.
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Abstract

Pancreatic	ductal	adenocarcinoma	(PDAC)	is	an	aggressive	malignancy	and	is	highly	resistant	to	standard

treatment	regimens.	Targeted	therapies	against	KRAS,	a	mutation	present	in	an	overwhelming	majority	of	PDAC

cases,	have	been	largely	ineffective.	However,	inhibition	of	downstream	components	in	the	KRAS	signaling	cascade

provides	promising	therapeutic	targets	in	the	management	of	PDAC	and	warrants	further	exploration.	Here,	we

investigated	Urolithin	A	(Uro	A),	a	novel	natural	compound	derived	from	pomegranates,	which	targets	numerous

kinases	downstream	of	KRAS,	in	particular	the	PI3K/AKT/mTOR	signaling	pathways.	We	showed	that	treatment	of

PDAC	cells	with	Uro	A	blocked	the	phosphorylation	of	AKT	and	p70S6K	in	vitro,	successfully	inhibited	the	growth	of

tumor	xenografts,	and	increased	overall	survival	of	Ptf1a ;LSL-Kras ;Tgfbr2 	(PKT)	mice	compared

with	vehicle	or	gemcitabine	therapy	alone.	Histologic	evaluation	of	these	Uro	A–treated	tumor	samples	confirmed

mechanistic	actions	of	Uro	A	via	decreased	phosphorylation	of	AKT	and	p70S6K,	reduced	proliferation,	and

increased	cellular	apoptosis	in	both	xenograft	and	PKT	mouse	models.	In	addition,	Uro	A	treatment	reprogrammed

the	tumor	microenvironment,	as	evidenced	by	reduced	levels	of	infiltrating	immunosuppressive	cell	populations	such

as	myeloid-derived	suppressor	cells,	tumor-associated	macrophages,	and	regulatory	T	cells.	Overall,	this	work

provides	convincing	preclinical	evidence	for	the	utility	of	Uro	A	as	a	therapeutic	agent	in	PDAC	through	suppression

of	the	PI3K/AKT/mTOR	pathway.
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Ursolic Acid Attenuates High Glucose-Mediated 
Mesangial Cell Injury by Inhibiting the 
Phosphatidylinositol 3-Kinase/Akt/Mammalian 
Target of Rapamycin (PI3K/Akt/mTOR) Signaling 
Pathway

 ABCDEF Er-Min Wang
 AG Qiu-Ling Fan
 BC Yuan Yue
 CF Li Xu
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 Background: To investigate the protective effect of ursolic acid (UA) on high glucose (HG)-induced human glomerular me-
sangial cell injury and to determine whether UA inhibits cell proliferation and reactive oxygen species (ROS) 
production by suppressing PI3K/Akt/mTOR pathway activation.

 Material/Methods: Human mesangial cells were cultured with normal glucose (NG group), high glucose (HG group), mannitol (man-
nitol hypertonic control group), or high glucose with different concentrations (0.5, 1.0, and 2.0 mmol/L) of UA 
(HG+UA groups). Cell proliferation and intracellular ROS levels were assessed by methyl thiazolyl tetrazolium 
(MTT) and dichloro-dihydro-fluorescein diacetate (DCFH-DA) flow cytometry assays, respectively. Western blot-
ting was used to detect mesangial cell expression of PI3K/Akt/mTOR pathway components, including Akt, p-
Akt, mTOR, and p-mTOR, and proteins related to cell injury, including TGF-b1 and fibronectin (FN). mRNA ex-
pression of TGF-b1 and FN were evaluated using real-time quantitative polymerase chain reaction (PCR).

 Results: Abnormal proliferation was observed in human glomerular mesangial cells at 48 h after treatment with HG, 
and UA suppressed the HG-induced proliferation of mesangial cells in a dose-dependent manner. UA inhibited 
ROS generation and oxidative stress in mesangial cells and mitigated mesangial cell injury. Treatment with UA 
reduced Akt and mTOR phosphorylation levels in mesangial cells exposed to HG (p<0.05 vs. HG) and downreg-
ulated protein and mRNA expression of TGF-b1 and FN in these cells (p<0.05 vs. HG).

 Conclusions: UA attenuated mesangial cell proliferation and ROS generation by inhibiting HG-mediated PI3K/Akt/mTOR path-
way activation, thereby ameliorating mesangial cell damage.

 MeSH Keywords: Glucose • Mesangial Cells • Phosphatidylinositol 3-Kinases
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Background

The morbidity of diabetes has increased rapidly in the past 
decade. Diabetic nephropathy (DN) is a serious complication 
of diabetes and is the most common cause of end-stage renal 
disease [1]. A typical pathological feature of DN [2], glomeru-
losclerosis is primarily manifested as deposition of extracel-
lular matrix (ECM) proteins, such as collagen and fibronectin 
(FN), in the mesangial area, and the resulting reduced filtration 
surface area of glomerular capillaries leads to further progres-
sion of DN [3]. PI3K/Akt/mTOR signaling is a classical pathway 
that regulates many cellular functions, such as glucose me-
tabolism, glycogen synthesis, protein synthesis, cell prolifer-
ation, cell hypertrophy, and cell death [4], and previous stud-
ies have shown that the PI3K/Akt/mTOR pathway is involved 
in the pathogenesis of DN. High glucose (HG) levels activate 
phosphatidylinositol-3-kinase (PI3K) in mesangial cells, which 
stimulates phosphoinositide-dependent kinase (PDK) and pro-
tein kinase B (PKB) and subsequently upregulates expression 
of RhoA, Rac, and type I collagen, inducing an inflammatory 
response in these cells [5], which leads to damage.

The plant-derived pentacyclic triterpene ursolic acid (UA), which 
is found widely in berries, fruits, and herbs, exhibits anti-tu-
mor, anti-liver fibrosis, hypoglycemic, hypolipidemic, and an-
ti-atherosclerotic effects [6–11]. Previous studies have found 
that UA inhibits overexpression of inducible nitric oxide syn-
thase (iNOS) by suppressing STAT-3, ERK1/2, and JNK pathway 
activation and alleviates glomerular hypertrophy and the in-
creased ECM deposition typically observed in a streptozoto-
cin-induced DN rat model, thus delaying DN progression [12]. 
However, the detailed mechanism of UA-mediated renal pro-
tection remains unclear and requires in-depth analysis.

This study aimed to investigate the effect of UA on the prolif-
eration of human mesangial cells cultured in vitro under HG 
conditions, to determine whether UA has a protective effect 
on mesangial cell injury under diabetic conditions and to de-
termine whether the mechanism occurs through regulation of 
the PI3K/Akt/mTOR pathway.

Material and Methods

Materials

Cells and reagents

The following cells, reagents, and antibodies were used in 
this study: human glomerular mesangial cells (ScienCell 
Research Laboratories); 4201 standard mesangial cell me-
dium (MCM; ScienCell Research Laboratories); UA (Sigma, 
US); methyl thiazolyl tetrazolium (MTT) powder (Sigma, US); 

dichloro-dihydro-fluorescein diacetate (DCFH-DA) Reactive 
Oxygen Species (ROS) Detection Kit (Wuhan Beyotime); 
TRIzol RNA Extraction Kit (Invitrogen, US); GoTaq Quantitative 
Polymerase Chain Reaction (qPCR) Master Mix (Promega, 
US); rabbit anti-Akt, anti-p-Akt (p-Ser473), anti-mTOR and 
anti-p-mTOR (Ser2448) polyclonal antibodies (Cell Signaling 
Technology, US); rabbit anti-TGFb1, anti-FN, anti-Bax, anti-
Samd2/3, anti-Samd7 and anti-GAPDH polyclonal antibodies 
(Proteintech, US); and horseradish peroxidase (HRP)-labeled 
goat anti-rabbit IgG (Abcam, US).

Methods

Mesangial cell culture: Human mesangial cells were thawed 
and cultured in MCM 4201 at 37°C in an incubator with 5% 
CO2 and saturated humidity for cell adherence to the culture 
dish. The culture medium was changed every other day. The 
cells were trypsinized with 0.25% trypsin for passaging. Cells 
in exponential growth phase from the 5th to 9th passages were 
used for subsequent experiments after they had attached to 
the culture dish and reached 70–80% confluence.

Groups: Cells were divided into the following groups at 24 h 
after synchronization in serum-free culture medium: (1) normal 
glucose (NG) group (5.5 mmol/L glucose); (2) HG group (30.0 
mmol/L glucose); (3) UA group (30.0 mmol/L glucose+0.5, 1.0, 
or 2.0 mmol/L UA); and (4) mannitol hypertonic control group 
(5.5 mmol/L glucose+24.5 mmol/L mannitol, MA).

Detection of cell proliferation using MTT assays: Cells in ex-
ponential growth phase were collected. After adjusting the 
cell density of the suspension, 150 ml of 4201 culture medi-
um was added to each experimental well in a 96-well plate. 
The cells were seeded in the plate and cultured at 37°C with 
5% CO2 until they had fully covered the bottom of each well; 
150 ml of stimulant was added to each well, and each sample 
was repeated in 3 wells. The cells were then cultured at 37°C 
with 5% CO2 and observed under an inverted microscope after 
24, 48, and 72 h of culturing. MTT solution (20 ml; 5 mg/mL, 
or 0.5% MTT) was then added to each well, and the cells were 
cultured for another 4 h. The medium in each well was care-
fully removed, followed by the addition of 150 ml dimethyl 
sulfoxide and incubation on a shaker at low speed for 10 min 
to fully dissolve the crystalized precipitate. The absorbance of 
each well was measured at 490 nm using a microplate reader.

DCFH-DA flow cytometry to detect ROS production in cells: 
Cells in exponential growth phase were collected. After ad-
justing the cell density of the suspension, 5 mL of 4201 cul-
ture medium was added to each flask, and the density of the 
cells to be tested was adjusted to 5×105/flask. The cells were 
cultured at 37°C with 5% CO2 until they had adhered to the 
flask wall, and the culture medium was replaced with medium 
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containing different stimulants. The cells were cultured at 37°C 
with 5% CO2 for 24, 48, and 72 h, collected with 600 ml tryp-
sin and counted; 20 000 cells/mL were centrifuged at 1000 
rpm and 4°C for 5 min, and the supernatant was discarded. 
The cells were gently resuspended in 1 mL of 4201 culture 
medium containing 10 mmol/L DCFH-DA, followed by cultur-
ing in an incubator at 37°C for 30 min. The cells and probe 
were mixed thoroughly for 30 min by inverting the flask once 
every 3–5 min. The cell suspension was then centrifuged at 
1000 rpm for 5 min at 4°C, and the supernatant was discard-
ed. The cells were resuspended and washed 3 times with 1 mL 
serum-free medium to completely remove the DCFH-DA that 
did not enter the cells. The cells were then centrifuged again 
at 1000 rpm and 4°C for 5 min, and the supernatant was dis-
carded, followed by the addition of 500 ml phosphate-buff-
ered saline (PBS) to resuspend the cells. After 30 min, the cells 
were subjected to flow cytometry (using the parameters set 
for FITC) at an excitation wavelength of 488 nm and an emis-
sion wavelength at 525 nm to detect the fluorescence inten-
sity before and after stimulation.

Western blotting was used to detect the activity of the PI3K/Akt/
mTOR and TGF-b1/Samd pathways and expression of TGF-b1, 
FN, Smad2/3, Samd7 proteins: Cells were collected from each 
group, and 60 μL protein lysis buffer and 0.6 μL protease in-
hibitor were added, followed by ultrasonication for 20 min and 
centrifugation at 1200×g for 5 min. The supernatant was col-
lected as the total protein sample, and the bicinchoninic acid 
(BCA) method was used to measure the protein concentra-
tion, which was then adjusted to 5 μg/μL. The protein sam-
ples were separated by 7.5%, 10%, and 12% sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
then transferred to polyvinylidene fluoride (PVDF) membranes. 
The membranes were blocked with 5% skim milk powder or 
3% bovine serum albumin (BSA) at room temperature for 2 h, 
followed by incubation with the primary antibody at 4°C over-
night. The membrane was then washed with Tris-buffered sa-
line-Tween 20 (TBST) and incubated with the secondary anti-
body at room temperature for 2 h. The membrane was washed 
again with TBST, followed by the addition of enhanced electro-
chemiluminescence (ECL) reagent and observation.

Real-time qPCR was performed to detect TGF-b1 and FN mRNA 
expression: Total RNA was extracted from mesangial cells using 
TRIzol reagent (Invitrogen, US) according to the manufacturer’s 
manual, and 4 μg total RNA was taken from each sample to 
synthesize cDNA using random primers and Moloney murine 
leukemia virus (MMLV) reverse transcriptase. Real-time qPCR 
was performed using the Rotor-Gene 3000 PCR system. The 
primers were synthesized by TaKaRa (Dalian, China) (Table 1). 
In brief, 2 μL cDNA was added to a 20-μL reaction system (con-
taining 2.5 μL 2.5 nmol/μL deoxynucleotides (dNTPs), 10 μL 
10× SYBR Green I PCR buffer, 1.5 μL 25 mmol/L MgCl2, 1 μL 
each of upstream and downstream primers, and 1 U Taq poly-
merase). The reaction proceeded at 94°C for 5 min for pre-
denaturation, followed by 40 cycles of denaturation at 95°C 
for 10 s, annealing at 60°C for 30 s, and extension at 72°C for 
30 s. b-Actin was used as the internal standard, and the ex-
perimental data were processed using the 2–DDCT method to 
calculate the mRNA/b-actin mRNA ratio for each sample. The 
experiment was repeated 3 times for each experimental group.

Statistical analysis: All data were analyzed using SPSS17.0 
software. The experimental data are expressed as the mean 
± standard deviation (c±s). Univariate analysis of variance 
(ANOVA) was used for intergroup comparisons, and the least 
significant difference (LSD) method was employed for pair-
wise comparison. Differences were considered statistically 
significant at p<0.05.

Results

Comparison of the mesangial cell proliferation rate in 
different groups

The proliferation rates of mesangial cells in each group were 
measured using an MTT assay after 24, 48, 72 h of culturing. 
Based on the results, the difference in the proliferation rate 
was most obvious in the 48-h group, and no statistically sig-
nificant difference in proliferation rate was found for the hy-
pertonic control group compared with the NG group (p>0.05). 
The proliferation rate of cells in the HG group was significant-
ly higher than that in the NG group (p<0.05). Compared with 

Primer Sequence Product size

b-actin
5’-CCATGTACGTTGCTATCCAGG-3’
5’-TCTCCTTAATGTCACGCACGA-3’

252 bp

FN
5’-CCGCCATTAATGAGAGTGAT-3’
5’-AGTTAGTTGCGGCAGGAGAAG-3’

133 bp

TGF-b
5’-GCCCTGGACACCAACTATTGC-3’
5’-AGGCTCCAAATGTAGGGGCAGG-3’

161 bp

Table 1. PCR primer sequences.
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the HG group, mesangial cells exhibited a dose-dependent re-
duction in proliferation at 48 h after treatment with different 
concentrations of UA (0.5, 1.0, and 2.0 mmol/L; Figure 1A). In 
contrast, the normal growth rate of mesangial cells was not 
affected after treatment with different concentrations of UA 
(0.5 and 1.0 umol/L) in the NG group (Figure 1B).

Changes in ROS production in mesangial cells

A DCFH-DA probe was used to detect ROS levels in mesan-
gial cells via flow cytometry, and the results revealed high-
er ROS production in cells of the HG group than in NG group 
cells (p<0.05). HG+UA group (1.0 mmol/L) cells exhibited sig-
nificantly decreased ROS production compared with the HG 
group (p<0.05; Figure 2).

Changes in p-Akt/Akt and p-mTOR/mTOR protein 
expression

After 48 h of culturing, markedly higher levels of p-Akt (ser473) 
and p-mTOR (ser2448) (p<0.05) proteins were observed in HG 
group mesangial cells than in cells of the NG group. UA (1.0 
mmol/L) significantly inhibited HG-induced Akt and mTOR 
phosphorylation in mesangial cells (Figure 3).

Changes in mRNA and protein expression of TGFb1 in 
mesangial cells detected by real-time PCR and Western 
blotting

The results of real-time PCR and Western blotting showed 
that TGFb1 mRNA and protein expression in mesangial cells 
increased significantly (p<0.05) in the HG group after 48 h of 
culturing. UA (1.0 mmol/L) significantly inhibited HG-induced 

TGFb1 mRNA and protein expression in mesangial cells (p<0.05; 
Figure 4).

Changes in FN mRNA and protein expression detected by 
RT-PCR and Western blotting

Real-time PCR and immunoblotting revealed significantly in-
creased FN mRNA and protein expression in HG group me-
sangial cells (p<0.05) after 48 h of culturing. UA (1.0 mmol/L) 
significantly inhibited HG-induced FN mRNA and protein ex-
pression in mesangial cells (p<0.05; Figure 5).

Changes in Smad2/3 and Samd7 protein expression 
detected by Western blotting

Immunoblotting revealed significantly increased Smad2/3 
protein expression and significantly decreased Smad7 in HG 
group mesangial cells (p<0.05) after 48 h of culturing. UA (1.0 
mmol/L) significantly inhibited HG-induced Smad2/3 protein 
expression in mesangial cells (p<0.05). In contrast, UA (1.0 
mmol/L) significantly promoted HG-induced Smad7 protein 
expression in mesangial cells (p<0.05; Figure 6).

Discussion

PI3K/Akt/mTOR signaling is a classical pathway widely found 
in eukaryotic cells that regulates a variety of cellular functions, 
such as glucose metabolism, glycogen synthesis, protein syn-
thesis, cell proliferation, cell hypertrophy, and cell death [4]. In 
this study, we observed elevated p-Akt and p-mTOR expression 
in human mesangial cells exposed to HG stimulation for 48 h, 
along with activation of the PI3K/Akt/mTOR pathway, abnormal 
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Figure 1.  (A) UA inhibited the mesangial cell proliferation induced by high glucose (determined by an MTT assay). # p<0.01 compared 
with the NG group; * p<0.05 compared with the HG group. (B) UA (1.0 umol/L) did not affect the mesangial cell growth 
induced by normal glucose. NG – normal glucose culture group; Mannitol – hypertonic control group; HG – high glucose 
culture group; UA – ursolic acid.

849
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Wang E.-M. et al.: 
Ursolic acid attenuates high glucose-mediated mesangial cell injury…
© Med Sci Monit, 2018; 24: 846-854

LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



proliferation, and overexpression of the cytokine TGFb1 and 
ECM protein FN, suggesting that PI3K/Akt/mTOR signaling is 
involved in HG-mediated mesangial cell damage. Consistent 
with our results, the in vitro study by Chen et al. [13] also dem-
onstrated that HG activated the PI3K/Akt signaling pathway, 
downregulated downstream FoxO3a expression, promoted ox-
idative stress, and enhanced ECM deposition, suggesting that 
this pathway may be involved in the pathogenesis of DN [14].

Oxidative stress refers to excessive production of ROS and re-
active nitrogen species (RNS) in response to various harmful 
stimuli that exceeds the oxygen-scavenging capacity of the 
body and causes an imbalance between the oxidation and an-
tioxidant systems, leading to tissue damage. In recent years, 
many studies have suggested that stimulation by a variety 
of factors, such as HG, the inflammatory response, mechani-
cal traction, and lipid deposition, induces oxidative stress in 
glomerular mesangial cells and promotes the development 
and progression of glomerulosclerosis [15,16]. Moreover, 
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Figure 2.  Ursolic acid (UA) significantly inhibited the ROS production in mesangial cells induced by high glucose levels. (A) NG, normal 
glucose group (5 mmol/L glucose); (B) Mannitol, hypertonic control group (5 mmol/L glucose+24.5 mmol/L mannitol); (C) 
HG, high glucose group (30 mmol/L glucose); (D) UA, UA treatment group (30 mmol/L glucose+1.0 mmol/L UA); (E) semi-
quantitative analysis. # p<0.01 compared with the NG group; * p<0.05 compared with the HG group.

850
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Wang E.-M. et al.: 
Ursolic acid attenuates high glucose-mediated mesangial cell injury…

© Med Sci Monit, 2018; 24: 846-854
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



0.6

0.5

0.4

0.3

0.2

0.1

0.0

#

*

NG Mannitol HG UA

NG

p-Akt(ser473) 60 kDA

60 kDA

285 kDA

285 kDA

MannitolHG UA

p-
AK

T/
AK

T

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

#

*

NG Mannitol HG UA

p-
m

TO
R/

m
TO

R

Akt

p-mTOR(ser2448)

t-mTOR

A B

C
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Figure 4.  (A–C) mRNA and protein expression of TGFb1 in mesangial cells detected by RT-PCR and Western blotting. NG: normal 
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Figure 5.  (A–C) FN mRNA and protein expression in mesangial cells detected by real-time PCR and Western blotting. NG: normal 
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overproduction of ROS, which are important intracellular sig-
naling messengers that activate multiple signal transduction 
pathways, can indirectly lead to tissue and cell damage. In 
this study, we found that HG increased ROS production and 
oxidative stress, induced excessive TGFb1 secretion, and en-
hanced FN expression in mesangial cells. Similarly, Jeong et al. 
revealed that HG activates the PI3K/Akt-ERK1/2 and p38 MAPK 
pathways, promotes ROS production, and enhances the activ-
ity of NADPH oxidase, resulting in ECM accumulation [17]. In 
this study, we found that HG increased Samd2/3 production 
and decreased Samd7 production, inducing excessive TGFb1 
secretion. Barnes et al. also found that ROS induce excessive 
TGFb1 secretion from mesangial cells by activating the angio-
tensin II-TGFb1-Smad pathway, promoting ECM deposition, 
and reducing ECM degradation [18,19].

UA is a plant-derived pentacyclic triterpene that is widely found 
in berries, fruits, and herbs. UA has anti-tumor, anti-liver fibro-
sis, hypoglycemic, hypolipidemic, and anti-atherosclerotic ef-
fects [6–11], and previous studies have found that this triter-
pene inhibits proliferation of cultured Jurkat cells (malignant 
tumor cells) and induces their apoptosis by suppressing PI3K/
Akt pathway activation [20]. Thus, UA is expected to become a 
new treatment for hematological malignancies. Furthermore, 
UA inhibits proliferation and induces apoptosis of human he-
patic stellate cells by reducing TGF-b mRNA expression, there-
by mitigating the vicious cycle of hepatic fibrosis. UA and its 
homolog oleanolic acid decrease levels of fasting blood glu-
cose, glycosylated hemoglobin, and urinary albumin in diabet-
ic mice in a dose-dependent manner, possibly by increasing 
blood insulin levels and suppressing renal aldose reductase 

(AR) activation. In addition, UA regulates transcription of phos-
phoenolpyruvate carboxykinase (PEPCK) and phosphorylation 
of its downstream effector insulin receptor substrate-2 (IRS-2) 
by enhancing expression of the PPARa protein in liver tissues; 
this affects cytokine and free fatty acid (FFA) levels in serum, 
as well as TNF-a and adiponectin levels, thereby improving in-
sulin resistance and lowering blood lipid levels in KKAy mice. 
UA was also found to inhibit mononuclear cell aggregation in 
blood and atherosclerosis in a dose-dependent manner in low-
density lipoprotein (LDL) receptor-deficient mice induced by 
streptozotocin, likely by inhibiting the diabetes-induced pro-
inflammatory response. However, the protective effect of UA 
in DN and the associated mechanism have not yet been fully 
clarified; therefore, further studies are needed.

Conclusions

In this study, we found that UA inhibited the mesangial cell 
proliferation induced by HG in a dose-dependent manner, sup-
pressed expression of the cytokine TGF-b1, and reduced FN 
expression and ECM deposition. Aside from the TGF-b1/Samd 
signaling pathway, the protective effect of UA is also likely 
achieved through inhibition of PI3K/Akt/mTOR pathway ac-
tivation. Furthermore, UA contains a hydroxyl group in its C3 
side chain that has antioxidant activity, thereby allowing UA 
to inhibit ROS production. The findings of this study further 
our understanding of the pharmacological effects of UA and 
provide new strategies and methods for treatment of DN us-
ing Chinese herbal medicines.
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Inhibition	of	PI3K/Akt/mTOR	pathway	by	apigenin
induces	apoptosis	and	autophagy	in	hepatocellular
carcinoma	cells.
Yang	J ,	Pi	C ,	Wang	G .

Abstract
Apigenin	is	a	dietary	flavonoid	with	known	antioxidant	and	antitumor	effects
against	several	types	of	cancers	by	promoting	cell	death	and	inducing	cell	cycle
arrest.	Apigenin	also	regulates	a	variety	of	intracellular	signal	transduction
pathways	during	apoptosis	or	autophagy.	However,	the	precise	mechanism
underlying	the	anticancer	effects	of	apigenin	in	liver	cancer	remains	poorly
understood.	In	this	study,	we	demonstrated	that	apigenin	has	anticancer	activity
against	hepatocellular	carcinoma	cells.	Apigenin	inhibited	the	cell	growth	and
induced	cell	death	in	a	dose-	and	time-dependent	manner	in	HepG2	cells.	We
found	that	apigenin	treatment	increased	the	expression	of	LC3-II	and	the	number
of	GFP-LC3	puncta.	Moreover,	inhibition	of	autophagy	with	3-MA	and	Atg5	gene
silencing	strengthened	apigenin-induced	proliferation	inhibition	and	apoptosis.
Our	data	has	indicated	that	apigenin-induced	autophagy	has	a	protective	effect
against	cell	death.	Additionally,	apigenin	induced	apoptosis	and	autophagy
through	inhibition	of	PI3K/Akt/mTOR	pathway.	Most	importantly,	in	vivo	data
showed	that	administration	of	apigenin	decreased	tumor	growth	and	autophagy
inhibition	by	3-MA	significantly	enhanced	the	anticancer	effect	of	apigenin.
Collectively,	our	results	reveal	that	apigenin	inhibits	cell	proliferation	and	induces
autophagy	via	suppressing	the	PI3K/Akt/mTOR	pathway.	Our	results	also
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Introduction

 The mammalian target of rapamycin (mTOR) kinase is 
a conserved serine/threonine protein kinase that plays an 
important role in regulating many fundamental molecules 
mediating cell growth and cell cycle progression in 
response to cellular signals in eukaryotes (Liu et al., 
2009b; Houghton, 2010). The mTOR signalling pathway 
has a central role in cellular processes such as cell survival, 
cell growth and proliferation, cell death, and tumor 
angiogenesis. This pathway is frequently hyper-activated 
in several human malignancies and therefore is considered 
to be an interesting and attractive therapeutic target for 
anti-cancer therapy. 
 The mTOR is also known as FKBP12-rapamycin 
associated protein (FRAP), or rapamycin and FKBP12 
target (RAFT), or rapamycin target (RAPT), or sirolimus 
effector protein (SEP). The mTOR gene is located on 
human chromosome 1 in location 1p36.2 (Huang and 
Houghton, 2003). It is identified in mammalian cells as 
a 289 kDa serine/threonine kinase consisting of 2549 
amino acids and the structural domains of mTOR, are 
evolutionarily conserved, comprising of six functional 
domains (Sabatini et al., 1994; Sabers et al., 1995; 
Abraham, 1998). The domains comprise of (1) HEAT 
(Huntingtin elongation factor 3, a subunit of protein 
phosphatase 2A and TOR1) domain, which mediates 
protein-protein interactions; (2) FAT (FRAP-ATM-
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Abstract

 The mammalian target of rapamycin (mTOR) kinase plays an important role in regulating cell growth and 
cell cycle progression in response to cellular signals. It is a key regulator of cell proliferation and many upstream 
activators and downstream effectors of mTOR are known to be deregulated in various types of cancers. Since the 
mTOR signalling pathway is commonly activated in human cancers, many researchers are actively developing 
inhibitors that target key components in the pathway and some of these drugs are already on the market. 
Numerous preclinical investigations have also suggested that some herbs and natural phytochemicals, such as 
curcumin, resveratrol, timosaponin III, gallic acid, diosgenin, pomegranate, epigallocatechin gallate (EGCC), 
genistein and 3,3’-diindolylmethane inhibit the mTOR pathway either directly or indirectly. Some of these natural 
compounds are also in the clinical trial stage. In this review, the potential anti-cancer and chemopreventive 
activities and the current status of clinical trials of these phytochemicals are discussed.  
Keywords: mTOR signalling pathway - PI3K/Akt/mTOR - natural compounds - mTOR inhibitors
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TRAPP) domain; (3) FRB (FKBP12-rapamycin binding) 
domain, which mediates the inhibitory action of rapamycin 
on Raptor-bound mTOR; (4) PIKK (PI3-kinase-related 
kinase) domain, serine phosphorylation sites (S2035 and 
S2481); (5) RD (Repressor domain); and (6) the carboxy-
terminal FATC domain (Kirken and Wang, 2003; Asnaghi 
et al., 2004).
 The mTOR kinase plays a crucial role in regulating cell 
growth, cell proliferation, cell survival, protein synthesis 
and autophagy. It regulates and controls the transcription 
of ribosomal proteins and the synthesis of rRNA and tRNA 
(Hardwick et al., 1999; Powers and Walter, 1999). In 
general, the activity of mTOR is regulated by insulin and 
other growth factors via the phosphatidylinositol 3-kinase 
(PI3K)–Akt pathway (Kadowaki and Kanazawa, 2003).
 In eukaryotic cells, mTOR exists as two different 
complexes: mTORC1; a rapamycin-sensitive complex 
defined by its interaction with Raptor (regulatory-
associated protein of mTOR) and mTORC2; a rapamycin-
insensitive complex defined by its interaction with Rictor 
(rapamycin-insensitive companion of mTOR) (Bharti and 
Aggarwal, 2002; Loewith et al., 2002; Sarbassov et al., 
2004). Raptor is the first protein shown to bind directly 
to mTOR that is required to mediate mTOR regulation of 
p70 ribosomal S6 kinase (p70S6K) and the binding protein 
of eukaryotic translation initiation factor 4E (4E-BP1) 
activities (Bharti and Aggarwal, 2002; Kim et al., 2002a). 
On the other hand, PRAS40 and Deptor are identified as 



Heng Kean Tan et al

Asian Pacific Journal of Cancer Prevention, Vol 15, 20146464

distinct negative regulators of mTORC1 (Sancak et al., 
2007; Peterson et al., 2009).
 In the rapamycin-sensitive mTOR signalling pathway, 
rapamycin binds to FK506-binding protein of 12 kDa 
(FKBP12), and subsequently, the complex binds to the 
FRB domain of mTORC1. This weakens the interaction 
between mTOR and Raptor and subsequently inhibits the 
mTORC1 functions (Kirken and Wang, 2003; Guertin 
et al., 2004; Hay and Sonenberg, 2004). However, the 
mechanisms on how rapamycin and several rapamycin 
derivatives bind to FKBP12 to inhibit mTORC1 signalling 
remain poorly defined (Dowling et al., 2010). Starvation 
or lack of nutrients such as amino acids and/or glucose 
appears to mimic rapamycin treatment which causes rapid 
inactivation of p70S6K and hypophosphorylation of the 
4E-BP1 (Proud, 2002).
 The activity of mTOR is regulated by various growth 
factors such as insulin, insulin-like growth factor 1 (IGF-
1), epidermal growth factor (EGF), transforming growth 
factor (TGF), vascular endothelial growth factor (VEGF), 
hepatocyte growth factor (HGF) and platelet-derived 
growth factor (PDGF) (Gomez-Pinillos and Ferrari, 2012). 
Growth factor-induced activation of mTOR is mediated 
by Class I PI3K which has the unique ability to generate 
oncogenic phosphatidylinositol-3,4,5-triphosphate (PIP3). 
Class II and Class III PI3Ks lack this ability and therefore 
have not been linked to cancer (Vogt et al., 2010). Class I 
PI3Ks are further divided into Class IA PI3Ks and Class 
IB PI3K. Class IA PI3Ks are heterodimers consisting of 
a p85 regulatory subunit that associates with p110α, β 
or δ catalytic subunit and are involved primarily in the 
pathogenesis of human cancer (Rodon et al., 2013). 
 Following growth factor binding to its cognate receptor 
tyrosine kinase (RTK), Class IA PI3Ks are recruited 
to the cell membrane by direct interaction of the p85 

subunit with the activated receptors or by interaction 
with adaptor proteins associated with the receptors. 
Binding removes the inhibitory effect of p85 on p110, 
resulting in activation of p110 catalytic subunit. The 
activated p110 subunit catalyses the phosphorylation of 
phosphatidylinositol-4,5-bisphosphate (PIP2) to PIP3 at 
the membrane. PIP3 is an important second messenger in 
the cell and is the predominant mediator of PI3K activity. 
PIP3 acts as docking sites for signalling proteins that have 
pleckstrin homology (PH) domain, including Akt and 
3-phosphoinositide-dependent kinase 1 (PDK1) (Vogt et 
al., 2010; Baselga, 2011). Figure 1 illustrates the mTOR 
signalling pathway in general.
 The serine/threonine protein kinase Akt, also known 
as protein kinase B (PKB), a downstream effector of 
PI3K, is a critical mediator of mTOR activity (Hay 
and Sonenberg, 2004). Akt activation is initiated by 
translocation to the plasma membrane, which is mediated 
by docking of Akt to PIP3 on the membrane. Akt is then 
phosphorylated on Thr308 by PDK1 and on Ser473 by 
putative PDK2. A number of potential PDK2s have been 
identified, including integrin-linked kinase (ILK), protein 
kinase C β2, DNA-dependent protein kinase (DNA-PK), 
ataxia telangiectasia mutated (ATM), Akt itself and 
mTORC2. Both phosphorylation events are required for 
full activation of Akt. Once Akt has been phosphorylated 
and activated, it phosphorylates many other proteins, 
thereby regulating a wide range of cellular processes 
involved in protein synthesis, cell survival, proliferation 
and metabolism. Akt activates mTOR either by direct 
phosphorylation of mTOR at Ser2448 (Nave et al., 1999) 
or by indirect phosphorylation and inhibition of tuberous 
sclerosis complex 2 (TSC2) (Inoki et al., 2002). Akt 
phosphorylation of TSC2 represses GTPase-activating 
protein (GAP) activity, thereby allowing GTP-bound 

Figure 1. The mTOR Signalling Pathway and Regulatory Feedback Loop

P	
  P	
  

P	
  

PDK1	
  

Growth	
  factors	
  	
  
(e.g.	
  IGF-­‐1)	
  

Receptor	
  tyrosine	
  kinase	
  	
  
(e.g.	
  IGF-­‐1R)	
  

Cell	
  membrane	
  

Cytosol	
  

IRS1	
  
p110	
  

p85	
  
PIP2	
   PIP3	
  

PTEN	
  

Class	
  IA	
  
PI3K	
   P	
  P	
  

TSC2	
  
TSC1	
  

Rheb	
  
GDP	
  Rheb	
  

GTP	
  

P	
  

Akt	
  

mTOR	
  

4E-­‐BP1	
  

eIF4E	
  

p70S6K	
  

NegaQve	
  
feedback	
  



Asian Pacific Journal of Cancer Prevention, Vol 15, 2014 6465

DOI:http://dx.doi.org/10.7314/APJCP.2014.15.16.6463
mTOR Inhibitory Activities of Natural Phytochemicals

active Ras homolog enriched in brain (Rheb) to activate 
mTOR (Plas and Thompson, 2005). Phosphorylation of 
mTOR at Ser2481 (an autophosphorylation site) correlates 
to the activation of mTOR catalytic activity (Caron et al., 
2010; Soliman et al., 2010).
 When conditions are favourable for cell growth, 
activated mTORC1 phosphorylates several substrates to 
promote anabolic processes (such as ribosome biogenesis, 
translation and the synthesis of lipids and nucleotides) and 
suppress catabolic processes (such as autophagy) (Fruman 
and Rommel, 2014). The mTORC1 regulates protein 
synthesis through the phosphorylation and inactivation 
of the repressor of mRNA translation, 4E-BP1 and 
through the phosphorylation and activation of p70S6K. 
Phosphorylation of 4E-BP1 releases eukaryotic translation 
initiation factor 4E (eIF4E), allowing it to interact with 
eIF4G to initiate cap-dependent translation. Activated 
p70S6K regulates cell growth via increased translation 
of 5’TOP (terminal oligopyrimidine tract) mRNAs, which 
encode components of the translation machinery, such 
as ribosomal proteins and elongation factors. Through 
the phosphorylation of several other effectors, mTORC1 
promotes lipid biogenesis and metabolism, and suppresses 
autophagy (Hay and Sonenberg, 2004; Gomez-Pinillos and 
Ferrari, 2012; Laplante and Sabatini, 2013). In contrast, 
mTORC2 does not have direct role in regulating protein 
translation. However, mTORC2 is found to phosphorylate 
serum and glucocorticoid-regulated kinase 1 (SGK1), 
protein kinase C (PKC), and also Akt at Ser473, which 
in turn regulates cell cycle progression, cell survival, 
metabolism and cytoskeletal organization (Gomez-Pinillos 
and Ferrari, 2012; Laplante and Sabatini, 2012). 
 The tumour suppressor phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN) is the most 
important negative regulator of the PI3K signalling 
pathway. PTEN is a phosphatidylinositol-3 phosphatase 
that antagonizes PI3K activity by dephosphorylating PIP3 
that is generated by PI3K (Abdulkareem and Blair, 2013). 
Loss of PTEN results in an unrestrained signalling of the 
PI3K pathway, leading to the formation of cancer. It is 
also associated with many types of cancers, including 
breast cancer (Vivanco and Sawyers, 2002; Sansal and 
Sellers, 2004). Another important protein involved in the 
regulation of mTORC1 activity is the tuberous sclerosis 
complex (TSC), which is a heterodimer of two proteins, 
TSC1 (also known as hamartin) and TSC2 (also known 
as tuberin) (Hay and Sonenberg, 2004). TSC1 and TSC2 
functions as a GAP that negatively regulates a small 
GTPase called Rheb, transforming Rheb into its inactive 
GDP-bound state which subsequently unable to activate 
mTOR (Hay and Sonenberg, 2004). Finally, regulatory 
feedback loop exists as an intrinsic mechanism of self-
control to refrain further activation of mTOR pathway. 
Following mTOR phosphorylation, activated p70S6K 
phosphorylates and destabilizes insulin receptor substrate 
1 (IRS1), thereby inhibiting PI3K activation and blocking 
upstream overstimulation of the PI3K/Akt/mTOR cascade 
(Gomez-Pinillos and Ferrari, 2012; Shimobayashi and 
Hall, 2014) (Figure 1). 
 One of most studied and important pathways involved 
in the regulation of autophagy is the PI3K/Akt/mTOR 

signalling pathway. Inhibition of mTOR by nutrient-
depletion, starvation or rapamycin leads to the induction 
of autophagy. Increased levels of the mTOR kinase 
are found to inhibit the autophagy process, resulting in 
excessive cell growth and tumor development. Studies 
have shown that mTORC1 controls autophagy through 
the regulation of a protein complex composed of ULK1 
(unc-51-like kinases), mAtg13 and FIP200 (Ganley et 
al., 2009; Hosokawa et al., 2009; Jung et al., 2009). ULK 
kinase complex is directly controlled by mTOR, of which 
maintains the hyperphosphorylation state of mAtg13 
and suppresses the induction of autophagy (Galluzzi et 
al., 2008). Inhibition of mTOR by rapamycin leads to 
dephosphorylation of ULK1, ULK2, and mAtg13 and 
activates ULK to phosphorylate FIP200, which suggests 
that ULK-Atg13-FIP200 complexes are direct targets of 
mTOR and important regulators of autophagy in response 
to mTOR signalling (Jung et al., 2009).
 In contrast to mTORC1, relatively little is known 
regarding the regulatory pathway of mTORC2. The 
mTOR-Rictor complex, unlike mTOR-Raptor, does not 
bind to FRB domain and is insensitive to rapamycin 
treatment (Loewith et al., 2002; Sarbassov et al., 2004). 
The mTORC2 complex promotes cell signalling through 
phosphorylation and activation of the pro-survival and 
pro-proliferative kinase Akt, which positively regulates 
cell survival, proliferation and metabolism (Sarbassov 
et al., 2006; Manning and Cantley, 2007). The molecular 
mechanism by which mTORC2 regulates cytoskeletal 
organization has not been clearly defined, although 
many different studies have reported that knocking down 
mTORC2 components affects actin polymerization and 
disrupts cell morphology (Jacinto et al., 2004; Sarbassov et 
al., 2004). In another study, depletion of mTOR and Rictor, 
but not Raptor, impairs actin polymerization in neutrophils 
stimulated with chemoattractants and that small Rho 
GTPases Rac and Cdc42 serve as downstream effectors 
of Rictor to regulate actin assembly and organization in 
neutrophils (He et al., 2013). 

The mTOR Signalling Pathway and Cancer

 The mTOR pathway is a key regulator of cell 
proliferation and several upstream activators and 
downstream effectors of mTOR are known to be 
deregulated in some cancers such as renal cell carcinoma, 
non-small cell lung cancer, breast cancer, sarcomas, 
colorectal and gastrointestinal tumors (Law, 2005; 
Tokunaga et al., 2008; Li et al., 2013; Takahashi et al., 
2014; Wang and Zhang, 2014). The mTOR signalling is 
constitutively activated in many tumor types, suggesting 
that mTOR is an attractive target for cancer drug 
development and therapy (Yu et al., 2001; Chan, 2004; 
Shor et al., 2009; Han et al., 2013; Pandurangan, 2013). 
The mTOR signalling network consists of a number of 
tumor suppressor genes and proto-oncogenes, thereby 
explains that aberrant activities of these genes will 
promote the formation of cancerous cells.
 The signalling network defined by PI3K, Akt and 
mTOR controls most hallmarks of cancer, including 
cell cycle, survival, metabolism, motility and genomic 
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instability. Cancer genetic studies suggest that the 
PI3K pathway is the most frequently altered pathway 
in human tumours, where the PIK3CA gene (which 
encodes the PI3K p110α catalytic isoform) is the second 
most frequently mutated oncogene, and PTEN is among 
the most frequently mutated tumour suppressor genes 
(Fruman and Rommel, 2014). Therefore, PI3K pathway 
is probably one of the most important pathways in cancer 
metabolism and growth, and has been identified as an 
important target in breast cancer research (Baselga, 2011). 
 The p110α and p110β isoforms of Class I PI3Ks are 
expressed in almost all tissues and cell types, both of 
which play important roles in regulating cell growth and 
metabolism (Vogt et al., 2010). The p110α isoform is 
the most important subunit in PI3K as it is important for 
the growth and maintenance of numerous tumours that 
feature PI3K activation. Ablation of p110α resulted in 
substantially reduced Akt phosphorylation in response 
to stimulation by various growth factors (Zhao et al., 
2006; Pal and Mandal, 2012). Of the four Class I PI3K 
catalytic isoforms, only PIK3CA (encoding p110α) is 
frequently mutated in human cancer. Mutations in Class 
I PI3K regulatory subunit genes are also found in cancer 
cells and cause increased PI3K activity (Fruman and 
Rommel, 2014). PIK3CA and PIK3R1 (which encodes 
p85 regulatory subunit) are mutated at frequencies ranging 
from 5%-25% in several common cancers, including 
cancers of the breast, endometrium and large intestine 
(Vogt et al., 2010). Overall, 20%-25% of breast tumors 
exhibit PIK3CA mutation (Baselga, 2011). PIK3CA 
mutation has been shown to increase PIP3 level, activate 
Akt signalling and promote oncogenic transformation 
(Baselga, 2011). 
 Akt is frequently and constitutively active in many 
types of human cancer. Constitutive Akt activation can 
occur as a result of amplification of Akt genes or due 
to mutations in components of the signalling pathway 
that activate Akt. Constitutive Akt signalling is believed 
to promote proliferation and increase cell survival, 
thereby contributing to cancer progression (Nicholson 
and Anderson, 2002). Amplification of Akt1, Akt2 and 
Akt3 has been reported in breast, ovarian, pancreatic and 
gastric cancers (Rodon et al., 2013). Activating mutation 
in Akt1, which results in growth factor-independent 
membrane translocation of Akt and increased Akt 
phosphorylation, was identified in breast, melanoma, 
colorectal and ovarian cancers. Phosphorylation of Akt at 
Ser473 has been associated with poor prognosis in human 
cancers, including breast cancer (LoPiccolo et al., 2008). 
Transgenic mice generated by expressing myristoylated-
Akt1 (myr-Akt1) under the control of the MMTV-LTR 
promoter revealed that expression of myr-Akt1 in 
mammary glands alone did not increase the frequency 
of tumor formation. However, there was an increased 
susceptibility of forming mammary tumors induced by 
DMBA in the transgenic mice, especially in post-lactation 
mice, indicating that Akt1 accelerates carcinogen-induced 
tumorigenesis (Wu et al., 2014). Interestingly, although 
mutations in PDK1 are rarely found in human cancer, 
amplification or overexpression of PDK1 was found in 
~20% of breast cancers (Liu et al., 2009a).

 Aberrant activation of mTOR has been implicated in 
certain cancers. Activation of mTOR provides tumour cells 
with a growth advantage by promoting protein synthesis 
and contributes to the genesis of cancer through its effect 
on cell cycle progression (Fingar et al., 2004). The effects 
of mTOR on cell cycle progression is mediated, at least in 
part, by the increased translation of positive regulators of 
cell cycle progression, such as cyclin D1 and Myc, and by 
decreased translation of negative regulators thereof, such 
as p27kip1 (Gera et al., 2004; Hay and Sonenberg, 2004). 
On the other hand, tumor suppressor PTEN is frequently 
mutated in advanced stages of human cancers, particularly 
glioblastoma, endometrial and prostate cancers. Germline 
mutations in the PTEN gene give rise to Cowden’s disease, 
which is associated with an increased risk of developing 
breast cancer and other cancers (Nicholson and Anderson, 
2002). Somatic loss of PTEN by gene mutation or deletion 
frequently occurs in human cancers. PTEN is deleted or 
mutated in approximately 45% of uterine endometrial 
cancers, 30% of glioblastomas and spinal tumors, and 
less commonly in cancers of the prostate, bladder, adrenal 
glands, thyroid, breast, skin (melanomas) and colon 
(Abdulkareem and Blair, 2013). 

Clinical Development of PI3K/Akt/mTOR 
(PAM) Inhibitors 

 Since mTOR signalling pathway is one of the most 
commonly activated signalling networks in human 
cancers and that kinases are amenable to pharmacological 
intervention, many pharmaceutical companies and 
academic laboratories are actively developing inhibitors 
that target key components in the pathway (Moschetta et 
al., 2014). Many of the agents developed and evaluated in 
early stage clinical trials have been shown to be safe, well 
tolerated and effective in multiple tumor types. Current 
PAM inhibitors in early development include reversible 
ATP-competitive inhibitors of the four p110 isoforms of 
Class I PI3K (also known as pan-PI3K inhibitors), the 
irreversible pan-PI3K inhibitors, p110 isoform-specific 
inhibitors, dual pan-PI3K-mTOR inhibitors, Akt inhibitors 
and mTOR inhibitors (Rodon et al., 2013; Porta et al., 
2014). 
 Wortmannin and LY294002 are two well known, 
first generation pan-PI3K inhibitors. Wortmannin and 
LY294002 are effective inhibitors of PI3K and have 
shown anti-proliferative and apoptotic effects in vitro 
and in vivo. However, the use of these two compounds is 
limited to the preclinical level due to their instability in 
aqueous solutions, toxic side effects, poor pharmaceutical 
properties and lack of selectivity for individual PI3K 
p110 isoforms (Pal and Mandal, 2012). Isoform-specific 
inhibitors are of particular interest because agents that 
target single isoform may produce fewer side effects and 
less toxicity to the immune system due to the fact that 
p110α and p110β play important roles in multiple cellular 
processes while p110γ and δ isoforms are important in the 
immune system. Some inhibitors of Akt are being tested 
clinically, although the development of Akt-specific and 
isozyme-selective inhibitors was predicted to be difficult 
due to high degree of homology in the ATP binding pocket 



Asian Pacific Journal of Cancer Prevention, Vol 15, 2014 6467

DOI:http://dx.doi.org/10.7314/APJCP.2014.15.16.6463
mTOR Inhibitory Activities of Natural Phytochemicals

between Akt, protein kinase A (PKA) and PKC (Rodon et 
al., 2013).
 Rapamycin, also known as sirolimus, is a prototypical 
mTOR inhibitor. It is an antibiotic macrolide derived 
from bacterium Streptomyces hygroscopius, and first 
isolated in 1975 (Sehgal et al., 1975; Vezina et al., 1975). 
Rapamycin was first developed as immunosuppressant 
by Wyeth pharmaceutical company in 1997 and more 
recently presented as anti-cancer agents in the form of 
various analogues (Liu et al., 2009b). Rapamycin binds 
to its intracellular receptor FKBP12, and subsequently 
attaches to the mTORC1 and suppresses mTOR-mediated 
phosphorylation of p70S6K and 4E-BP1. Rapamycin 
has been precluded from clinical development due to its 
poor aqueous solubility and chemical instability (Hidalgo 
and Rowinsky, 2000; Mita et al., 2003). Rapamycin 
analogues (also known as rapalogues) inhibit mTOR 
through the same mechanism as rapamycin, but have better 
pharmacological properties for clinical use in cancer. In 
general, the therapeutic effects of rapamycin analogues 
are similar to rapamycin (Tsang et al., 2007). Rapamycin 
analogues with improved stability and pharmacological 
properties have been significantly tolerated by patients 
in Phase I trials, and the agents have shown promising 
antitumor effect in many types of cancers including breast 
cancer (Noh et al., 2004).
 Temsirolimus (CCI-779) and everolimus (RAD001) 
are two rapamycin analogues that have been developed 
as anti-cancer drugs (Hasskarl, 2014). Temsirolimus is 
the first mTOR inhibitor approved by FDA, USA for the 
treatment of advanced renal cell carcinoma in 2007. This 
is followed by the approval of everolimus for the treatment 
of adults with advanced and recurrent renal cell carcinoma 
(2009); adults with progressive neuroendocrine tumors of 
pancreatic origin (2011); adults with tuberous sclerosis 
complex (TSC) who have renal angiomyolipomas not 
requiring immediate surgery (2012); children with TSC 
who have a rare brain tumor called subependymal giant 
cell astrocytoma (2012); and for use in combination with 
exemestane to treat certain postmenopausal women with 
advanced hormone receptor positive, HER2-negative 
breast cancer (2012) (Hasskarl, 2014).
 Nevertheless, rapalogues are not broadly effective 
as single agents, although they have been approved for 
the treatment of a few tumour types for which modest 
therapeutic effects can be achieved (Fruman and Rommel, 
2014). Preclinical studies demonstrated that Akt activation 
was triggered after blockade of mTORC1 by rapamycin 
and rapalogues (Sun et al., 2005; O’Reilly et al., 2006; 
Wan et al., 2007). Clinically, upon mTOR blockade with 
everolimus, Akt phosphorylation was upregulated in 
50% of the treated tumors (Tabernero et al., 2008). The 
increased Akt activity can ultimately enhance tumour 
growth. This limited anti-tumour activity of mTOR 
inhibitors is suspected to be related to the fact that these 
agents only inhibit the mTORC1 complex. The blockade 
of mTOR and the resulting inhibition of p70S6K relieves 
regulatory feedback loop, which results in IGF-1R-
mediated feedback activation of Akt (Baselga, 2011; 
Rodon et al., 2013). Therefore, agents targeting both 
mTORC1 and mTORC2, and dual pan-class I PI3K-

mTOR inhibitors are being developed (Rodon et al., 2013). 
In addition, preclinical models have shown that combining 
mTOR inhibitors and IGF-1R antibodies/inhibitors result 
in blockage of mTOR inhibitor-induced Akt activation 
(Wan et al., 2007), and this combination is currently being 
explored in clinical trials (Chen and Sharon, 2013). In the 
pre-clinical and clinical studies, the inhibitors targeting 
the different members of mTOR pathway have been used 
alone or in combination with other targeted agents for the 
treatment of breast cancer (Ghayad and Cohen, 2010). 
 Although the mTOR-targeting therapy was based 
on the premise that an essential PI3K effector Akt 
activates the rapamycin-sensitive mTORC1 pathway, 
new data suggests that rapamycin-insensitive mTORC2 
phosphorylates Akt on a key activation site, providing 
some knowledge that the relationship between mTOR 
and PI3K signalling is complex (Guertin and Sabatini, 
2009). Inhibitors that target both mTORC1 and mTORC2 
would be expected to block activation of the PI3K pathway 
more effectively than rapamycin and its analogues (Liu 
et al., 2009b). Current evidences from the analyses of 
some solid tumors also suggests that dual PI3K/mTOR 
inhibitors, which bind to and inactivate both PI3K and 
mTOR, may achieve better outcomes among resistant 
cancers (Tang and Ling, 2014). Currently, OSI-027 (OSI 
Pharmaceuticals, USA), AZD8055 (Astra Zeneca, UK), 
and INK128 (Intellikine, USA) are the first three ATP-
competitive mTOR inhibitors to enter clinical trials in 
patients with advanced solid tumors and lymphoma (Liu 
et al., 2009a; Garcia-Echeverria, 2010; Houghton, 2010). 
OSI-027 is the first orally bioavailable small-molecule 
mTORC1/mTORC2 inhibitor, a semi-synthetic compound 
with the ability of eliciting both tumor cell apoptosis and 
autophagy and halting tumor cell proliferation (Yap et al., 
2008; Vakana et al., 2010). 

 
Natural Phytochemicals as mTOR Inhibitors

Numerous important anticancer drugs in the market 
are either obtained from natural sources, by structural 
modification of natural compounds, or by synthesis of 
new compounds using natural compound as lead (Cragg 
et al., 1997; da Rocha et al., 2001). Therefore, sourcing 
out new drugs and the continuous interest in using 
natural compounds for cancer therapy is a global effort. 
Numerous preclinical investigations have shown that 
some herbs and natural phytochemicals, such as curcumin, 
resveratrol, timosaponin III, gallic acid, diosgenin, 
pomegranate, epigallocatechin gallate (EGCC), genistein, 
and 3,3’-diindolylmethane inhibit mTOR pathway 
either directly or indirectly (Table 1). Some of them are 
undergoing clinical trials as chemotherapeutic agents, 
chemopreventive compounds and/or combination therapy 
to improve the efficacy of the standard chemotherapy. 
These natural phytochemicals with mTOR inhibitory 
activities have great potential in cancer prevention. This 
is in view that higher consumption of fruits and vegetables 
was associated with lower risk of cancer (Gullett et al., 
2010).

Curcumin, a polyphenol natural compound extracted 
from the plant Curcuma longa L., is commonly used 
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as spice in India and Southeast Asia. It is used as food 
additive and traditional Indian medicine for the treatment 
of various diseases such as biliary disorders, anorexia, 
cough, diabetic wounds, hepatic disorders, rheumatism 
and sinusitis (Shishodia et al., 2007). Curcumin has shown 
exceptional chemopreventive and anti-tumor activities in 
some pre-clinical studies. In HCT116 colorectal cancer 
cells, curcumin downregulates protein and mRNA 
expression of mTOR, Raptor and Rictor, suggesting that 
curcumin exerts its anti-proliferative effects by inhibiting 
the mTOR signalling pathway and thus may represent a 
novel class of mTOR inhibitor (Johnson et al., 2009). In 
human Rh1 and Rh30 rhabdomyosarcoma cells, DU145 
prostate cancer cells, MCF-7 breast cancer cells and 
Hela cervical cancer cells, curcumin rapidly inhibits the 
phosphorylation of mTOR and its downstream effector 
molecules such as p70S6K and 4E-BP1, indicating that 
curcumin may execute its anticancer activity primarily by 
blocking mTOR-mediated signalling pathways in these 
tumor cells (Beevers et al., 2006). Furthermore, curcumin 
induces apoptosis, inhibits cell growth and inhibits the 
basal or type I insulin-like growth factor-induced motility 
of the Rh1 and Rh30 cells (Beevers et al., 2006). Curcumin 
is found to dissociate Raptor, at low concentration, and 
Rictor, at high concentration, from mTOR complex. 
However, it is unclear if curcumin disrupts the mTOR 
complex by direct binding to mTOR or to a component 
of the mTOR complexes (Beevers et al., 2009). In human 
PC3 prostate cancer cells, curcumin suppresses murine 
double minute 2 (MDM2) oncogene expression through 
the erythroblastosis virus transcription factor 2 (EST2) 
by modulating PI3K/mTOR/ETS2 signalling pathway 
(Li et al., 2007a). In both human U87-MG and U373-MG 
malignant glioma cells, curcumin inhibits the Akt/mTOR/
p70S6K pathway and activates the extracellular signal-
regulated kinase (ERK) pathway, resulting in the induction 
of autophagy. On the other hand, activation of Akt pathway 
by recombinant full-length human active Akt1 protein 
(rAkt1) inhibited curcumin-induced autophagy and 
decreased curcumin-inhibited phosphorylation of Akt and 
p70S6K, suggesting that curcumin-induced inactivation 
of Akt/mTOR/p70S6K pathway plays a role in induction 
of autophagy (Aoki et al., 2007). As combined treatment, 
curcumin and dual PI3K/Akt and mTOR inhibitor induce 
apoptosis through p53-dependent Bcl-2 mRNA down-
regulation at the transcriptional level and Mcl-1 protein 
down-regulation at the post-transcriptional level in human 
renal carcinoma Caki cells (Seo et al., 2014). 

The promising effect of curcumin at the preclinical 
phases has led to the initiation of several clinical trials. In 
Phase I clinical studies, it has been shown that curcumin is 
not toxic to human; and in Phase II clinical trial, curcumin 
is well tolerated and produces some biological activity in 
patients with advanced pancreatic cancer (Cheng et al., 
2001; Sharma et al., 2001; Lao et al., 2006; Dhillon et 
al., 2008). Curcumin taken orally for 3 months produces 
histologic improvement of precancerous lesions in 1 out 
of 2 patients with recently resected bladder cancer, 2 out 
of 7 patients of oral leucoplakia, 1 out of 6 patients of 
intestinal metaplasia of the stomach, 1 out of 4 patients 
with uterine cervical intraepithelial neoplasm (CIN) and 2 

out of 6 patients with Bowen’s disease (Cheng et al., 2001). 
Radiologically stable colorectal cancer was demonstrated 
in 5 out of 15 patients after 2-4 months of treatment with 
curcuma extract at doses between 440 and 2200 mg/day, 
containing 36-180 mg of curcumin (Sharma et al., 2001). 
In a Phase II, nonrandomized, open-label clinical trial 
in 44 eligible smokers with eight or more aberrant crypt 
foci (ACF) on screening colonoscopy, a significant 40% 
reduction in ACF number occurred with the 4-g dose 
of curcumin for 30 days. The ACF reduction in the 4-g 
group was associated with a significant, five-fold increase 
in post-treatment plasma curcumin/conjugate levels 
(Carroll et al., 2011). A Phase I/II study of gemcitabine-
based chemotherapy plus curcumin for patients with 
gemcitabine-resistant pancreatic cancer reported that 8 g 
oral curcumin daily with gemcitabine-based chemotherapy 
was safe and feasible in patients with pancreatic cancer 
(Kanai et al., 2011). However, all these are short term 
studies and the unremarkable response rates were not 
surprising and it certainly warrants longer trials.

Interestingly, a randomized, double-blind, placebo-
controlled clinical trial of 30 breast cancer patients revealed 
that oral curcumin, 6.0 g daily during radiotherapy, 
reduced the severity of radiation dermatitis in breast 
cancer patients (Ryan et al., 2013). Curcumin in improved 
formulations have also proven to be safe and acceptable 
among patients in pilot studies (Irving et al., 2013; Kanai 
et al., 2013). Other ongoing clinical trials include Phase 
II combination therapy with standard radiation therapy 
and chemotherapy (capecitabine) in rectal cancer, Phase 
II trial to prevent colon cancer in smokers with aberrant 
crypt foci, Phase II trial in patients with pancreatic cancer, 
Phase II trial in patients with colorectal cancer, Phase I 
trial in patients with advanced cancer as well as Phase I 
trial to prevent colorectal cancer in patients undergoing 
colorectal endoscopy or colorectal surgery (Table 1). 

Resveratrol is a polyphenolic compound present in 
grapes and red wine with potential anti-inflammatory 
and anticancer properties (Pervaiz, 2003; Marques et 
al., 2009). It is used in traditional Chinese and Japanese 
medicine to treat dermatitis, gonorrhea, athlete’s foot and 
hyperlipemia (Aggarwal et al., 2004). In human LNCaP 
prostate carcinoma cells, resveratrol inhibits PI3K/Akt 
signalling pathway and induces apoptosis (Aziz et al., 
2006). Resveratol is also shown to down-regulate the 
PI3K/Akt/mTOR signalling pathway, and combination 
with rapamycin further enhances the resveratrol-
induced cell death in human U251 glioma cells (Jiang 
et al., 2009). In smooth muscle cells (SMC), resveratrol 
blocks the oxidized LDL (oxLDL)-induced activation 
of the mTOR pathway via PI3K/PDK1/Akt, thereby 
inhibiting oxLDL-induced SMC proliferation (Brito et 
al., 2009). In MDA-MB-231 and MCF-7 human breast 
cancer cells, resveratrol decreases mTOR and p70S6K 
phosphorylation, and in combination with rapamycin, 
suppresses the phosphorylation of Akt. An additive effect 
of resveratrol and rapamycin combination suggests some 
therapeutic value in breast cancer (He et al., 2010). In both 
estrogen receptor (ER)-positive and ER-negative breast 
cancer cells, resveratrol activates AMP-activated kinase 
(AMPK) and subsequently downregulates mTOR, 4E-BP1 
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and mRNA translation (Lin 
et al., 2010). 

R e s v e r a t r o l  h a s 
undergone numerous clinical 
investigations for its putative 
cancer chemopreventive 
properties. A pilot study 
of SRT501, a micronized 
resveratrol preparation, 
given as 5.0 g daily for 
14 days, to patients with 
colorectal cancer and hepatic 
m e t a s t a s e s  s c h e d u l e d 
to undergo hepatectomy, 
revealed a marked increase 
of cleaved caspase-3, a 
marker of apoptosis, in 
malignant hepatic tissue 
compared with tissue from 
the placebo-treated patients 
(Howells et al., 2011). In 
healthy volunteers, the 
ingestion of resveratrol 
caused a significant decrease 
in circulating IGF-1 and 
IGFBP-3 in all volunteers, 
suggesting chemopreventive 
activities (Brown et al., 2010). 
In another study with healthy 
volunteers, daily intake of 1 
g of resveratrol for 4 weeks 
revealed an induction of 
GST-pi level and UGT1A1 
activity in individuals with 
low baseline enzyme level/
activity, indicating that 
resveratrol can modulate 
enzyme systems involved 
in carcinogen activation and 
detoxification, suggesting 
a possible mechanism by 
which resveratrol inhibits 
carcinogenesis (Chow et al., 
2010). 

Unfortunately, a Phase II 
study of SRT501 (resveratrol) 
with bortezomib in patients 
w i t h  r e l a p s e d  a n d / o r 
refractory multiple myeloma 
has to be terminated recently 
(Popat et al., 2013). Out of 24 
patients, 9 patients receiving 
SRT501 and bortezomib 
were withdrawn from the 
study, mainly due to serious 
adverse reactions.  The 
predominant study finding 
was an unexpected renal 
toxicity and low efficacy 
of SRT501 with nausea and 
vomiting which could have 
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resulted in disease progression and dehydration. This 
study has demonstrated an unacceptable safety profile 
and minimal efficacy in patients with relapsed/refractory 
multiple myeloma (Popat et al., 2013). At least two more 
clinical trials on colorectal cancer were completed but no 
published data was noted on the outcome. Currently an 
intervention study to examine the effects of resveratrol on 
neuroendocrine tumor is ongoing (Table 1).

Pomegranate, an ancient and mystical fruit of the 
tree Punica granatum L., has been used for centuries 
for the treatment of inflammatory diseases and disorders 
of the digestive tract (Faria and Calhau, 2010). In A/J 
mice, pomegranate fruit extract decreases carcinogen-
induced lung tumorigenesis. Analysis of the murine 
lung tissue sample showed that pomegranate fruit 
extract down-regulates mTOR signalling by inhibiting 
the phosphorylation of PI3K, Akt and mTOR, and 
downstream molecules such as p70S6K and 4E-BP1 
(Khan et al., 2007a). Other anti-carcinogenic effects of 
pomegranate fruit in numerous animal and cell culture 
models are well demonstrated in various studies (Kim et 
al., 2002b; Malik et al., 2005; Khan et al., 2007b).

In a Phase II clinical trial for men with rising PSA 
(prostate serum antigen) after surgery or radiotherapy 
for localized prostate cancer, patients were treated with 8 
ounces of pomegranate juice daily (Pantuck et al., 2006). 
This study shows statistically significant prolongation 
on PSA doubling time over a period of 13 months. 
However, it was uncertain if improvements in biomarker 
like PSA doubling time are likely to serve as surrogate 
for clinical benefit. In a randomized Phase II study of 
pomegranate extract for men with rising PSA following 
initial therapy for localized prostate cancer, pomegranate 
extract treatment was associated with more than 6 
months increase in PSA doubling time without adverse 
effects. Unfortunately, the significance of slowing of 
PSA doubling time remains unclear (Paller et al., 2013). 
Currently, clinical trials using either pomegranate juice 
or extract on prostate cancer patients are still ongoing 
(Table 1).

Genistein, the predominant isoflavone found in 
soybean (Glycine max (L.) Merr.), was found to have 
potent anti-tumor effects on prostate, brain, breast and 
colon cancers (Ravindranath et al., 2004; Hwang et al., 
2009; Nakamura et al., 2009; Das et al., 2010; Sakamoto 
et al., 2010). In Hela and CaSki cervical cancer cells, 
genistein inhibits cell growth by modulating various 
mitogen-activated protein kinases (MAPK) and inhibiting 
Akt phosphorylation (Kim et al., 2009). In MCF-7 breast 
cancer cells, genistein decreases protein expression of total 
Akt and phosphorylated Akt, suggesting that genistein 
could offer protection against breast cancer through down-
regulation of the PI3K/Akt signalling pathway (Anastasius 
et al., 2009). Combination of genistein and indol-3-
carbinol induces apoptosis and autophagy in HT-29 colon 
cancer cells by inhibiting Akt and mTOR phosphorylation 
(Nakamura et al., 2009). In addition, it inhibits Akt kinase 
activity and abrogates the EGF-induced activation of 
Akt in PC3 prostate cancer cells (Li and Sarkar, 2002). 
Genistein is also found to augment the efficacy of cisplatin 
in pancreatic cancer by down-regulating Akt expression 

(Banerjee et al., 2007).
The promising anti-cancer effects of genistein has 

led to Phase II clinical trials involving combination 
therapy of genistein with gemcitabine hydrochloride in 
stage IV breast cancer, genistein with gemcitabine and 
erlotinib in locally advanced or metastatic pancreatic 
cancer as well as genistein with vitamin D in men with 
early stage prostate cancer (Table 1). Other clinical trials 
of genistein include Phase II study in patients who are 
undergoing surgery for bladder cancer, Phase II study 
in patients with prostate cancer as well as Phase I study 
of genistein in preventing breast or endometrial cancer 
in healthy postmenopausal women (Table 1). A Phase II 
randomized, placebo-controlled trial was carried out to 
investigate whether daily, oral genistein (300 or 600 mg/d) 
as purified soy extract for 14 to 21 days before surgery 
alters molecular pathways in bladder epithelial tissue 
in 59 subjects diagnosed with urothelial bladder cancer 
(Messing et al., 2012). Overall, genistein treatment was 
well tolerated and the observed toxicities were primarily 
mild to moderate. A significant reduction in bladder 
cancer tissue p-EGFR staining was observed in low dose 
treatment group as compared with placebo. However, there 
were no significant differences in tumor tissue staining 
between treatment groups for COX-2, Ki-67, activated 
caspase-3, Akt, p-Akt and MAPK (Messing et al., 2012).

3,3’-diindolylmethane is a potential anticancer 
component found in cruciferous vegetables with anti-
proliferative and antiandrogenic properties in human 
prostate cancer cells (Le et al., 2003; Garikapaty et al., 
2006). In DU145 human prostate cancer cells, the anti-
proliferative effect of 3,3’-diindolylmethane was mediated 
by downregulation of PI3K, total Akt and phosphorylated 
Akt (Garikapaty et al., 2006). BR-DIM, a formulated 
3,3’-diindolylmethane with higher bioavailability, inhibits 
phosphorylation of Akt in C4-2B prostate cancer cells (Li 
et al., 2007b) and inhibits phosphorylation of Akt, mTOR, 
4E-BP1 and p70S6K in platelet-derived growth factor-
D-overexpressing PC3 prostate cancer cells (Kong et al., 
2008). A Phase I dose-escalation study of oral BR-DIM in 
castrate-resistant, non-metastatic prostate cancer patients 
revealed that BR-DIM was well tolerated and modest 
efficacy was demonstrated (Heath et al., 2010). In a pilot 
study to demonstrate the protective effect of BR-DIM 
supplements in postmenopausal women with a history of 
early-stage breast cancer, daily DIM (108 mg DIM/day) 
supplements for 30 days increased the 2-hydroxylation of 
estrogen urinary metabolites (Dalessandri et al., 2004). 
Currently, Phase II/III studies in patients with breast 
cancer and Phase II study in patients with stage I or stage 
II prostate cancer undergoing radical prostatectomy are 
ongoing (Table 1).

EGCG, a polyphenolic compound, is the major 
catechin found in green tea (Nagle et al., 2006). High 
consumption of green tea is associated with decreased risk 
of carcinogenesis and EGCG is a potent antioxidant that 
may have anticancer properties (Nagle et al., 2006; Katiyar 
et al., 2007; Pyrko et al., 2007). EGCG induces AMPK 
in both p53 positive and negative human hepatoma cells, 
resulting in the suppression of mTOR and 4E-BP1, and a 
general decrease in mRNA translation (Huang et al., 2009). 
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In keloid fibroblast, EGCG inhibits the phosphorylation 
of Akt, p70S6K and 4E-BP1 (Zhang et al., 2006). Further 
studies are needed to establish the relationship between 
EGCG and PI3K/Akt/mTOR pathway and to determine 
whether mTOR mediates the effects of EGCG in treating 
brain, prostate, cervical and bladder cancers (Hsieh and 
Wu, 2009; Philips et al., 2009; Qiao et al., 2009; Das et 
al., 2010). However, many current clinical studies focus on 
using green tea extract or polyphenon E in a wide range of 
cancers such as breast cancer, leukemia, multiple myeloma 
and head and neck lesions (Table 1).

Timosaponin AIII is a steroidal saponin isolated 
from Anemarrhena asphodeloides Bunge (Liliaceae), 
a traditional Chinese medicine with anti-diabetic, anti-
platelet aggregation and diuretic activities (Zhang et al., 
1999). Timosaponin AIII has been reported to exhibit 
cytotoxicity towards HeLa cervical cancer cells and 
HCT-15 human colorectal cancer cells (Sy et al., 2008; 
Kang et al., 2011). Timosaponin AIII selectively induces 
cell death in BT474 and MDAM231 breast carcinoma 
cells, but not in normal MCF10A immortalized mammary 
epithelial cells. It exerts its anti-proliferative activity by 
inhibiting phosphorylation of Akt and mTOR, as well as 
p70S6K and 4E-BP1 (King et al., 2009). This compound 
is still in pre-clinical stages and has not progressed into 
clinical trials.

Gallic acid is a natural antioxidant polyhydroxyphenolic 
compound found in various plants and fruits (Chu et al., 
2002; Sun et al., 2002). Gallic acid is also isolated from 
Phaleria macrocarpa (Scheff.) Boerl, an Indonesian 
medicinal plant which is used in traditional medicine 
to control cancer, impotency, hemorrhoids, diabetes 
mellitus, allergies, liver and heart disease. In preclinical 
studies, gallic acid induces apoptosis and inhibits cell 
growth of various cancer cell lines, including human 
TE-2 esophageal cancer, MKN-28 gastric cancer, HT-29 
and Colo201 colon cancer, MCF-7 breast cancer, CaSki 
cervix cancer and mouse colon-26 colon cancer cells 
(Faried et al., 2007). It up-regulates the pro-apoptotic Bax 
protein, induces the caspase-cascade and down-regulates 
anti-apoptotic protein such as Bcl-2 (Faried et al., 2007). 
In human TE-2 esophageal cancer cells, gallic acid 
reduces the phosphorylation of Akt, mTOR and p70S6K, 
suggesting that the inhibitory effect of gallic acid was 
mediated by down-regulation of Akt/mTOR pathway 
(Faried et al., 2007). 

Diosgenin is a naturally occurring plant steroid with 
potential antineoplastic activities as it induces apoptosis 
in various human cancer cell lines (Moalic et al., 2001; 
Liu et al., 2005). In human AU565 HER2-overexpressing 
breast adenocarcinoma cells, diosgenin down-regulates 
protein levels of fatty acid synthase (FAS), phosphorylated 
Akt and phosphorylated mTOR, suggesting that diosgenin 
may suppress FAS expression in AU565 cells through 
PI3K/Akt/mTOR signal transduction pathway (Chiang 
et al., 2007). High levels of FAS are associated with poor 
prognosis in human cancers, and it is highly elevated in 
HER2-overexpressing breast cancer cells (Kuhajda, 2000; 
Kumar-Sinha et al., 2003). In another study to determine 
effect of diosgenin on breast cancer cells, diosgenin is 
found to inhibit p-Akt expression and Akt kinase activity 

without affecting PI3 kinase levels. It causes G1 cell cycle 
arrest by down-regulating cyclin D1, cdk-2 and cdk-4 
expression in breast tumor cells, resulting in inhibition of 
cell proliferation and induction of apoptosis. Interestingly, 
no significant toxicity was seen in the normal breast 
epithelial cells (MCF-10A). In vivo tumor studies indicate 
that diosgenin significantly inhibits tumor growth in both 
MCF-7 and MDA-231 xenografts in nude mice, indicating 
that it is a potential chemotherapeutic agent (Srinivasan 
et al., 2009). Diosgenin, timosaponin AIII and gallic acid 
are still in pre-clinical stages and have not progressed to 
clinical trials.
 
Conclusion

Hyperactivation of the PI3K/Akt/mTOR signalling 
pathway is a prominent hallmark of cancer and is 
frequently implicated in resistance to anticancer therapies 
such as biologics, tyrosine kinase inhibitors, radiation, 
and cytotoxics (Ballou and Lin, 2008). In therapeutic 
sensitivity restoration, inhibitors of the PI3K/Akt/mTOR 
pathway are often evaluated in combination with the 
other anticancer therapies in preclinical models and in 
clinical studies. Current preclinical and clinical evidences 
suggest that inhibitors of the PI3K/Akt/mTOR pathway 
in combination with other anticancer therapies are able to 
circumvent resistance by cancer cells. One of the important 
considerations of mTOR inhibitors would be the general 
tolerability and safety profile of the drugs. Although most 
of the reported toxicities are mild to moderate in severity 
and can be managed clinically by dose modification and 
supportive measures, efforts should continue to optimize 
leads with greater safety and better pharmacological 
profile. It is quite interesting that mTOR signalling 
pathway is not only implicated in various cancers but 
appears to be involved in multiple disease conditions. 
For example, rapamycin was also investigated for its 
longevity activity and lifespan extension possibilities. 
The relationship between age-associated diseases with 
mTOR and its signalling systems are intriguing. The 
mTOR signalling pathway clearly offers tremendous 
opportunities for discovery of new drugs that target both 
aging and its associated diseases (Sharp and Richardson, 
2011).

Rapamycin and its analogues are versatile drugs 
with proven efficacy in cancer and new drugs produced 
promising results in various cancer-related clinical trials. 
Potential chemopreventive activities of some natural 
phytochemicals such as curcumin, green tea extract and 
pomegranate are convincing as more and more trials were 
carried out to provide evidence-based data to advocate 
chemoprevention of cancer. The challenge for the 
future will be to further dissect the molecular signalling 
pathway to fully understand the mechanisms underpinning 
sensitivity or resistance to mTOR inhibition. The uncover 
of these pathways and identification of novel drug targets 
will provide insight into rational combinations of mTOR 
inhibitors with classic cytotoxic agents, radiation, and 
other molecular targeted therapies in the treatment and 
prevention of cancer as well as to discover novel uses of 
this class of drugs.
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Abstract

Mechanistic target of rapamycin (mTOR) is a protein kinase regulating cell growth, survival, metabolism, and immunity.
mTOR is usually assembled into several complexes such as mTOR complex 1/2 (mTORC1/2). In cooperation with raptor,
rictor, LST8, and mSin1, key components in mTORC1 or mTORC2, mTOR catalyzes the phosphorylation of multiple
targets such as ribosomal protein S6 kinase β-1 (S6K1), eukaryotic translation initiation factor 4E binding protein 1
(4E-BP1), Akt, protein kinase C (PKC), and type-I insulin-like growth factor receptor (IGF-IR), thereby regulating
protein synthesis, nutrients metabolism, growth factor signaling, cell growth, and migration. Activation of mTOR
promotes tumor growth and metastasis. Many mTOR inhibitors have been developed to treat cancer. While some
of the mTOR inhibitors have been approved to treat human cancer, more mTOR inhibitors are being evaluated in
clinical trials. Here, we update recent advances in exploring mTOR signaling and the development of mTOR inhibitors
for cancer therapy. In addition, we discuss the mechanisms underlying the resistance to mTOR inhibitors in cancer cells.

Keywords: Cancer, Drug resistance, mTOR, Oncogene, Targeted therapy

Introduction
The mechanistic target of rapamycin (mTOR) is a dual-
specificity protein kinase phosphorylating serine/threo-
nine as well as tyrosine residues [1]. Since the catalytic
domain of mTOR resembles that of lipid kinases such as
phosphoinositide 3-kinase (PI3K), mTOR is considered as
an atypical protein kinase belonging to the PI3K-related
kinase family [2]. As a core component of several distinct
complexes including mTOR complex 1 (mTORC1),
mTOR complex 2 (mTORC2), and a putative mTOR
complex 3 (mTORC3), mTOR has critical roles in diverse
biological processes, such as cell proliferation, survival,
autophagy, metabolism, and immunity [2, 3]. While
mTOR and mammalian lethal with SEC13 protein 8
(mLST8) are common members of both mTORC1 and
mTORC2, regulatory-associated protein of mTOR (raptor),
the 40 kDa proline-rich Akt substrate (PRAS40), and DEP
domain-containing protein 6 (DEPTOR) are specific
members of mTORC1 [1, 2]. Instead, rapamycin-insensitive
companion of mTOR (rictor) and mammalian stress-
activated protein kinase-interacting protein 1 (mSIN1 or
MAPKAP1) are unique components in mTORC2 but not
mTORC1 [1]. Another rapamycin-insensitive complex,

mTORC3, consists of ETV7, mTOR, and other undefined
components [3]. mTORC1 senses nutrients, growth factors,
and cellular energy to orchestrate nucleotide, lipid, and
protein synthesis; inhibit autophagy; and stimulate cell
growth [2]. mTORC2 is not only regulated by growth
factors, but also activates type I insulin-like growth factor
receptor (IGF-IR) and insulin receptor (InsR) through the
tyrosine kinase activity of mTOR [1]. Besides, mTORC2
regulates the actin polarization and endocytosis [4, 5].
The mTOR signaling pathway has critical roles in

mammalian metabolism and physiology. The de-regulated
activity of mTOR is involved in many pathophysiological
conditions, such as aging, Alzheimer’s disease, diabetes,
obesity, and cancer [2]. As a natural inhibitor of
mTORC1, rapamycin is able to increase lifespan in mice
[6, 7]. mTOR activity is frequently de-regulated in a
variety of human cancers, such as breast, prostate, lung,
liver, and renal carcinomas. Upregulation of mTOR signa-
ling can promote tumor growth and progression through
diverse mechanisms including the promotion of growth
factor receptor signaling, angiogenesis, glyolytic meta-
bolism, lipid metabolism, cancer cell migration, and
suppression of autophagy [1, 2]. Hence, mTOR is a
promising target for cancer therapy. In this review,
we discuss the roles of mTOR in human cancer and
the rationales and challenges for developing mTOR
inhibitors to treat cancer.
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The assembly of mTOR complexes
The studies of mTORC1 structure demonstrate that
mTORC1 adopts a dimeric architecture with an overall
size of (280~300) × (200~210) × (100~130) Å3 [8, 9].
mTOR and LST8 form the core of mTOR complex that
contains raptor and other regulatory proteins [8]. The
human mTOR contains 2549 amino acids that form
several domains including the NH2-terminal HEAT
(N-HEAT), middle HEAT (M-HEAT), FAT, and kinase
domain with a FRB insertion (Fig. 1). Raptor also
contains a HEAT domain, as well as WD40 and cas-
pase-like domain [8, 9]. Besides, LST8 has WD40 domain.
The HEAT motifs have conserved Asp and Arg residues
at positions 19 and 25, respectively. A signature motif of
WD40 repeats is ~ 40 amino acids often ending with a
tryptophan-aspartic acid (W-D) dipeptide [10]. The
HEAT repeats 12–13 in one mTOR interact with the
HEAT repeats 20–23 in the M-HEAT domain of an-
other mTOR, thereby forming a dimer [8]. Raptor

may stabilize the dimer by binding the HEAT repeats 11–
13 in one mTOR and repeats 20–22 in another mTOR [8,
11]. In addition, raptor is required for recruiting substrates
to mTORC1 [12, 13]. Both mTOR and raptor are sub-
jected to phosphorylation at multiple residues (Fig. 1a),
which positively or negatively regulates mTORC1 activity.
The assembly of mTORC2 and Saccharomyces cerevisiae

TORC2 follows a similar principle to mTORC1. The
human mTORC2 structure reveals a hollow rhombohedral
fold with overall dimensions of ~ 220 × 200 × 130 (Å3)
[14]. A dimer of mTOR is located in the core of this
complex, while each mTOR or TOR heterodimerizes
with rictor and mSIN1 [14, 15]. Rictor has an NH2-ter-
minal armadillo (ARM) repeat cluster (~ 900 residues),
and the rest of the rictor is largely unstructured (Fig. 1b)
[16]. Interestingly, ARM and HEAT domains have similar
conserved residues that form the hydrophobic domain
core and may have a common phylogenetic origin [17]. In
addition, mSin1 has a CRIM, a Ras-binding domain

Fig. 1 The domains in key components of mTORC1 and mTORC2. a The molecular weight, domains, and phosphorylation sites in key
components of mTORC1, including mTOR, LST8, and raptor. b The molecular weight, domains, and phosphorylation sites in key components
of mTORC2, including mTOR, mSin1, and rictor

Hua et al. Journal of Hematology & Oncology           (2019) 12:71 Page 2 of 19



(RBD), and a pleckstrin homology (PH) domain [18].
During the assembly of mTORC2, the FRB domain of
mTOR binds to mSin1 and the carboxy terminal region of
rictor, while the NH2-terminal portion (residues 506–516)
of rictor interacts with the COOH-terminal region (resi-
dues 1186-1218) of M-HEAT of mTOR [14]. In addition,
mSin1 directly binds to rictor. Both rictor and mSin1 are
responsible for recruiting substrates to mTORC2. Of note,
both rictor and mSin1 have mTOR-independent partners.
For example, rictor interacts with integrin-linked kinase
and promotes its phosphorylation of Akt [19], while
mSin1 interacts with Ras and inhibits ERK1/2 phosphory-
lation [20]. Thus, the outcome from the manipulation of
rictor or mSin1 alone may not exactly reflect the function
of mTORC2.

Regulation of mTORC1 activity
The activity of mTORC1 is regulated by growth factors,
cellular energy, stresses and nucleotides, etc. The lyso-
somes are primary sites for mTORC1 activation. The
activation of mTORC1 by growth factors is dependent on
Ras homolog enriched in the brain (RHEB), a lysosomal
GTPase that directly interacts with mTOR and activates it
[21]. Upon binding to growth factors such as epidermal
growth factor (EGF) and insulin-like growth factor (IGF),
the growth factor receptors (EGFR, IGFR, etc.) are
activated, which in turn activate PI3K-PDK1-Akt signaling
pathway. Active Akt phosphorylates tuberous sclerosis
complex 2 (TSC2) and inhibits the TSC complex, a
GTPase-activating protein (GAP) complex consisting of
TSC1/2 and TRE2-BUB2-CDC16 domain family member
7 (TBC1D7) [22, 23]. The TSC complex can inactivate
RHEB thereby inhibiting mTOR [24]. Therefore, the
activation of Akt leads to the depression of RHEB and
then activates mTORC1. Moreover, the ubiquitination of
RHEB regulates its ability to activate mTORC1 [21]. The
E3 ubiquitin ligase RNF152 catalyzes RHEB ubiquitina-
tion, leading to an increase in the interaction between
RHEB and TSC [21]. In contrast, Akt can phosphorylate
the deubiquitinase USP4 that promotes RHEB deubiquiti-
nation thereby releasing RHEB from TSC [21].
Downstream of the growth factor receptors, the

mitogen-activated protein kinase (MAPK) also up-
regulates mTORC1 activity. Mechanistically, MEK1/2
promotes raptor phosphorylation through ERK1/2 and
p90 ribosomal S6 kinase (RSK1/2). ERK1/2 directly
phosphorylates raptor at S8, S696, and S863, while
RSK1/2 phosphorylates raptor at S719/722 [25, 26].
Meanwhile, the intestinal cell kinase (ICK), a MAPK-
related kinase, phosphorylates raptor at T908 [27].
Phosphorylation of raptor by ERK/RSK/ICK promotes
the activation of mTORC1.
mTORC1 not only senses growth factors, but also

responds to cellular energy. Low cellular energy results in

an increase in AMP/ATP ratio, which activates the energy
sensor AMP-dependent kinase (AMPK). AMPK stimu-
lates the GAP activity of TSC and then promotes the
inhibition of RHEB by TSC, leading to the downregulation
of mTORC1 [28]. In addition, the TCA cycle metabolite
ketoglutarate inhibits mTORC1 through repressing ATP
synthase, increasing AMP/ATP ratio and activating
AMPK [29]. Cellular energy deficiency usually leads to
endoplasmic reticulum stress, which in turn induces the
unfolded protein response (UPR). Ire1, ATF6, and PERK
are three major mediators of the UPR. Upon ER stress,
ATF6 can induce RHEB expression, which in turn
promotes mTORC1 activation and cell survival [30].
However, overactivated mTORC1 is also harmful to
cell survival under ER stress. Mutations in TSC1/2 or
activation of RHEB renders cells hypersensitive to ER
stress-induced apoptosis, which may be due to the
downregulation of ATF4/6 by mTOR [31]. Therefore,
mTORC1 may have versatile effects on cell survival
under ER stress.
While the regulation of mTORC1 by growth factors is

dependent on RHEB and the TSC complex, amino acids
can stimulate mTORC1 independent of TSC. The regula-
tion of mTORC1 by amino acids is very complicated,
involving multiple amino acid sensors and protein
machinery [32]. The lysosomal Ragulator (RAG) guano-
sine triphosphatases (GTPases) play key roles in the
activation of mTORC1 by amino acids. RAGA or RAGB
heterodimerizes with RAGC or RAGD [33]. Further, RAG
proteins form a large complex with LAMTOR1/2/3/4/5,
which recruit RAG and mTORC1 to the lysosomal surface
[34]. The activity of RAG is regulated by two complexes,
GATOR1 and GATOR2. GATOR1, which is composed of
DEPDC5, NPRL2, and NPRL3, inhibits the GTPase-
activated protein (GAP) activity of RAGA/B thereby
repressing the activation of mTORC1 by amino acids [35].
Instead, GATOR2, a protein complex consisting of
MIOS, WDR24, WDR59 SEH1L, and SECB, negatively
regulates GATOR1 by inducing DEPDC5 degradation
[35]. Furthermore, KICSTOR, a large complex consisting of
KPTN, ITFG2, C12ORF66, and seizure threshold 2 (SZT2),
recruits GATOR1 to the lysosomal surface and mediates
the interaction between GATOR1 and RAG [36, 37].
Sestrin (SESN) is another category of negative inhibitors

of amino acid-induced mTORC1 activation. Mechanis-
tically, SESNs interact with GATOR2, leading to the
release of GATOR1 from GATOR2. The released
GATOR1 in turn inhibits RAG and mTORC1 [38–40]. Of
note, SESN2 is known as a leucine sensor in mTORC1
signaling. Leucine directly binds to SESN2, leading to
the dissociation of SESN2 from GATOR2. The re-
leased GATOR2 binds to GATOR1 and then prevents the
inhibition of RAG by GATOR1. These sequential pro-
cesses result in RAG-mediated mTORC1 activation [41].
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To prevent the overactivation of mTORC1 by amino
acids, there are negative feedback pathways to RAG-
mediated mTORC1 activation. Two E3 ubiquitin
ligases, RNF152 and SKP2, reportedly induce RAGA
ubiquitination and potentiate the binding of RAGA to
GATOR1 [42, 43]. While leucine sufficiency is sensed
by SESN2, the stimulation of mTORC1 by arginine is
mediated by SLC38A9 [44]. Moreover, the ubiquitin
ligase TRAF6 can catalyze K63 ubiquitination of both
Akt and mTOR thereby promoting the activation of
Akt and mTORC1 by amino acids [45, 46].
In addition, mTOR may be activated by lipid and

cholesterol. Fatty acid metabolism leads to the de novo
synthesis of phosphatidic acid (PA), which stabilizes both
mTORC1 and mTORC2 [47]. Moreover, cholesterol can
stimulate mTORC1 activation and growth signaling.
Mechanistically, SLC38A9 acts as a lysosomal choles-
terol sensor to stimulate the activation of mTORC1 by
RAG complex [48]. Recently, it was reported that
mTORC1 is also responsive to the levels of purine
nucleotides [49]. While adenylate stimulates mTORC1
by inhibiting TSC, guanylate downregulates RHEB and
then inhibits mTORC1 [49]. The mechanisms under-
lying the regulation of TSC and RHEB by adenylate and
guanylate remain to be known.

Regulation of mTORC2 activity
Although mTORC1 and mTORC2 are distinct com-
plexes, there is a crosstalk between these two complexes.
On one hand, mTORC2 can activate IGF-IR-Akt axis
thereby upregulating mTORC1 [1]. On the other hand,
mTORC1 feeds back to inhibit mTORC2 via S6K1, one
of the substrates of mTORC1. Once activated by
mTORC1, S6K1 phosphorylates rictor and mSin1 on
T1135 and T86/398, respectively, leading to the impair-
ment of mTORC2 integrity [50–52].
While mTORC2 directly activates IGF-IR and InsR,

receptor tyrosine kinases such as EGFR, PDGFR, and
IGF-IR can activate mTORC2 via PI3K. Mechanistically,
PI3K-induced PtdIns (3,4,5) P3 (PIP3) binds to the PH
domain of mSin1 and then disables the inhibition of
mTOR kinase domain by mSin1, thereby activating
mTORC2 [18]. In addition, PI3K promotes the asso-
ciation of mTORC2 with ribosome, where mTORC2 is
activated [53]. Therefore, mTORC2 also responds to
growth factors. Notably, another study suggests that
mTORC2 activity is localized in the plasma membrane,
mitochondria, and endosomal vesicles, and the activity
of mTORC2 via the mSin1-PH domain at the plasma
membrane is PI3K- and growth factor-independent [54].
In addition, IKKα interacts with mTORC2 and enhances
its kinase activity towards Akt [55]. These data suggest
that the activation of mTORC2 involves multiple
location and different mechanisms.

How does mTORC2 respond to cellular energy and nu-
trients? The energy sensor AMPK inhibits mTORC1 and
then releases the suppression of mTORC2 by mTORC1,
leading to the activation of mTORC2 [56]. Thus, upregu-
lation of mTORC2 may help cells adapt to low levels of
cellular energy. Moreover, mTORC2 is activated by
glutamine starvation. Activated mTORC2 upregulates the
expression and phosphorylation of glutamine:fructose-6-
phosphate amidotransferase 1 (GFAT1), the rate-limiting
enzyme of the hexosamine biosynthesis pathway (HBP)
[57, 58]. A study of budding yeast demonstrates that the
LKB1-ELM1-GIN4/HSL1 axis is required for coordinating
TORC2 signaling to the changes in carbon source [59]. It
remains to know if similar pathway works in human
cancer cells.
Similar to mTORC1, mTORC2 is also stabilized by

phosphatidic acid (PA), a central metabolite in the synthe-
sis of membrane phospholipids [60]. The generation of PA
is catalyzed by the phospholipase D, diacylglycerol kinases,
and lysophosphatidic acid acyltransferases. Moreover, the
activity of mTORC1 and mTORC2 is regulated by mLST8
ubiquitination. It has been reported that the E3 ubiquitin
ligase TRAF2 positively regulates K63-linked polyubiquiti-
nation of mLST8, which impairs its interaction with
mSin1 and compromises the mTORC2 integrity, but
enhances the assembly of mTORC1 [61]. On the contrary,
the deubiquitinase OTUDB7 removes polyubiquitin
chains from GβL to promote GβL interaction with mSin1
and the integrity of mTORC2 [61]. Besides, the exchange
factor found in platelets, leukemic, and neuronal tis-
sues (XPLN) interacts with mTORC2 and negatively
regulates mTORC2 activity [62]. Lastly, mTOR is a
target of proteasomal degradation when it is ubiquiti-
nated by FBXW7 [63].

Targets of mTORC1 and mTORC2
As a protein kinase, mTOR catalyzes the phosphorylation
of its targets and regulates their activity. mTORC1 and
mTORC2 have different substrates. While the repertoire
of mTOR substrates keeps increasing, there are more
targets remaining to be identified. S6K1 and 4E-BP1 are
two well-known mTORC1 targets. mTORC1 phosphory-
lates S6K1 at T389 and 4E-BP1 at multiple residues [64].
Phosphorylation of S6K1 by mTORC1 leads to increased
protein and nucleotide synthesis. While 4E-BP1 is a nega-
tive regulator of 5′cap-dependent mRNA translation,
phosphorylation of 4E-BP1 by mTORC1 induces its
dissociation from eIF4E, thereby relieving its inhibition of
protein synthesis [65]. To cope with increased protein
synthesis, mTORC1 also promote ribosome biogenesis by
inducing ribosomal RNA transcription. Mechanistically,
mTORC1 may translocate to the nucleus, where it binds
to ribosomal DNA promoter [66–68]. Nuclear mTOR also
phosphorylates TFIIIC and Maf1, thereby promoting
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tRNA gene transcription [69]. In fact, nuclear mTOR reg-
ulates RNA polymerase 1/2/3-driven transcription. In
addition, mTORC1 phosphorylates the E3 ubiquitin ligase
SKP2 at S64 and then inhibits SKP2 ubiquitination and
degradation [70]. Given that SKP2 promotes the de-
gradation of many proteins, mTORC1 may regulate the
turnover of SKP2 substrates indirectly. Thus, mTORC1
not only promotes protein synthesis, but also regulates
protein degradation.
Following the identification of mTORC2, it was found

that protein kinase C (PKC) α/β were the substrates of
mTORC2 that regulates the actin cytoskeleton [4, 71].
Moreover, mTORC2 phosphorylates and activates other
AGC kinases, such as serum and glucocorticoid-induced
kinase (SGK) and Akt. mTORC2 phosphorylates Akt at
S473, leading to allosteric activation of Akt in cooperation
with the catalytic activation by PDK1, which phosphory-
lates Akt at T308 [72]. During the synthesis of nascent
proteins, mTORC2 can co-translationally phosphorylate
some polypeptides while they are attached to the ribo-
some. IGF2 mRNA-binding protein (IMP) is responsible
for the splicing and translation of IGF2 mRNA. mTORC2
co-translationally phosphorylates IMP1 at S181 and then
promotes IMP1 binding to the untranslated region of
IGF2 mRNA and enables translational initiation by
internal ribosomal entry [73]. mTORC2 not only enhances
the production of IGF2 protein, but also phosphorylates
and activates IGF-IR and insulin receptor [1]. In contrast
to mTORC1’s activity as a ser/thr kinase, mTORC2 has
tyrosine kinase activity towards IGF-IR/InsR [1].

mTOR inhibitors for cancer therapy
The activity of mTOR is frequently upregulated in
human cancer. The aberrant activation of mTOR in human
cancer may be attributed to mTOR pathway-activating
mutations, amplification, or overexpression of the com-
ponents of mTOR complexes and mutations or loss of
negative regulators of mTOR. PIK3CA mutations are
frequently detected in human cancer. Activation of PI3K
promotes both mTORC1 and mTORC2 activation. In
addition, mutations in KRAS and BRAF may lead to
mTORC1 activation. Especially, KRAS can directly bind to
PIK3CA (p110α) and activates PI3K pathway, leading to
mTOR activation [74]. mTOR-activating mutations are ob-
served in kidney cancer. While mTOR activity is usually
upregulated by growth factors and amino acids, activating
mutations in mTOR may result in RAG- and RHEB-
independent mTOR hyperactivation, thus loss of the de-
pendency on growth factors and amino acids [75]. Point
mutations in RHEB and GATOR1 were also detected in
renal cancer and endometrial cancer [76]. RHEB1 is over-
expressed in acute myeloid leukemia (AML) and promotes
AML progression [77]. Whereas mTOR amplification is
rare in human cancer, rictor amplification is detected in

various kinds of cancer, such as breast cancer, gastric can-
cer, and liver cancer [78, 79]. Moreover, rictor is overex-
pressed in human cancers of the brain, breast, lung, gastric,
colon, liver, and tongue [80, 81].
Given that mTOR has critical roles in tumor progres-

sion, mTOR inhibitors hold promise in cancer therapy.
Indeed, rapamycin analogs (rapalog) have been approved
for treating cancer in the clinic. In addition, many
mTOR inhibitors with different mechanisms of action
have been developed, some of which are undergoing
clinical trials in variety types of human cancer.

Rapalog
Rapamycin was originally identified as an antifungal,
immunosuppressive, and antiproliferative agent. Later
studies revealed that rapamycin binds to the 12 kDa
FK506-binding protein (FKBP12) and then inhibits
mTORC1 [82]. Since rapamycin has poor solubility
and pharmacokinetics, it is not suitable for treating
human cancer. So far, several water-soluble rapamycin
analogs have been developed. For example, temsiroli-
mus and everolimus exhibit tumor-suppressive effects
in vivo. Both temsirolimus and everolimus have been
used to treat advanced renal cell carcinoma (RCC) in
the clinic. Moreover, everolimus is prescribed for
treating pancreatic neuroendocrine tumors and advanced
breast cancer [83]. Besides, there are many clinical trials
to evaluate the efficacy of rapalogs in treating other
types of human cancer, such as advanced gastric
cancer, hepatocellular carcinoma, non-small cell lung
cancer, endometrial cancer, and mantle cell lymphoma
(clinicaltrials.gov).
Of particular note, the effect of rapalog monotherapy

on solid tumors is modest in the clinic. The incomplete
inhibition of mTOR by rapalogs may result in limited
clinical success. On the other hand, inhibition of
mTORC1 may lead to feedback activation of IGF-IR and
Akt, which compromises the anti-cancer effect of
rapalogs [1]. Taking into account the complexity of
mTOR signaling networks, it is not hard to understand
that the response to rapalogs varies in patients with
cancer, such as metastatic RCC. It is desirable that there
are biomarkers to predict the responses to mTOR in-
hibition. KRAS, BRAF, and TSC mutations are known as
resistant markers for mTOR inhibitors, whereas PIK3CA
mutations are sensitive marker [84, 85]. However, the
roles of TSC1/2 and mTOR mutations in responding to
rapalogs remain controversial. Although it has been
reported that mutations in TSC1/2 and mTOR are more
frequent in RCC patients who respond well to rapalogs,
the majority of rapalog responders have no mutations in
mTOR pathway, suggesting that other factors are also
involved in rapalog sensitivity [86]. Notably, rapalogs
usually arrest cell proliferation but does not induce
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apoptosis. Despite the initial response, tumors frequently
develop resistance to these agents.

ATP-competitive mTOR inhibitors
To more completely inhibit mTOR, a number of ATP-
competitive mTOR inhibitors have been developed to
target both mTORC1 and mTORC2. Tumors that are
addicted to the mTOR signaling pathway may be
sensitive to this kind of inhibitors. Unlike rapalogs, ATP-
competitive mTOR inhibitors can not only arrest cell
growth, but also induce apoptosis. MLN0128 (also called
INK128, sapanisertib, TAK-228) is a pan-mTOR in-
hibitor that has potent in vitro and in vivo anti-tumor
effects, and has underwent clinical trials for solid tumors
such as bone and soft tissue sarcoma, breast cancer, and
primary effusion lymphoma, a non-Hodgkin B cell
lymphoma that usually results from infection of Kaposi
sarcoma-associated herpesvirus [87–90]. MLN0128 also
reduces tumor growth in CD44-high HCC xenografts
and resensitizes HCC to sorafenib [91]. Of note,
MLN0128 is an effective agent even in tumors that are
resistant to rapamycin or chemotherapy. A recent study
demonstrates that MLN0128 can overcome resistance to
everolimus and reduce tumor size by 20% in PIK3CA-
mutant colorectal cancers [92]. In addition, MLN0128
can induce tumor shrinkage in patient-derived xenograft
model of pancreatic neuroendocrine tumors, even in
everolimus-resistant tumors [93].
PP242 (Tokinib) is another selective ATP-competitive

inhibitor of mTOR that has a promising anti-cancer
activity over several cancer types, such as leukemia,
gastric cancer, and colon cancer [94, 95]. Given that
the Akt-mTOR signaling pathway is upregulated in
platinum-resistant cancer cells, studies demonstrate
that mTORC1/2 inhibitor, such as PP242 and MLN0128,
can re-sensitize platinum-resistant ovarian cancer cells to
carboplatin in vitro and in vivo [96, 97]. Mechanistically,
mTOR inhibition leads to a sharp decrease in the transla-
tion of DNA damage and repair response and pro-survival
mRNAs, including CHK1 [98]. Consistent with the in-
hibition of DNA repair, mTOR inhibitors are also effective
in enhancing radiosensitivity or restoring radiosensitivity
in radioresistant tumors [99, 100]. Moreover, inhibition of
mTORC1/C2 signaling improves anti-leukemia efficacy of
JAK/STAT blockade in CRLF2-rearranged and/or JAK-
driven Philadelphia chromosome-like acute B cell lympho-
blastic leukemia [101].
Both AZD2014 (vistusertib) and its analog AZD8055,

two ATP-competitive mTORC1/2 inhibitors, are highly
effective in treating estrogen receptor (ER)-positive breast
cancer. Moreover, AZD2014 and AZD8055 can suppress
breast cancer with acquired resistance to endocrine
therapy, rapalogs, and paclitaxel [102, 103]. In addition, a
combination of AZD2014 with paclitaxel reduces tumor

volume in cisplatin-resistant ovarian cancer model [104].
Similar to PP242, AZD2014 enhances the radiosensitivity
of glioblastoma stem-like cells [105]. Based on the above-
described studies, it appears that the pan-mTORC1/2 in-
hibitors generally reverse rapalog resistance, endocrine re-
sistance, chemoresistance, and radioresistance.

Dual PI3K/mTOR inhibitors
Although inhibition of mTORC1 and mTORC2 can
downregulate Akt S473 phosphorylation, mTOR inhibi-
tors may paradoxically enhance the PI3K/PDK1 axis.
Thus, an inhibitor targeting both PI3K and mTOR may
have better anti-cancer activity compared to targeting
mTOR alone [106, 107]. Due to the similarity between
PI3K and mTOR, some chemicals can inhibit both PI3K
and mTOR. NVP-BEZ235 (dactolisib) inhibits the activity
of multiple class I PI3K isoforms, mTOR and ataxia
telangiectasia, and Rad3-related protein (ATR) and has
potent anti-cancer activity [108]. Notably, NVP-BEZ235
can penetrate the blood-brain barrier after systemic
administration [109]. Therefore, it can be used to treat
glioma and reverse temozolomide resistance [110]. In
addition, NVP-BEZ235 can suppress paclitaxel-resistant
gastric cancer, which exhibits increased PI3K/mTOR
activity [111].
LY3023414, a complex fused imidazoquinolinone, is

an oral PI3K/mTOR and DNA-PK inhibitor that has
anti-tumor effects in animal models. Combination of
LY3023414 with standard chemotherapeutic drugs has
additive anti-tumor activity [112, 113]. Another dual
PI3K/mTOR inhibitor voxtalisib (SAR245409, XL765), a
pyridopyrimidinone derivative, significantly inhibits tumor
growth in multiple human xenograft models [114]. Com-
bination of voxtalisib and the MEK inhibitor pimasertib
synergistically inhibits certain endometrial cancer cells
growth [115]. Other dual PI3K/mTOR inhibitors include
PQR309, XH00230381967, SN20229799306, GSK2126458
(omipalisib), and PKI-587.
Of note, PQR309 is a 4,6-dimorpholino-1,3,5-triazine-

based, brain-penetrant, and orally bioavailable PI3K/
mTOR inhibitor [116]. PQR309 effectively inhibits lym-
phoma in monotherapy and in combination therapy
with other drugs, such as the BCL2 inhibitor veneto-
clax, the HDAC inhibitor panobinostat, the Bruton’s
tyrosine kinase inhibitor ibrutinib, lenalidomide, the
BET proteolysis-targeting chimera ARV-825, the prote-
asome inhibitor marizomib, and the anti-CD20 mono-
clonal antibody rituximab [117]. Moreover, PQR309 can
suppress cancer cells with primary or secondary resistance
to the PI3Kδ. PQR620 and the PI3K/mTORC1/2 inhibitor
PQR530 effectively cross the blood-brain barrier [118].
The dual specificity PI3K/mTOR inhibitor gedatolisib

(PKI-587, PF05212384) is a bis(morpholino-1,3,5-tria-
zine) derivative [119]. Gedatolisib inhibits tumor growth
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in breast, colon, lung, and glioma xenograft models and
displays efficacy against T cell acute lymphoblastic
leukemia (T-ALL) and Philadelphia chromosome (Ph)-
like B cell acute lymphoblastic leukemia (Ph-like ALL)
[107, 120]. Combination of gedatolisib with ruxolitinib
or dasatinib has superior efficacy than a single agent in
CRLF2/JAK-mutant models and ABL/PDGFR-mutant
models, respectively [120]. In addition, gedatolisib
sensitizes head, neck, and nasophageal carcinoma to ra-
diation therapy [121, 122] and sensitizes EGFR-resistant
head and neck carcinoma to cetuximab [123]. Thus,
gedatolisib may be a candidate sensitizer to radiotherapy
and targeted therapy.
GSK2126458 (omipalisib) is an orally bioavailable

inhibitor of PI3Kα and mTOR [124]. Omipalisib potently
inhibits FGFR4-V550E tumor-derived cell and human
rhabdomyosarcoma cell viability and reduces the growth
of rhabdomyosarcoma in vivo [125]. In addition, a
combination of the PI3K/mTOR inhibitor VS-5584 and
the Wnt inhibitor ICG-001 synergistically inhibits AML
with high PRL-3 expression [126]. Finally, the efficacy
of mTOR inhibitor may be enhanced by linking the
kinase inhibitor to rapamycin (RapaLink) [127]. EZH2
(Y641X)-mutant lymphomas show increased sensiti-
vity to RapaLink-1 [128]. Given that RapaLink in-
tegrates the activity of both rapamycin and mTOR
kinase inhibitor, it is worthwhile looking forward to
the efficacy in clinical trials. Lastly, there are many
drugs that may indirectly inhibit mTOR, such as
aspirin and metformin [129–131].

Principle mechanisms of mTOR inhibitor resistance
in cancer
Drug resistance is a serious problem in treating cancer.
Although there may be an initial response, long-lasting
treatment with chemotherapeutic or molecular-targeted
drugs often faces the challenge of drug resistance. Due to
the tumor heterogeneity, some tumors do not respond to
a given drug at all. Clonal selection, adaptive evolution,
and resistance to cell death are general mechanisms for
drug resistance. Due to the complexity and crosstalk in
signaling networks, cancer cells may adapt to an inhibitor
that targets a given signaling pathway via the com-
pensatory activation of other pathways. Although mTOR
inhibitors exhibit potent anti-cancer effects in many
preclinical models, resistance does occur. As described
below, there are multiple mechanisms underlying the
resistance to mTOR inhibitors (Fig. 2).

Drug efflux by ATP binding cassette transporters
ATP-binding cassette (ABC) transporters constitute drug
efflux pumps that decrease the intracellular levels of
drugs, leading to poor treatment outcome. Overexpres-
sion of ABC transporters is a general mechanism for
multi-drug resistance in cancer. The same may be true
for mTOR inhibitor resistance. In fact, the mTOR in-
hibitors rapamycin and NVP-BEZ235 are substrates of
ABCB1 (P-glycoprotein) and ABCG2 (also called breast
cancer resistance protein, BCRP), respectively [132]. In
addition, AZD8055 is transported by both ABCB1 and
ABCG2 [132].

Fig. 2 The mechanisms for resistance to mTOR inhibitors in cancer cells. ABC transporters, ATP binding cassette transporters; EMT,
epithelial-mesenchymal transition
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Studies show that ABCB1 is overexpressed in luminal
breast cancer cell lines that are resistant to everolimus
[133]. Also, ABCB1 inhibits brain accumulation of
everolimus [134]. Overexpression of ABCG2 in cancer
cells confers significant resistance to PF-4989216, which
can be reversed by an inhibitor or competitive substrate
of ABCG2 [135]. Moreover, GDC-0980 is subject to
active efflux by ABCB1 and BCRP, which limits its
efficacy [136]. The affinity for ABC transporters may
vary among different mTOR inhibitors. Lowering the
affinity for ABC transporters or inhibiting ABC trans-
porters may enhance the efficacy of mTOR inhibitors.

Cancer stem cells
Cancer stem cells (CSCs) are a subpopulation in tumor
mass that is extremely resistant to standard cancer therapy.
Slow-cycling CSC is one of the major obstacles to eradicate
tumor [137]. It is generally thought that the mTOR
pathway is hyperactivated in CSC. Transforming growth
factor-β (TGF-β) can induce epithelial-mesenchymal tran-
sition (EMT), which enhances cancer stem cell generation.
mTOR is one of the mediators in TGF-β signaling path-
ways that enhances cancer stemness and drug resistance
[138]. The inhibitory effect on CSCs has already been
shown for some mTOR inhibitors [139]. Rapamycin,
everolimus, and PF-04691502 suppress tamoxifen-induced
activation of breast cancer stem cells [140]. Inhibition of
mTOR restores tamoxifen resistance in breast cancer cells
[141]. Moreover, the ATP-competitive mTOR inhibitor
Torin1 and PI3K/mTOR inhibitor VS-5584 preferentially
reduce CSC levels in multiple mouse xenograft models of
human cancer [142, 143].
However, the interplay between mTOR inhibitors and

CSC is complex. Previous studies show that expansion
of CSC promotes the resistance to mTOR inhibitor in
leiomyosarcoma [144]. PDK1 signaling toward PLK1-
MYC activation leads to tumor-initiating cell activation
and resistance to mTOR inhibition [145]. Inhibition of
EZH2, a catalytic component of polycomb repressive
complex which plays a critical role in stem cell main-
tenance, restores sensitivity to PI3K/mTOR pathway
inhibition. It appears that the sensitivity to mTOR in-
hibitors in CSC may be context- or cell type-dependent.
Of note, one study demonstrates that TP53 mutation
and BCL2 phosphorylation affect the sensitivity of
glioblastoma stem-like cells to mTOR inhibitor [146].
BCL2 (T56/S70) phosphorylation in TP53 wild-type
glioblastoma stem-like cells is responsible for the lower
sensitivity to the mTORC1/2 inhibitor AZD8055, as -
compared to TP53-mutated glioblastoma stem-like cells
[146]. In addition, while mTOR inhibitors reportedly sup-
press CSC, one study demonstrates that treatment of
TNBC cell lines with PI3K/mTOR inhibitor or TORC1/2
inhibitor expands CSC population through upregulating

FGF1-FGFR-Notch1 axis [147]. Blocking FGFR or Notch1
may prevent resistance to TORC1/2 inhibitors by abro-
gating the expansion of drug-resistant CSCs in TNBC
[49]. Moreover, another dual PI3K/mTOR inhibitor PF-
04691502 can induce a stem cell-like gene expression
signature in KRAS-mutant colorectal cancer models
[148]. Together, these data suggest that the effects of
mTOR inhibitors on CSC may be dependent on the genetic
background and rewiring of cancer stemness pathways.

Assembly of the translation machinery
Eukaryotic protein synthesis is regulated by several me-
chanisms including cap-dependent and cap-independent
translation. The cap-dependent pathway involves many
eukaryotic initiation factors (eIF), such as eIF1, eIF2, eIF3,
eIF4A, eIF4B, eIF4E, eIF4H, eIF5, and eIF6. The protein
synthesis is initiated by the association of the 40S ribo-
some subunit with eIF1A and eIF3, followed by binding of
the eIF2-GTP-methionine tRNA complex to 40S subunit
and then forming a 43S subunit [149]. The eIF4F complex,
which consists of eIF4E, eIF4A, and eIF4G, binds to the
m7G cap at the 5′ end of mRNA and then activates
mRNA. The activated mRNA is recruited to the 43S com-
plex and then subjected to ATP-dependent scanning of
mRNA to locate the initiating AUG code [150]. Finally,
the 60S ribosome subunit is associated with the 40S sub-
unit to form the 80S initiation complex, possibly assisted
by eIF5. For the initiation of cap-independent protein
synthesis, the 40S ribosome subunit binds to an internal
region of mRNA, which is referred to as internal ribosome
entry sites (IRES), or the untranslated regions of mRNA.
Given that stimulation of cap-dependent translation is

one of the major functions of mTORC1, the status of the
translation machinery and modes of protein translation
may impact on the efficacy of mTOR inhibitors. 4E-BPs
are phosphorylated and inactivated by mTORC1. The
sensitivity to PP242 is correlated with the extent to which
4E-BP1 phosphorylation is inhibited by this drug [151].
Loss of 4E-BPs in tumor cells results in the resistance to
mTOR inhibition. The transcription factor Snail directly
represses 4E-BP1 transcription and compromises the anti-
cancer effects of mTOR inhibitors [152]. Of note, Snail is
translationally regulated by eIF4E, which is exactly the
target of 4E-BP. Phosphorylation of eIF4E (S209, etc.)
promotes Snail synthesis [153]. Therefore, 4E-BP and
eIF-4E can disable each other. Overexpression of
eIF4E or phosphorylation of eIF4E (S209) by MAP
kinase-interacting kinase 1 (Mnk1/2) leads to a shift from
cap-dependent to cap-independent translation and then
renders cancer cells insensitive to mTOR inhibition
[154, 155]. Thus, inhibition of Mnk1/2 or its up-
stream kinase ERK1/2 may restore cap-dependent
translation and the sensitivity of mTOR inhibitors
[155]. On the other hand, inhibition of mTORC1 may
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lead to paradoxical phosphorylation of eIF4E in PI3K-
and Mnk-dependent manner and promote cap-independent
translation [156]. Hence, a combination of mTOR
and Mnk inhibitors is an effective therapeutic strategy
for cancer [157].
Notably, 4E-BP1 is not only phosphorylated by mTORC1,

but also phosphorylated and inactivated by other kinases
such as CDK1, CDK12, and GSK3 . CDK1 can substitute
mTORC1 to phosphorylate 4E-BP1 and activate cap-
dependent translation, which is resistant to mTOR
inhibition [158]. In addition, CDK12 cooperates with
mTORC1 to phosphorylate 4E-BP1 and releases it from
mTORC1 target mRNAs thereby promoting their
translation [159]. Therefore, combinatorial inhibition of
mTOR and CDK1/12 may be synthetically lethal to cancer
cells. Furthermore, GSK3β can directly phosphorylate4E-
BP1 at the same residues (T37/46) that are phosphory-
lated by mTOR and CDK1 [160]. Given that mTORC2
positively regulates Akt, the negative regulator of GSK3β,
mTOR kinase inhibitor may paradoxically activate GSK3.
Hence, combinatorial inhibition of mTOR and GSK3β
may synergistically suppress tumorigenesis.

mTOR mutations
Gene mutations may affect the sensitivity of a drug that
targets the protein encoded by this gene. More than 30
activating mutations of mTOR have been reported in
human cancer, such as L1460P, C1483F, E1799K, F1888L,
T1977R, V2006I, V2046A, S2215Y, L2230V, E2388Q,
I2500F, R2505P, and D2512H [127, 161]. Cancer cells that
harbor a subset of those mutations, including C1483F,
E1799K, and S2215Y, are hypersensitive to rapamycin,
whereas three mutations (A2034V, F2018L, and S2035F)
in the FRB domain of mTOR are associated with rapa-
mycin resistance [162, 163]. While tumor cells with muta-
tions in the kinase domain are still responsive to rapalogs
[161], mutations in the kinase domain of mTOR, such as
M2327I, S2215Y, L2230V, E2388Q, and V2046A, may be
responsible for the resistance to the ATP-competitive
inhibitor MLN0128 [127]. It remains to know whether
activating mutations in the kinase domain of mTOR are
responsible for the resistance to allosteric mTOR kinase
inhibitors other than MLN0128. In addition, there are
recurrent mutations in other mTOR pathway genes, such
as raptor, rictor, and RHEB [163]. RHEB-Y35N mutant
gains the function to activate mTORC1 [161]. It warrants
further studies to clarify which cancer-associated muta-
tions in raptor, rictor, and RHEB may be associated with
mTOR inhibitors resistance.

Rewiring of oncogenic or metabolic pathways
The sensitivity to mTOR inhibitors is regulated by other
oncogenic pathways, such as PI3K, MAPK, AURKA, and
NF-kB signaling [164, 165]. Both the Ras/MAPK and

PI3K/Akt/mTOR pathways are tightly involved in tumori-
genesis. While tumors with PIK3CA/PTEN mutations or
Akt hyperactivation usually are sensitive to mTOR inhi-
bitors, KRAS/BRAF mutations are predictive biomarkers
of mTOR inhibitor resistance [148, 166–169]. In addition,
mTOR inhibition may lead to the activation of the
MEK-Erk pathway. Combination of RAF/MEK inhibi-
tors and mTOR inhibitors may be a strategy to treat
KRAS-mutated cancer [170, 171]. Besides, the activation
of Erk in response to mTOR inhibition can be abrogated
by the CDK4/6 inhibitor palbociclib [172]. Combination
of CDK4/6 and mTOR inhibitors synergistically inhibits
tumor growth [172, 173]. Alternatively, combined in-
hibition of wee1, a protein kinase that regulates the G2
checkpoint in the cell cycle, with mTOR inhibition may
selectively treat RAS-mutated cancer [174]. Lastly, treat-
ment with everolimus or AZD8055 increases epidermal
growth factor receptor (EGFR) activation in tumor cells,
leading to drug resistance [175].
Although PIK3CA-mutated cancer is usually sensitive to

mTOR inhibition, activation of GSK3β in response to
PI3K/mTOR inhibition may lead to the resistance to
PI3K/mTOR inhibitors in PIK3CA-mutated cancer [176].
A recent study demonstrates that lung squamous cell
carcinoma adapt to chronic mTOR inhibition through the
GSK3α/β signaling pathway, which involves the metabolic
reprogramming via increased glutaminolysis [177]. One
study also reveals that glutaminase (GLS) and glutamate
levels are elevated in glioblastoma after treating with
mTOR inhibitor [178]. Treatment with GSK3 inhibitors
or the glutaminase inhibitor effectively overcomes the
resistance to mTOR inhibition [176–178]. Moreover, the
activation of the purine salvage pathway due to increased
expression of hypoxanthine phosphoribosyl transferase 1
leads to the resistance to the dual PI3K/mTOR inhibitor
gedatolisib [179]. In fact, mTOR is tightly involved in
purine metabolism. mTORC1 is not only activated by
purine nucleobases or nucleosides [49], but also promotes
purine synthesis by ATF4-mediated upregulation of the
mitochondrial tetrahydrofolate (mTHF) cycle enzyme
methylenetetrahydrofolate dehydrogenase 2 (MTHFD2)
[180]. Moreover, mTORC1 promotes de novo pyrimi-
dine biosynthesis by S6K1-mediated phosphorylation
of carbamoyl-phosphate synthetase 2, aspartate trans-
carbamylase, and dihydroorotase (CAD) [181, 182].
Therefore, the increased expression of hypoxanthine
phosphoribosyl transferase 1 may rescue the defect in
purine synthesis due to mTOR inhibition and help cancer
cells adapt to mTOR inhibition.
Another compensatory response to mTORC1 inhibition

is the upregulation of transglutaminase 2, a multifunc-
tional enzyme that is involved in cross-linking polypeptide
chains with e-(c-glutamyl)-lysine, apoptosis, signal trans-
duction, cell migration, cell adhesion, and extracellular
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matrix remodeling [183–185]. Inhibition of transglutami-
nase 2 potently sensitizes mTORC1-hyperactive cancer
cells to rapamycin in vitro and in vivo [183]. Moreover,
mitochondria homeostasis is critical for cell growth and
survival. Mitochondrial hyperfusion is an adaptive
response to mTOR inhibition. Mechanistically, the
translation of mitochondrial fission process 1 (MTFP1)
is suppressed by mTOR inhibitors, which eventually
results in mitochondrial hyperfusion, a process that
antagonizes apoptosis [186].

Clinical testing of mTOR inhibitors
Given that preclinical studies demonstrate the anti-cancer
efficacy of mTOR inhibitors alone or in combination with
chemotherapy, radiotherapy, and targeted therapy, there
are many completed or ongoing clinical trials to test the
efficacy of mTOR inhibitors for treating various types of
human cancer (Table 1). In general, most of mTOR in-
hibitors are well tolerated, while there are some common
adverse effects including fatigue, rash, mucositis, and
metabolic complications. mTOR inhibitors are associated
with a significantly increased risk of hyperglycemia,
hypertriglyceridemia, and hypercholesterolemia [187].
Other adverse events of everolimus are thrombocytopenia,
anemia, nausea, and stomatitis [188]. Ridaforolimus is
orally bioavailable and better tolerated in children than
the adults [189]. Deforolimus was well tolerated and
showed encouraging anti-tumor activity across a broad
range of malignancies when administered intravenously,
and a dose of 12.5 mg/day is being evaluated in phase II
trials [190].
Moreover, MLN0028-treated patients may suffer from

anorexia, dyspenea and macunopapular rash [191]. In
clinical trials of solid tumors, the PI3K/mTOR inhibitor
NVP-BEZ235 (twice daily) is poorly tolerated, which
leads to treatment discontinuation in some patients and
limits its efficacy in treating cancer [192, 193]. Apitolisib
(GDC-0980), another dual pan-PI3K/mTOR inhibitor,
also has grade 3–4 adverse effects and is less effective
than everolimus [194]. GSK2126458 (GSK458) plus
trametinib has poor tolerability, due to skin and gastro-
intestinal toxicities such as diarrhea [195]. Daily oral
administration of PF-04691502 (8 mg/day) has adverse
events including fatigue, nausea, vomiting, hypergly-
cemia, and rash [196]. The occurrence of the above-
mentioned adverse effects following treatment with
mTOR inhibitors may be due to the critical roles of
mTOR in metabolism and immunity.

mTOR inhibitors monotherapy
Everolimus has been approved by the FDA for the treat-
ment of advanced renal cell carcinoma, pancreatic
neuroendocrine tumors, and advanced breast cancer [83].
Everolimus significantly improves progression-free survival

(PFS) among patients with progressive advanced pancreatic
neuroendocrine tumors [197]. As registered in clinical-
trials.gov, there are more than 80 clinical trials for mTOR
inhibitor monotherapy in cancer patients. A phase 2 trial
of everolimus in patients with recurrent adult low-grade
gliomas demonstrates a high degree of disease stability
[198]. Moreover, everolimus has a promising effect in
patients with heavily pretreated, relapsed, or refractory
classical Hodgkin’s lymphoma, with an overall response
rate (ORR) of 45.6%, a median PFS of 8 months, and a
long-term response (≥ 12 months) rate of 12% [188]. Of
note, everolimus exhibits clinical activity as the first-line
monotherapy in a phase 2 clinical trial in 27 patients with
advanced biliary tract cancer [199]. Another phase 2 clin-
ical trial in 35 patients with thyroid cancer demonstrates
that everolimus has clinical benefit in patients with
advanced differentiated thyroid cancer [200]. Also, single-
agent ridaforolimus has anti-tumor activity and acceptable
tolerability in advanced endometrial cancer patients [201].
These observations need to be validated in a large scale of
randomized clinical trials.
Based on a phase 2 trial in 167 patients, oral administra-

tion of the mTOR kinase inhibitor voxtalisib (50mg, twice
daily) exhibits a promising efficacy in patients with folli-
cular lymphoma but limited efficacy in patients with
mantle cell lymphoma, diffuse large B cell lymphoma, or
chronic lymphocytic leukemia/small lymphocytic lym-
phoma [202]. Of note, serious adverse events occurred in
58.1% of patients [202]. In contrast, the clinical efficacy of
MLN0128 in patients with metastatic castration-resistant
prostate cancer is limited, possibly due to the dose re-
ductions secondary to toxicity [191]. Although it is
expected that mTOR kinase inhibitor may have superior
efficacy than rapalogs, a randomized phase 2 trial in
patients with metastatic clear cell renal cancer demon-
strated that the PFS and OS of AZD2014 were less than
that of everolimus [203]. While the PI3K/mTOR inhibitor
NVP-BEZ235 is poorly tolerated in cancer patients, a
clinical trial in patients with recurrent endometrial cancer
demonstrated that weekly intravenous administration of
another P3K/mTOR inhibitor gedatolisib achieved mo-
derate anti-cancer activity with tolerable toxicity [204].

mTOR inhibitors in combination therapy
While mTOR inhibitor monotherapy has efficacy in some
type of cancer, preclinical studies demonstrate strong
rationales for combinatorial treatment with mTOR in-
hibitors and other drugs. For example, inhibition of both
Akt/mTOR and WNT/β-catenin pathways synergistically
suppresses AML [205]. As registered in clinicaltrials.gov,
there are many clinical trials to test the efficacy of mTOR
inhibitors in combination with other molecular targeted
or chemotherapeutic agents. For example, everolimus is
combined with one or several chemotherapeutic agents,
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such as taxol, cisplatin, carboplatin, oxaliplatin, irinotecan,
temozolomide, and gemcitabine.
The phase 3 BOLERO-2 trial in patients with ER-

positive/HER2-negative advanced or metastatic breast
cancer demonstrates that a combination of everolimus
and the aromatase inhibitor exemestane significantly im-
proves PFS, while the OS is not improved [206, 207]. Ac-
cordingly, a combination of everolimus and exemestane
has been approved as a guideline for treating ER-positive/
HER2-negative advanced or metastatic breast cancer
[208]. In a phase 2 clinical trial, a combination of everoli-
mus and the aromatase inhibitor letrozole achieved a 12-
week PFS rate of 47% in patients with ER-positive relapsed
high-grade ovarian cancer [209]. In addition, the combin-
ation of everolimus with trastuzumab and paclitaxel has a
promising efficacy in patients with highly resistant HER2-
positive advanced breast cancer (Table 1). This combin-
ation is currently under investigation in the BOLERO-1
phase 3 trial [210]. Moreover, a combination of everolimus
with carboplatin is efficacious in treating metastatic triple-
negative breast cancer, with a median PFS of 3months
(95% CI 1.6 to 4.6months) and overall survival (OS) of
16.6months [211]. In contrast, a combination of everoli-
mus with gemcitabine/cisplatin has no synergistic effect in
patients with metastatic triple-negative breast cancer.
Hence, this combination still needs validation in more
patients.
The CD20-targeted monoclonal antibody rituximab is a

treatment for low-grade or follicular CD20-positive non-
Hodgkin’s lymphoma. Diffuse large B cell lymphoma
(DLBCL) is the most common type of non-Hodgkin’s
lymphoma. A phase 2 study of everolimus (10mg/day) in
combination with rituximab demonstrated an overall
response rate of 38%, a complete response rate of 12.5%,
and a partial response rate of 25% among 24 patients with
heavily pretreated DLBCL [212]. In addition, the combi-
nation of everolimus with rituximab or rituximab plus
cyclophosphamide, doxorubicin, vincristine, and pred-
nisone (R-CHOP) was well tolerated in DLBCL patients
[212, 213]. It warrants further study to determine if the
combination of everolimus with R-CHOP has a better
response in patients with DLBCL. In addition, the
combination of mTORC1/2 inhibitor with other targeted
cancer drugs has been tested in clinical trials. Among 54
cancer patients who were treated with MLN0128 and
trastuzumab/paclitaxel, 14.8% (8/54) of them achieved a
partial response, and near 11% (6/54) cases had stable
disease for more than 6months [87]. According to a phase
1 trial (NCT02193633), the combination of paclitaxel and
vistusertib is highly active and well tolerated in patients
with high-grade serous ovarian cancer and squamous
non-small cell lung cancer [214].
Given that IGF-IR signaling may induce mTORC1

inhibitor resistance, the combination of cixutumumab, a

humanized monoclonal antibody against IGF-1R, and
temsirolimus was tested in a clinical setting. This com-
bination shows clinical activity in patients with sarcoma
and adrenocortical carcinoma [215, 216]. In addition, a
combination of everolimus (5 mg daily) and the multi-
kinase inhibitor sorafenib (400 mg twice daily) exhibits
anti-tumor activity in previously untreated patients with
metastatic renal cell carcinoma with tolerable toxicity
[217]. However, a combination of sorafenib and evero-
limus fails to achieve the target of 6 month PFS of 50%
or greater among patients with unresectable high-grade
osteosarcoma progressing after standard treatment
[218]. For patients with recurrent glioblastoma, a com-
bination of sorafenib (200 mg twice daily) and temsiroli-
mus (20 mg weekly) is associated with considerable
toxicity and poor efficacy [219].
In patients with metastatic castration-resistant prostate

cancer, a combination of everolimus and the EGFR
inhibitor gefitinib has no significant anti-tumor activity
[220]. According to a phase 2 trial, a combination of
sunitinib and everolimus as the first-line therapy exhibits
poor efficacy in treating advanced renal cell carcinoma
[221]. However, another phase 2 trial in patients with
metastatic renal carcinoma demonstrates that the first-
line sunitinib treatment followed by everolimus achieves
a longer OS than the first-line everolimus followed by
sunitinib, suggesting that the sequence may affect the
outcome [222]. Moreover, a combination of imatinib and
everolimus has limited activity in the treatment of pa-
tients with advanced chordoma [223]. The combination
of pimasertib and voxtalisib showed a poor long-term
tolerability and limited anti-tumor activity in patients
with advanced solid tumors [224].

Concluding remarks
The discovery of TOR in yeast and mTOR in mammals
is a fundamental breakthrough in understanding cell and
organism growth, metabolism, and diseases. In-depth
studies to clarify the regulators and effectors of mTOR
signaling have revealed multiple networks that work to-
gether to integrate growth factors, nutrients, sterols, and
nucleotides signaling. The identification of the critical
roles of mTOR and its regulators in tumorigenesis has
driven the development of the ever-growing list of
mTOR inhibitors. While some of the mTOR inhibitors
have been approved to treat cancer patients, more
mTOR inhibitors are under check to fulfill their promise
for cancer therapy.
It appears that mTOR inhibitors have mixed efficacy

in patients with distinct kinds of cancer and among
patients with the same kind of cancer. Recent studies
reveal that tumor organoids may help drug testing
[225, 226]. Tumor organoids may be used to test the
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response of a given tumor to mTOR inhibitors. Alter-
natively, patient-derived tumor grafts may be transplanted
to animals, followed by testing their response to mTOR
inhibitors [227]. It would be of interest to determine if these
emerging technologies are clinically relevant.
In the era of precise medicine, it needs to determine if

there are predictive biomarkers that may guide the
stratification of patients in clinical trials or help identify
the patients who most likely benefit from treatment with
mTOR inhibitors in a clinical setting. Gene testing is a
promising approach to achieve this goal. The candidates
for gene testing may include mTOR, PIK3CA, GATOR,
KRAS, and BRAF. Mutations in PIK3CA and GATOR
have been associated with higher sensitivity to mTOR
inhibition in preclinical studies. Hence, PIK3CA muta-
tions may be potential sensitive markers. In contrast,
KRAS/BRAF mutations may be resistant biomarkers.
Both DNA from tumor samples and ctDNA from the
blood may be subject to testing of gene mutations. In
addition, gene mutations in the tumors may be dynamic
during cancer evolution or regression [228]. It remains
to determine if dynamic testing of ctDNA during the
course of therapy may monitor cancer evolution and
better predict drug resistance, thereby adjusting the
treatment regimen in time. Recent progress in liquid
biopsy may help address this critical issue [229, 230]. In
addition to gene testing, the solvable factors in the
blood may be potential biomarkers as well. Of particu-
lar note, the mechanisms underlying the varied res-
ponsiveness to mTOR inhibitors in cancer patients may
be complex. Rather than a single or few biomarkers, a
set of biomarkers may be more powerful and accurate
to meet the challenge.
Moreover, toxicity is a critical problem that precludes

the clinical administration of drugs. Although mTOR
inhibitors exhibit a promising efficacy in preclinical
studies, some inhibitors have serious adverse effects in
patients and have to be discontinued. Hence, elucidation
of the mechanisms underlying these adverse effects may
help manage them in the clinic.
Drug resistance is a serious challenge to successful

cancer therapy. As discussed above, the mechanisms for
mTOR inhibitor resistance are complex. Further studies
to elucidate the diverse mechanisms may help design
strategies to overcome the resistance to mTOR inhibition.
Mechanism-based combination of mTOR inhibitors with
chemotherapeutic agents or molecular-targeted drugs
may be practical in the clinic. We expect the results from
many ongoing clinical trials to validate the most powerful
regimens that include mTOR inhibitors.
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Cancer is a complex disease and a leading cause of death worldwide. Immunity is critical 
for cancer control. Cancer cells exhibit high mutational rates and therefore altered self 
or neo-antigens, eliciting an immune response to promote tumor eradication. Failure to 
mount a proper immune response leads to cancer progression. mTOR signaling controls 
cellular metabolism, immune cell differentiation, and effector function. Deregulated mTOR 
signaling in cancer cells modulates the tumor microenvironment, thereby affecting tumor 
immunity and possibly promoting carcinogenesis.

Keywords: signaling, tumorigenesis, metabolism, immunity, immunotherapy, rapamycin

inTRODUCTiOn

Tumor bulk is a mass containing heterogeneous cell populations including malignant cancer cells, 
non-malignant cells, and supporting stroma (1). In addition to tumor cells, non-malignant cells 
and the supporting stroma play a dynamic and possibly tumor promoting role (2). Non-malignant 
cells in the tumor microenvironment include cells of the lymphoid and myeloid immune system 
(3). The supporting stroma is largely composed of cancer-associated fibroblasts (CAFs), vascular 
and lymphatic endothelial cells, and pericytes. Cells within the tumor “communicate” by secre-
tion of various factors to the tumor microenvironment, including matrix remodeling enzymes, 
cytokines, chemokines, growth factors, and metabolites (4, 5). This interplay between malignant, 
non-malignant, and stromal cells has functional consequences on tumor progression.

Target Of Rapamycin (TOR) is an evolutionarily conserved serine/threonine protein kinase. 
TOR controls cellular metabolism and growth and functions in two complexes: TOR Complex 
1 (TORC1) and TORC2 (6, 7) (Figure 1). Mammalian TORC1 (mTORC1) comprises mTOR, 
mammalian lethal with sec-13 protein 8 (mLST8), and regulatory-associated protein of mamma-
lian target of rapamycin (RAPTOR). mTORC1 is activated by growth factors, nutrients (amino 
acids), and cellular energy (8, 9), and is allosterically inhibited by rapamycin (10). Various 
growth factors regulate mTORC1 via a heterotrimeric tuberous sclerosis complex (TSC) com-
plex. Growth factors bind receptor tyrosine kinases (RTKs) and activate Phosphatidylinositol-
4,5-Bisphosphate 3-Kinase (PI3K), which generates Phosphatidylinositol-3,4,5-Trisphosphate 
(PIP3) (11). PI3K activity is counteracted by the tumor suppressor, phosphatase, and Tensin 
Homolog Deleted on Chromosome 10 (PTEN). mTORC1 promotes anabolic processes, such as 
protein and nucleotide synthesis and inhibits catabolic processes, such as autophagy (12–14). 
mTORC2 contains mTOR, mLST8, mammalian stress-activated map kinase-interacting protein 
1 (mSIN1), and Rapamycin-Insensitive Companion of mTOR (RICTOR), and is activated by 
growth factors in association with ribosomes (15) (Figure  1). mTORC1 and mTORC2 are 
frequently activated in human cancers and, as discussed below, reported to modulate the tumor 
microenvironment or respond to its changes.
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FigURe 1 | mTOR signaling promotes anabolism. Receptor Tyrosine Kinases (RTKs)- Phosphatidyl-Inositol-4,5-bisphosphate 3-Kinase (PI3K) activated by growth 
factor (like insulin). PI3K generates phosphatidylinositol-3,4,5-trisphosphate (PIP3) from the membrane phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2). 
Phosphatase and Tensin Homolog Deleted on Chromosome 10 (PTEN) counteracts PI3K activity (restoring PIP3 to PIP2). PIP3 recruits to the plasma membrane 
and activates phosphoinositide-dependent kinase 1 (PDK1) and AKT. PDK1 phosphorylates and activates AKT (pAKT-Thr308). pAKT-Thr308 phosphorylates and 
inhibits the TSC complex. The TSC complex, composed of tuberous sclerosis complex 1 (TSC1) and TSC2 and TRE2-BUB2-CDC16 domain family member 7 
(TBC1D7), activates the lysosomal RAS homolog enriched in brain (RHEB). RHEB interacts with and activates mTORC1. mTORC1 comprises mTOR, mammalian 
lethal with sec-13 protein 8 (mLST8), and regulatory-associated protein of mammalian target of rapamycin (RAPTOR). mTORC1 can also be activated by nutrients 
(such as amino acids). Cellular energy status also regulates mTORC1 through AMPK-mediated TSC or RAPTOR phosphorylation. mTORC1 promotes anabolism, 
among others, through ribosomal protein S6 kinase (S6K), eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4EBP1), and blocks cellular catabolism 
through Unc-51-like kinase 1 (ULK1). Through S6K-mediated IRS1 phosphorylation, mTORC1 negatively regulates mTORC2-AKT signaling. Rapamycin and its 
analogs (so-called rapalogues) acutely inhibit mTORC1 allosterically. The ATP-site competitive inhibitor(s) potently block both mTORC1 and mTORC2 signaling. 
mTORC2 is also activated by RTKs, and consists of mTOR, mLST8, mammalian stress-activated map kinase-interacting protein 1 (mSIN1), and rapamycin-
insensitive companion of mTOR (RICTOR). mTORC2 regulates the AGC kinase family members AKT, serum/glucocorticoid-regulated kinase (SGK), and protein 
kinase C (PKC). Prolonged rapamycin administration may block mTORC2 activity.
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CAnCeR CeLL-inTRinSiC mTOR 
ACTivATiOn MODULATing THe TUMOR 
MiCROenviROnMenT

Oncogenic mutations drive tumorigenesis by activating various 
growth controlling signaling pathways (16). The PI3K–mTOR–
AKT signaling pathway is activated in the majority of tumors, 

due to upstream oncogenic mutation(s). Alternatively, parallel 
growth controlling (oncogenic) pathways, such as the MEK–
ERK, may also activate PI3K–mTOR–AKT signaling (12). Either 
way, PI3K–mTOR–AKT activation promotes cell growth and 
proliferation (Figure 1). In addition to the cell-intrinsic growth-
promoting effect, PI3K–mTOR–AKT activation appears to alter 
the tumor microenvironment.
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T LYMPHOCYTeS

T  cells play a critical role in adaptive and innate immunity. 
Antigen recognition and adaptive immunity involves, among 
others, CD4 +  and CD8 + T cells. While tumor eradication is 
largely mediated by cytotoxic CD8  +  T  lymphocytes (CTL), 
CD4  +  T  cells are critical in regulating and propagating the 
immune response, hence referred to as T helper cells (Th) (17). 
In solid tumors, the extent of T-cell infiltration is an important 
prognostic determinate. Increased CD4  +  and CD8  +  T-cell 
levels are associated with an improved clinical outcome (18).  
In colorectal tumors, increased density of T cells (i.e., Th1 adap-
tive immunity) correlated with reduced tumor recurrence, and 
provided a better prognostic tool than conventional histopatho-
logical methods (19). Conversely, tumors with a higher density of 
immune-suppressive cells (such T regulatory cells, as discussed 
below) exhibit a worse prognosis, in colorectal (19) and other 
tumor types (20). Thus, adaptive immunity plays a critical role in 
tumor progression and prognosis.

Various cytokines and chemokines attract immune cells 
to the site of inflammation (21). In addition to cytokines and 
chemokines, also metabolites in the tumor microenvironment 
(some of which are secreted by cancer cells) activate immune cells 
(22). Non-Alcoholic Fatty Liver Disease (NAFLD) is a metabolic 
disorder and a risk factor for hepatocellular carcinoma (HCC) 
(23). In NAFLD, increased linoleic acid levels disrupt adaptive 
immunity, specifically by depleting CD4  +  T  cells, which in 
turn promotes HCC (24). These data indicate that a metabolite 
accumulating in the tumor microenvironment may affect neigh-
boring T cells, disturb their function, and promote cancer. It is 
not fully understood what regulates linoleic acid accumulation, 
but hepatic fatty acid (FA) synthesis (including linoleic acid) is 
controlled by mTORC2 (25). Importantly, constitutively active 
hepatic mTORC2 signaling is oncogenic and promotes HCC 
(26), and is particularly important in case of NAFLD to HCC 
transition (27). Thus, it is likely that mTORC2-mediated FA (and 
perhaps lipid) synthesis in cancer cells modulates immunity.

mTORC2 mediates various cellular processes via AGC kinase 
family members AKT, serum/glucocorticoid-regulated kinase 
(SGK), and protein kinase C (PKC) (28, 29) (Figure  1). In a 
mammary gland tumor model, Rictor deletion disrupted sec-
ondary mammary ductal branching, cell motility, and survival. 
This effect was mediated by PKCα-Rac1, but not AKT (30), sug-
gesting an AKT-independent role of mTORC2 in motility and 
metastasis. mTORC2 phosphorylates and activates AKT (pAKT-
Ser473). Melanoma with increased pAKT-Ser473 correlated with 
reduced T-cell infiltration, possibly due to increased secretion 
of inhibitory cytokines by cancer cells, and exhibit resistance to 
immune checkpoint inhibitors (31). The mTORC2 target SGK is 
frequently expressed in tumors (32). In gastric tumors, increased 
expression of the SGK1 target, NDRG1, is suggested to stimulate 
IL-1 expression and promote angiogenesis (33). Taken together, 
these data suggest that increased PI3K–mTORC2–AKT signal-
ing in cancer cells may affect T cells and thereby tumorigenesis. 
It is possible that other immune cells in the tumor microenviron-
ment are also modulated by PI3K–mTORC2–AKT, as described 
further below.

RegULATORY T CeLLS (Tregs)

Regulatory T  cells suppress inflammation and are detrimental 
in tumor immunity. Genetic and pharmacological (rapamycin) 
abrogation of mTOR signaling induce Treg expansion via Foxp3 
expression (34, 35). Furthermore, Treg-specific conditional TSC 
deletion in mice (constitutively active mTORC1) propelled Treg 
differentiation and a strong effector-like phenotype, reversed by 
S6K1 knockdown (36), suggesting that mTORC1 is an important 
checkpoint in Treg homeostasis.

Programmed Death 1 (PD-1) and Cytotoxic T-Lymphocyte-
associated Antigen 4 (CTLA-4) immune checkpoints negatively 
regulate T-cell immune function. Immune suppression in the 
tumor microenvironment through PD-1 or CTLA-4 occurs in 
various tumors, and immune checkpoint inhibitors (anti-PD-1, 
anti-PD-L1, or anti-CTLA-4) amplify antitumor T-cell response 
(37). The surface protein PD-L1 is widely expressed in various 
tumors. PD-L1 binds to either the T-cell-expressed PD-1 or CD80 
receptors thereby inhibiting their effector responses. PD-L1 and 
PD-1 interaction induces differentiation of naïve CD4 + T cells 
into Tregs, leading to an immune suppressive environment. In 
addition to inhibiting T-cell effector function, cancer cell-intrinsic 
PD-1 expression may promote tumor growth (38). Thus, PD-1 axis 
has a twofold effect in tumorigenesis: first by inhibiting cancer cell 
clearance by T cells, and second, promoting cancer cell growth. 
In a lung carcinoma mouse model, mTORC1 increased PD-L1 
expression, allowing cancer cells to escape killing by immune 
cells (39, 40). Within the tumor, PD-L1 seems to be enriched in 
Tumor Initiating Cells (TICs) (also referred to as Cancer Stem 
Cells) (41–43). TICs are tumor cells with self-renewal capacity 
and considered to be more resistant to targeted cancer therapies. 
In syngeneic ovarian mouse model experiments, PD-L1 appeared 
to control the expression of canonical “stemness” genes, such as 
Oct4 and Nanog (44, 45). PD-L1 expression correlated with mTOR 
activation in human lung adenocarcinomas and squamous cell 
carcinomas (39), suggesting that oncogenic AKT-mTOR activa-
tion promotes immune escape through PD-L1 upregulation. 
Furthermore, anti-PD-1 therapy inhibited human melanoma 
xenograft growth and reduced S6 phosphorylation, suggesting 
that PD-1 in tumor cells activates mTORC1. Importantly, cells 
expressing high levels of PD-L1 appear to be more sensitive to 
the mTORC1 inhibitor rapamycin, further suggesting that some 
of the PD-L1 growth-controlling mechanisms are via mTOR 
signaling. Collectively, these data suggest a functional relation-
ship between mTOR signaling, PD-L1 expression, and resistance 
to targeted therapies (i.e., TICs). However, the mechanism(s) by 
which mTORC1 signaling regulates PD-L1 expression remains 
to be elucidated. We note that in addition to Treg and Th1, other 
T-cell subsets, such as Th17, may be involved in cancer immune 
response.

TUMOR-ASSOCiATeD MACROPHAgeS 
(TAMs)

Tumor-associated macrophages originate from expansion of 
tissue-resident macrophages or are recruited to tumor site (by 
chemotactic factors), and are present at multiple stages of tumor 
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progression (2). Macrophages are not a homogenous population 
and can be subdivided into M1 and M2. M1 macrophages produce 
Th1 cytokines, promoting phagocyte-dependent inflammation 
and thereby an antitumor response. M2 macrophages enforce 
antibody response, but inhibit several phagocytic functions, 
therefore seemingly enabling a growth-tolerant tumor micro-
environment. TAMs predominantly exhibit M2 phenotypes, 
therefore considered tumor-promoting. Several factors can 
promote polarization of TAMs to M2 during cancer progression, 
including IL-4, IL-10, TGF-β, and M-CSF (46). TAMs promote 
tumorigenesis by modulating lymph- and angiogenesis (47), but 
more recently, TAMs were shown to express PD-1. The pres-
ence of TAM expressing PD-1 steadily increases with cancer 
progression and results in an overall reduction in cancer cell 
phagocytosis (48). Because macrophages activation and func-
tion is, at least in part, controlled by PI3K–mTOR–AKT (49), it 
would be valuable to examine whether the observed reduction 
in phagocytosis is related to mTOR signaling. Furthermore, 
mTOR regulates macrophage polarization (50), and M1 and 
M2 macrophages exhibit dependency on distinct metabolic 
pathways. While M1 macrophages upregulate glycolysis and 
lipogenesis, M2 macrophages upregulate beta-oxidation. This is 
important because metabolic shifts are coupled to macrophage 
function (51, 52). For instance, IL-4 activate AKT and thereby 
inducing M2 gene transcription, possibly via ACLY expres-
sion and regulation of histone acetylation (53), indicating 
that mTOR signaling couple metabolic inputs to modulate 
immune response. Moreover, PI3K–AKT appears to recruit 
immune-suppressive monocytes to tumors via monocyte che-
moattractant protein-1 (MCP-1) expression, in a mechanism 
that potentially involves TGFβ1 (54). MCP1 plays a similar role 
in other tumors (55), but whether PI3K–AKT induced MCP1 
expression can be generalized to other tumors remains to be 
investigated. mTORC2 appears to be particularly important for 
differentiation of M2 macrophages (as opposed to M1), as not 
only monocytes recruitment but also monocyte polarization is 
involved in tumor progression (56); therefore, mTORC2 plays a 
dual immunosuppressive role.

Antigen-presenting cells (APCs), especially dendritic cells 
(DCs), are crucial in mounting antitumor immune response 
(57). Indeed, abrogation of mTORC2 signaling in the professional 
APCs, DCs, led to enhanced tumor eradication possibly via 
engagement of CTLs (58). Rapamycin administration augmented 
the expression of costimulatory molecules and enhanced DC life 
span, via modulation of glucose metabolism (59). These data 
suggest that mTOR signaling in APC cells imposes an immuno-
suppressive environment.

MYeLOiD-DeRiveD SUPPReSSOR  
CeLLS (MDSCs)

Myeloid-derived suppressor cells are a heterogeneous popula-
tion defined as CD11b + Gr1 + cells. Based on Ly6G and Ly6C 
expression, MDSCs can be further classified as granulocytic or 
monocytic subsets, respectively. Both CD11b  +  Ly6G  +  and 
CD11b + Ly6C + cells play immunosuppressive roles. The allosteric 

mTORC1 inhibitor, rapamycin, inhibits MDSC accumulation in 
tumors and skin allografts (60). In breast cancer, accumulation of 
MDSCs in tumors occurred via G-CSF. Rapamycin administra-
tion or Raptor deletion (a core-component of mTORC1) reduced 
G-CSF levels (61), suggesting that mTORC1 in tumor cells 
attracts MDSCs by upregulating G-CSF. Increased G-CSF levels 
also correlated with elevated mTOR activity in human tumors. 
Interestingly, there is correlation between presence of TICs, 
elevated mTORC1 signaling, and G-CSF production. Moreover, 
rapamycin administration leads to reduced TIC levels (61). These 
data suggest that mTOR activity in a subset of cells within the 
tumor mass (i.e., intra-tumoral heterogeneity) mediates MDSC 
accumulation.

OTHeR CeLLS OF THe TUMOR 
MiCROenviROnMenT: CAFs

Fibroblasts are not only involved in the deposition of stromal 
extra-cellular matrix (ECM) but also in the secretion of growth 
factors. CAFs seem to play a role in cancer progression and 
initiation, particularly in stroma-rich tumors like pancreatic 
cancers (62, 63). In pancreatic tumors, CAFs are also involved 
in resistance to anticancer drugs (64). Interleukin-6 (IL-6) is 
linked to resistance-to-cancer drug therapies (65), possibly via 
its downstream effector pSTAT3 (66). In pancreatic CAFs, the 
somatostatin receptor sst1 inhibits mTOR-mediated IL-6 protein 
synthesis, thereby counteracting mTOR/IL-6-driven resistance 
to anticancer drugs (67). How mTOR regulates IL-6 expression 
in stromal cells remains to be investigated, but this mechanism 
seems to involve the quintessential mTORC1 target, 4E-BP1 (67). 
In lung carcinoma, paracrine IGF-II secretion by CAFs activated 
insulin growth factor receptor 1 (IGF1R) signaling in cancer 
cells, possibly activating a TICs (stemness)-like phenotype (68). 
Conversely, in irradiated tumors, IGF-II secreted from CAFs 
appears to block mTORC1 signaling in neighboring cancer cells. 
mTORC1 inhibition allowed autophagy initiation and thereby 
tumor regrowth (69). It seems counterintuitive that mTOR inhi-
bition allows tumor growth, but possibly under stress or nutrient-
poor conditions autophagy initiation provide the required 
nutrients. Nevertheless, this hypothesis needs to be examined 
in other cancer models. Yet, liver specific Raptor knockout mice 
(abrogated mTORC1 signaling) developed more HCC when 
challenged with the hepato-carcinogen diethyl-nitrosamine, as 
compared with wild-type mice (70). These data suggest that “too 
low” mTORC1 activity may also be oncogenic. Taken together, it 
is likely that the response to drug therapies is not only dependent 
on stromal cells and their secretome but also on the conditions in 
which therapies are given.

mTOR On THe ReCeiving enD  
OF CAnCeR iMMUniTY

mTOR signaling is also on the receiving end of cues coming from 
the tumor microenvironment. For example, non-tumorigenic 
(stromal) cells of the tumor microenvironment secrete MCP1 to 
activate the mTOR pathway in neighboring breast cancer cells (71).  
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FigURe 2 | Tumor microenvironment modulation through mTOR. mTOR inhibition induces memory cytotoxic CD8 + T lymphocytes (CTL) formation while reducing 
effector CTL function, critical for cellular antitumor response. In dendritic cells, lifespan and the expression of costimulatory molecules is increased upon mTOR 
suppression, leading to improved foreign-antigen recognition. On the other hand, metabolic NK-cell function, essential for antitumor response, is diminished upon 
mTOR inhibition. Myeloid derived stem cells (MDSC), regulatory T cells (Tregs), tumor-associated macrophages (TAM), and cancer-associated fibroblasts (CAF) 
contribute to tumor immune-evasion and tumor growth. The immune-suppressive environment generated through MDSC is limited through mTOR blockage by 
restraining MDSC accumulation. Similarly, anti-inflammatory TAM may be skewed toward a more pro-inflammatory profile upon mTOR inhibition. CAF secrete 
various cytokines promoting tumor growth and therapy resistance, counteracted by mTOR blockage. In contrast, Tregs are preferentially differentiated upon mTOR 
downregulation. Within the majority of cancer cells, the PI3K–mTOR–AKT pathway is upregulated, driving PD-L1 expression maintaining an immune-suppressive 
state within the tumor microenvironment: a process that may be interrupted through mTOR inhibition. However, not all therapeutic targets of mTOR inhibition seem 
to be beneficial, such as reducing effector CTL function and T-Reg differentiation. Accordingly, rationale exists to combine anti-PD-1/PD-L1 or anti-CTLA-4 and 
mTOR inhibitors, alleviating reduced CTL effector function and Treg differentiation.

Moreover, metabolic activation of natural killer (NK) cells is 
dependent on IL-15 stimulation to prompt intracellular mTOR 
signaling (72). NK  cells are suggested to play a pivotal role in 
cancer control and are increased in metastatic melanoma (73). 
Conversely, TGF-β represses mTOR signaling, both in mice 
and humans, to inhibit NK  cell activation (74), suggesting an 
mTOR-dependent immune suppressive role for TGF-β in tumor 
microenvironment. Additionally, genetic activation of mTORC1 
(mutated TSC) causes impairment of NK cell development (75). 
Notably, mTOR also regulates Th1 and Th2 differentiation; and 
while mTORC1 is distinctly critical for Th1 and Th17 differen-
tiation, mTORC2 seems to promote Th2 differentiation (76). 
Furthermore, mTORC1 regulates CD8 + T-cell effector function 
(77), thereby allowing better clearance of tumor cells. Although 
mTORC2 seems to be dispensable for the effector function of 
CD8 + T cells, it is critical for generation of CD8 + memory cells 
(77). Further studies are required to examine how extracellular 

signals affect mTOR in T cells; nonetheless, the data demonstrate 
that mTOR signaling differentially regulates T cells.

CLiniCAL iMPLiCATiOnS

Various mTOR inhibitors are in ongoing clinical trials and the 
FDA-approved rapalog everolimus is used in various cancer cell 
types (10). Because mTOR signaling plays a key role in cancer 
and immune cell function (78), it is possible that some of the 
anticancer effect of mTOR inhibitors is via immune modulation 
(Figure 2). Indeed, rapamycin is clinically used for prevention 
of renal graft rejection and is traditionally considered as a 
“pure” immunosuppressant, possibly by blocking T-cell activa-
tion. However, as discussed above, mTOR seems to play a more 
complex role in immunity. Under certain conditions, mTOR 
inhibition poses an immune-activating function, such as induc-
tion of memory CD8 + T cell (77) that may in turn increase the 
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durability of antitumor effector T-cell function. It is also likely 
that ATP kinase mTOR inhibitors, blocking robustly mTORC1, 
and mTORC2 signaling (79) act on cancer cells, as well as on the 
tumor microenvironment.

While checkpoint and mTOR inhibitors have revolution-
ized cancer treatment, as monotherapies these drugs seem to 
be insufficient to fully block cancer progression. Oncogenic 
PI3K–mTOR–AKT pathway reduces T-cell tumor infiltration 
and causes inferior outcome after PD-1 inhibition (31), pro-
viding a rationale for the design of combination therapies of 
mTOR and immune checkpoint inhibitors, as recently shown 
for HCC (80) (Figure  2). Nonetheless, the specific onco-
genic mechanism downstream of mTOR remains unknown. 
Understanding these pathways is critical for the rational design 
of selective inhibitors. The combination of checkpoint and 
mTOR inhibitors might be limited by its side effects because:  
(i) PI3K–mTOR–AKT signaling plays a critical role in phy-
siological cell homeostasis, (ii) rapamycin administration 
reduces the effector CD8 + T-cell function (that are otherwise 
required for execution of anticancer effect), and (iii) possibly 
relieve negative feedback loops that may induce compensatory 
pathway activation.

COnCLUSiOn

Collectively, the above suggests that mTOR signaling has both 
tumor-intrinsic and tumor-extrinsic (i.e., tumor microenviron-
ment) activities. mTOR-kinase quickly responds to stimuli in the 
tumor microenvironment and executes various (possibly opposing) 
effects on immune cells. Thus, a prime challenge is to dissect the role 
of mTOR in the different cell types in the tumor microenvironment 
and to assess the overall “net effect” of mTOR blockade.
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Abstract: Apigenin (4′,5,7-trihydroxyflavone) (Api) is an important component of the human
diet, being distributed in a wide number of fruits, vegetables and herbs with the most important
sources being represented by chamomile, celery, celeriac and parsley. This study was designed
for a comprehensive evaluation of Api as an antiproliferative, proapoptotic, antiangiogenic
and immunomodulatory phytocompound. In the set experimental conditions, Api presents
antiproliferative activity against the A375 human melanoma cell line, a G2/M arrest of the cell
cycle and cytotoxic events as revealed by the lactate dehydrogenase release. Caspase 3 activity
was inversely proportional to the Api tested doses, namely 30 µM and 60 µM. Phenomena of early
apoptosis, late apoptosis and necrosis following incubation with Api were detected by Annexin
V-PI double staining. The flavone interfered with the mitochondrial respiration by modulating both
glycolytic and mitochondrial pathways for ATP production. The metabolic activity of human dendritic
cells (DCs) under LPS-activation was clearly attenuated by stimulation with high concentrations
of Api. Il-6 and IL-10 secretion was almost completely blocked while TNF alpha secretion was
reduced by about 60%. Api elicited antiangiogenic properties in a dose-dependent manner. Both
concentrations of Api influenced tumour cell growth and migration, inducing a limited tumour area
inside the application ring, associated with a low number of capillaries.

Nutrients 2019, 11, 858; doi:10.3390/nu11040858 www.mdpi.com/journal/nutrients
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1. Introduction

Natural products, either in the form of total extracts or purified active compounds, have been
demonstrated to play a vital role in the current management of different types of cancer, with directions
being pulled toward both treatment and prevention. As proven by current cancer therapy, an increased
number of anticancer drugs used in the clinic are based on natural products obtained from different
sources (plants, animals, microorganisms) [1]. Due to the fact that the biodiversity of our planet has not
been fully exploited, many specialised research institutions, including the National Cancer Institute,
have allocated important funds and brilliant minds in order to use what mother nature provided to
fight the biggest challenge of the 21st century medicine: cancer.

Important studies in the field have shown that the incidence of melanoma has been growing
especially in countries with light skin population [2]. Although melanoma accounts for only around
1% of the types of skin cancers, it is the most dangerous form, as it is responsible for most death cases.
Moreover, the number of Americans diagnosed with skin cancer at a certain point in their lives in the
last thirty years is estimated to be higher than the number of all other cancers summed up [3]. The
standard models of evolution include: (a) benign naevi; (b) dysplastic naevi; (c) melanoma in situ; and
(d) invasive melanoma [4]. The number of papers on PubMed that have the word “melanoma” in their
title exceeds 120,000, thus indicating that melanoma represents a continuing hot topic that is being
approached by an impressive number of different therapeutic strategies.

With respect to the main classes of natural compounds, flavonoids have been intensively studied
as natural compounds with chemo-preventive properties against different types of cancer due to
their biological activities which include antiproliferative and proapoptotic effects [5]. Apigenin
(4′,5,7-trihydroxyflavone) (Api) is a natural compound belonging to the flavone subclass of flavonoids.
The aglycone is part of the chemical composition of some glycosides, the main representatives
being apigetrin, vitexin, isovitexin, apiin [6]. The flavone is an important component of the human
diet, being distributed in a large category of fruits, vegetables and herbs, with the most important
sources being represented by chamomile, celery, celeriac and parsley [7]. Other frequently used
nutraceutics rich in this flavonol include oranges, grapefruit, garlic, and propolis [8]. Venigalla et al.
established that in the case of ligulate flowers of chamomile, apigenin represents around 68% of
the total flavonoids [9]. Apigenin has been described by numerous in vitro and in vivo studies in
the field, using various cancer cell lines as a natural compound with chemo-preventive activity and
tumour growth inhibition potential [10–12]. The relationship between cancer and inflammation is
very well defined in the scholarly literature [13]. Following a complex study, Perrott et al. assigned
apigenin some anti-inflammatory properties [14]. A current comprehensive review describes other
biological properties of apigenin as follows: prevention of cardiovascular diseases due to different
causes (atherosclerosis, hypertension, cardiac hypertrophy, induced heart injury), protective effect on
the liver, on the respiratory system, on the endocrine system, on central nervous system, on bones and
joins [8].

A recent paper has reported that the flavone exhibited antiproliferative, anti-invasive and
proapoptotic properties in vitro against two human cancer cell lines, namely A375 and C8161 [15].
Following the same train of thought, a study conducted by Caltagirone et al. confirmed apigenin and
quercetin as active compounds presenting the potential to inhibit melanoma onset and metastatic
spreading in a murine model of melanoma designed by the injection of B16-BL6 cells into C57BL/6N
mice [16]. This approach was investigated in more detail by the group of Piantelli et al., who assigned the
anti-metastatic effect to a mechanism that involves impairing tumour cell endothelium interactions [17].
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Using B16-F10 cell injection into syngeneic mice, Cao et al. proposed an additional mechanism, namely
the inhibition of the STAT3 signalling pathway [18].

The aim of this study was to assess the antiproliferative, proapoptotic, antiangiogenic properties,
the modulation of mitochondrial respiratory chain and the glycolysis by this flavone against A375
human melanoma cells, as well as to analyse its immunomodulatory effect in human dendritic cells.

2. Materials and Methods

Apigenin ≥99% (HPLC) (CAS Number 520-36-5) (Api) was acquired from Sigma-Aldrich,
Steinheim, Germany.

2.1. Cell Culture and Preparation

The human melanoma (A375) cell line (ECACC; Sigma Aldrich origin Japan stored UK) was
grown into Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco BRL, Invitrogen, Carlsbad, CA,
USA) supplemented with 1% penicillin/streptomycin mixture (Pen/Strep, 10,000 IU/mL; PromoCell,
Heidelberg, Germany) and 10% foetal calf serum (FCS; PromoCell, Heidelberg, Germany). At 80–90%
confluence, the cells were passaged following treatment with EDTA (5 mM).

Human dendritic cells were differentiated from isolated PBMCs by buffy coats, as described
previously [19]. Briefly, Ficoll (GE Healthcare, Uppsala, Sweden) was used for density centrifugation.

Several (2 × 108) cells per well of isolated, PBMCs were plated, and the supernatant was discarded
upon 2 h of plastic adherence. Afterwards, RPMI 1640 GlutaMax medium (Thermo Fisher Scientific,
Boston, MA, USA) was used for cell differentiation. The medium was supplemented with 100 IU/mL
penicillin, 100 µg/mL streptomycin with 10% FCS, 10 mM HEPES (Sigma-Aldrich, Steinheim, Germany),
1 mM sodium pyruvate and 50 µM 2-β-ME (Thermo Fisher Scientific, Boston, MA, USA) supplemented
with 40 ng/mL recombinant human GM-CSF (Peprotech, NJ, USA) and human IL4 (Peprotech, NJ,
USA); the medium was renewed after 4 days.

Differentiated cells were collected by cell scraping and transferred to 6-well plates for further
experiments or to tissue treated 8-well chambered cover slides (Ibidi, Martinsried, Germany) for
fluorescence microscopy staining. The supernatants were tested for TNF-alpha IL-10 and IL-6 (R&D
Systems, Wiesbaden, Germany) by ELISAs according to the manufacturer’s protocol.

2.2. Cell Viability Assays

The antiproliferative property of Api was determined by means of MTT (Sigma-Aldrich, Budapest,
Hungary) assay against A375 human melanoma cells. Experiments were carried out as described
previously [20]. Briefly, cells were seeded into 96-well plates (5000 cells/well) and treated with different
concentrations of Api (0.3–60.0µM) under standard conditions (37 ◦C, 5% CO2). After 72 h of incubation,
5 mg/mL MTT solution was added and the microplates were incubated for an additional 4 h. The
resulting formazan crystals were dissolved in dimethyl sulfoxide and the absorbance was determined
at 545 nm with an ELISA reader (Awareness Technology, Palm City, FL, USA). Cisplatin, a clinically
used anticancer agent was applied as a reference agent. Sigmoidal concentration–response curves
were fitted to the determined results and IC50 values were calculated by means of GraphPad Prism
(GraphPad Software, San Diego, CA, USA).

For cells viability assessment, the XTT assay (Thermo Fischer Scientific) was used according to the
manufacturer on human dendritic cells. Briefly, the final XTT solution was put on wells with cells or
medium only as a control. After 45 min incubation time at 37 ◦C and 5% CO2, aliquots of the cells were
assessed in flat 96-well plates (Greiner, Frickenhausen, Germany) at 460 and normalised to 650 nm.
Previously, cells had been stimulated with the vehicle or with Api, in the presence or absence of LPS
for 24 h and 48 h at the indicated concentrations. After XTT assay, the cell number was obtained and
normalised to 104 cells.
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2.3. Cell Cycle Analysis by Flow Cytometry

To describe cell cycle distribution, the DNA content of the cells was determined by flow cytometry.
A375 cells were plated into 6-well plates (300,000–400,000 cells/well) and pre-incubated for 24 h. Then
the cells were washed twice with cold phosphate-buffered saline (PBS), trypsinised and centrifuged
(1500 rpm, 10 min). Cells were washed and fixed in 1 mL of cold ice 70% ethanol for 30 min. Samples
were treated with dye solution containing RNAse A (0.02 mg/mL), propidium iodide (0.1 mg/mL),
Triton-X (0.003 mL/mL) and sodium citrate (1.0 mg/mL) in distilled water and the mixtures were kept in
the dark for one hour at room temperature. DNA content of the cells was analysed by a Partec CyFlow
flow cytometer (Partec GmbH, Münster, Germany). In each sample, 20,000 cells were assessed, and the
proportion of the cells in the different cell cycle phases (subG1, G1, S and G2/M) were calculated using
ModFit (Verity Software House, Topsham, ME, USA).

2.4. Anti-Migratory Potential—Scratch Assay Method

For the assessment of the regressive effect of Api on the invasion capacity of the human
melanoma-A375 cell line, the scratch assay test was performed. Several 2 × 105 cells/well were
seeded onto 12-well culture plates until 90% confluence was reached. After that, the attached cells were
scratched following the diameter of the well using a sterile pipette tip. The detached cells and cellular
debris were removed by gently washing the wells with PBS. Furthermore, the cells were stimulated
with Api at two different concentrations 30 µM and 60 µM. Wells were captured on images at 0 h and
24 h, in order to compare the cell growth of the stimulated vs. control (no stimulation) cells in early
stages and at consistent times. Each well was marked below with a line, to improve identification of
the same imaging area. Images were taken with Olympus IX73 inverted microscope provided with
DP74 camera (Olympus, Tokyo, Japan) and cellSense Dimension software was used for analysing the
cell growth. To quantify the migratory ability of the cells, the wound closure percentage was calculated
as previously described [21].

2.5. Determination of In Situ Caspase Activity

Caspase-3 is one of the key players in the apoptotic machinery. To determine the effects of Api on
the activity of caspase-3, a colorimetric assay (Sigma-Aldrich, Budapest, Hungary) was performed.
Ten and 12 million cells were plated in tissue culture flasks for control and treatment condition,
respectively. After 24 h of pre-incubation, the cells were treated with Api (30 uM or 60 uM) for
48 h. Then cells were sampled, counted, centrifuged, washed with PBS and re-suspended in kit lysis
buffer (107 cells/100 µL), and incubated on ice for 20 min. The lysate was centrifuged, and the protein
concentration of the supernatant was determined (Pierce Biotechnology, Rockford, IL, USA). According
to the manufacturer’s protocol, 5.0 µL portions of treated and control lysates were incubated with
10 µL selective substrate of the enzyme (acetyl-Asp-Glu-Val-Asp-p-nitroaniline) in a final volume of
100 µL buffer. After a night of incubation at cell culture conditions, the absorbance of p-nitroaniline
was measured at 405 nm with an ELISA reader. The treatment-related change in the caspase activity
was expressed as fold increase.

2.6. Annexin V—Propidium Iodide Assay

Into 6-well plates (Greiner bio-one), 5 × 105 cells/well were seeded and allowed to attach to the
bottom of the plate overnight. After 24 h, the cultured medium (DMEM) was thrown and a fresh one
containing Api at the highest concentration (60 µM) was added. Starting from a stock solution of 10
mM Api in DMSO, successive dilutions into the medium were performed in order to obtain the final
concentration of the tested compounds. As a control sample, untreated cells were used; cells incubated
with DMSO were used as solvent control. After 72 h, the cells were trypsinised and analysed for the
apoptotic effect of the tested compounds using flow cytometry. Annexin V-FITC mixed with propidium
iodide (PI) kit (Invitrogen, ThermoFisher, Vienna, Austria) was used for cell death flow cytometric
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studies (apoptosis) according to the manufacturer’s manual. In brief, 2–5 × 105 cells were washed two
times in 1 × Annexin V binding buffer, and then centrifuged at 1,500 RPM for 5 min, re-suspended in
the binding buffer and incubated with 5 µL of Annexin V-FITC in the dark for 15 min. After the cells
were washed with 200 µL of the specific binding buffer and then centrifuged, the cell pellet obtained
was re-suspended in a volume of 190 µL binding buffer, and immediately prior to analysis by flow
cytometry 10 µL of PI solution was added.

2.7. Assessment of Cytotoxicity via LDH Released

Lactate dehydrogenase (LDH) assay kit (No 88954, Thermo Fisher Scientific, Boston, MA, USA)
was employed to determine the cytotoxic effect of Api and DMSO at concentration of 30µM and 60 µM
on the human melanoma A375 cell line. This technique is based on the cytosolic enzyme released
(LDH) into the media which can be further quantified by an enzymatic reaction, leading to formazan
production. The level of formazan is directly proportional to LDH leakage into the media, which is an
indicative of the cytotoxic effect.

Briefly, 5000 cells/well in 200 µM specific media were cultured in 96-well plate and allowed to
attach overnight. The next day, the cells were treated with Api and DMSO at concentration of 30 µM
and 60 µM and incubated for 72 h. After this step, the LDH released into the media was transferred
into a new 96-well plate, followed by an addition of reaction mixture. The plate was incubated at
room temperature, protected from light; stop solution was added after 30 min. The concentration of
formazan is measured at 490 nm and 680 nm wavelengths via spectrophotometry with a microplate
reader (xMarkTMMicroplate, Serial No. 10578, Biorad, Japan).

2.8. Fluorescence Microscopy

Tissue-treated 8-well chambered cover slides (Ibidi, Martinsried, Germany) were used for
dendritic cells growth. The cells were cultured and fixed as previously described [19]. DAPI
(4′,6-Diamidine-2′-phenylindole dihydrochloride) solution (Roche Diagnostics, Mannheim, Germany)
and phalloidin Alexa Flour 488 solution (Thermo Fisher) were applied for 1 h. A Zeiss LSM510
Meta system equipped with an inverted Observer Z1 microscope and a Plan-Apochromat 63× /1.4 oil
immersion objective (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) were used for confocal
laser scanning microscopy.

2.9. Extracellular Flux (XF) Analysis

A375 cells (2 × 104 cells/well) were seeded in Seahorse 24-well cell culture plates and allowed to
attach overnight. On the second day, the cells were stimulated with two concentrations of Api (30 and
60 µM) or with DMSO; the control group is represented by untreated cells, incubated only with cell
culture medium. Background correction wells (wells that were not seeded with cells) were included in
the assay, in order to normalise the data to background plate noise. Cells were incubated at 37 ◦C and
5% CO2 with the samples for 72 h.

The cells were divided into five groups: control—untreated cells; cells treated with DMSO; and
cells treated with Api 30 µM and Api 60 µM, respectively. The oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured using the Seahorse XFe24 (Seahorse Agilent)
extracellular flux analyser, as previously described [22]. Three injections were performed in order to
change cells metabolism, namely: oligomycin (1 µg/mL)—a complex V inhibitor; FCCP (3 µM)—a
classic uncoupling agent, and antimycin A+Rotenone (2.5 µM + 2 µM)—inhibitors of complex I and
III, respectively [23]. The OCR parameters recorded in the analysis were as follows: (i) the basal
respiration (before oligomycin addition); (ii) the leak state (after oligomycin addition)—the amount
of O2 consumption needed to sustain the proton gradient; (iii) the maximal respiration (after FCCP
addition)—respiration in the presence of a classic uncoupler of oxidative phosphorylation; (iv) the
ATP turnover (the difference between the basal respiration and the leak state)—the amount of O2

consumption used for ATP production; (v) the reserve capacity (the difference between the maximal
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and the basal respiration). The reserve capacity is a fundamental parameter of cellular bioenergetics,
and shows the capacity to respond to an increased energy demand [24]. OCR was reported in units of
pmoles/minute and ECAR in mpH/minute.

2.10. Chorioallantoic Membrane Assay (CAM)

The CAM assay involves the use of fertilised hen (Gallus gallus domesticus) eggs. We implemented
a slightly modified technique developed by Ribatti et al. [25]. Briefly, the general method includes
egg disinfection with 70% ethanol prior to incubation at controlled 37 ◦C and 50% humidity. On the
third day of incubation, noted as the embryonic day of development (EDD 3), 3–4 mL of albumen was
removed, followed by cutting and resealing a window on the upper side of the eggs on EDD 4. In
ovo macroscopic assessment was performed in daytime by means of a stereomicroscope (Discovery 8
Stereomicroscope, Zeiss). For further morphometric analysis, significant images were registered on a
daily basis, using the Axio CAM 105 colour, Zeiss digital camera and processed by Zeiss ZEN software,
ImageJ and GIMP.

The morphometric evaluation of the angiogenic reaction can be assessed using different approaches,
namely semi-quantitative scales [26] or equations [27–29]. In this study, macroscopic images were used
in order to count the number of blood vessels (BV) intersecting the inoculation ring. Angiogenesis
inhibition (AI) can be expressed in percentages using the following equation:

AI (%) = (1 − No BVtest/No BVcontrol) × 100. (1)

2.11. Normal Angiogenesis Assessment on the Chorioallantoic Membrane

Firstly, we assessed the effects induced by Api on the normal developing CAM. This type of assay
is indicative for the tolerability of Api on normal tissues, but also stands for the predictability of its
implications on highly angiogenic blood vessels (between EDD 7–10). Starting on EDD 7 (day 0, 0 h)
three test groups of samples were designed: (a) Api in 30 µM (API 30) concentration; (b) Api in 60 µM
(API 60) concentration; (c) DMSO 1% as solvent control (1% DMSO v/v in double distilled water). All
samples in volumes of 5 µL/egg were applied directly inside a plastic ring placed on top of the CAM.
The assessment was carried out for 48 h, representing a medium-term tolerability assessment.

2.12. Tumour Angiogenesis Assessment on the Chorioallantoic Membrane

The assessment of Api in an in vivo melanoma model using the CAM assay requires the inoculation
of the melanoma cells on top of the developing membrane on EDD 10 (day 0, 0 h). A375 melanoma
cells were cultured according to the above described protocol and subsequently inoculated onto the
CAMs [30]. Briefly, after detaching the cells from the culture plate by trypsinisation, they were cleansed
and re-suspended in the culture medium until reaching the final concentration of 105/5 µL. On the
10th day of incubation, 5 µL of the melanoma cell suspension was inoculated inside a plastic ring
previously placed on the CAM. All specimens were inoculated with 5 µl of A375 melanoma cells and
were divided in three test groups: (a) Api in 30 µM concentration; (b) Api in 60 µM concentration;
(c) DMSO 1% as solvent control. Each test solution was applied in volumes of 5 µl and was repeated
daily for 96 h, until EDD 14. Relevant images were captured every day in vivo, and on the final day
of the experiment, after detaching the fine membranes of the tested specimens, ex vivo images were
also taken. The same type of angiogenesis analysis as described for the normal tested CAMs was
performed for the melanoma treated specimens.

2.13. Statistics

The Prism software package (Graph Pad Prism 5.0 for Windows) was used for data collection
and presentation. The data ranged from three to five separate experiments is presented as the mean ±
SD. An unpaired Student’s t-test, one-way ANOVA or two-way ANOVA followed by a Bonferroni
post-test or Newman-Keuls post-test were used to determine the significant differences between the
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various experimental and control groups. A paired Student’s t-test was used to determine significant
differences in all experiments concerning dendritic cells. *, **, ***, **** indicate p < 0.05, p < 0.01,
p < 0.001 and p < 0.0001, respectively, compared to the control group or otherwise-indicated groups.

3. Results

3.1. Cell Growth Inhibition

As can be observed in Figure 1, in the range of tested concentrations, Api presents substantial
antiproliferative effect against A375 human melanoma cell line starting from the 30 µM concentration.
The calculated IC50 is 33.02 µM.
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Figure 1. Cell growth inhibition (%) ± SEM against A375 human melanoma cells after 72 h of incubation
with Api. * p < 0.05; *** p < 0.001.

3.2. Api Effects on Cell Cycle Phases

To have a complete picture of the antiproliferative effect, the concentrations that led to this kind of
event, namely 30 µM and 60 µM Api, were used to analyse the effect on the phases of the cell cycle.
Results showed that in the case of both concentrations, Api induced a G2/M arrest by increasing the
percentage of A375 cells in this phase of the cell cycle from 18.946 ± 1.91% (control) to 33.423 ± 0.15%
(30 µM Api) and 33.653 ± 0.96% (60 µM Api). Results are described in Figure 2.

3.3. Antiproliferative Effect of Api

As shown in Figure 3, both concentrations of Api (30 µM and 60 µM) manifested a significant
inhibitory effect on the migratory capacity of human melanoma A375 cells, when compared to the
migratory ability of control cells. Human melanoma A375 cells displayed wound width modifications
of only 38 µm, from 575.05 µm to 537.59 µm, after treatment with Api 60 µM and from 550.84 µm to
418.90 µm after stimulation with Api 30 µM in a 24 h timeframe. The wound healing rate induced after
Api treatment at 30 µM and 60 µM concentrations was 23% and 6.84%, respectively. This means that
the inhibitory rate expressed by Api (30, 60 µM) on cell migration was 77% and 93.16%, respectively.
However, the control cells (no stimulation) displayed a good wound healing rate above 77% after 24 h.

In addition, it can be observed that cells showed apoptotic characteristics by changing their
shape and morphology, followed by cell detachment after 24 h, after stimulation with Api at
60 µM concentration.

The aforementioned data show that in the set experimental conditions Api exhibits
antiproliferative potential.
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Figure 3. Antiproliferative effect of Api on the human melanoma A375-cell line, after stimulation
with Api at 30 µM and 60 µM concentrations. Images were taken by bright field microscopy at 10×
magnification. Scale bars represent 100 µm. The bar graphs are expressed as percentage of wound
closure after 24 h compared to the initial surface. The data represent the mean values ± SD of three
independent experiments. One-way ANOVA analysis was performed to determine the statistical
differences followed by Tukey post-test (*** p < 0.001 vs. control—no stimulation).

3.4. Caspase 3 Activity

A new set of experiments was conducted in order to gain insights about potential proapoptotic
and/or cytotoxic effect. In this type of experiment, the Hormesis phenomena can be observed to
be characterised by a biphasic response. An increased activity of protein caspase 3 following 72 h
of incubation with Api 30 µM was observed. Interestingly, Api 60 µM did not enhance caspase 3
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activity, presumably because of a cytotoxic effect at this concentration/incubation time (Figure 4).
Also, the expression of caspase 2 and p53 proteins was analysed by immunocytochemistry, but none
of these proteins were expressed following incubation with the highest tested concentration of Api
(Supplementary Figure S1).
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3.5. Annexin V-PI

This approach was followed by the Annexin-PI double staining, a consecrated assay that makes
it possible to get information regarding phenomena of early apoptosis, late apoptosis and necrosis.
Api at the tested concentrations (30 µM, 60 µM) induced both early and late apoptosis phenomena,
as well as necrosis. As can be seen from Figure 5, where the means of three different experiments
are represented, Api 30 µM caused preponderantly early apoptotic events (8.5 ± 1.8% vs. 86.25% ±
1.8 with respect to Control), while Api 60 µM (12.25 ± 2.9% vs. 77.5 ± 3.2% with respect to Control)
induced predominantly late apoptotic events.
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3.6. LDH Assay

To gain more information regarding the cytotoxic potential of Api at the selected concentrations,
lactate dehydrogenase assay was performed. After 72 h, a significant difference was observed in
the release of lactate dehydrogenase between Api 30 µM (cytotoxicity rate of 20.75%) and DMSO
(cytotoxicity rate of 1.12%). However, increment of Api concentration at 60 µM did not increase its
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cytotoxic effect on the human melanoma A375 cell line, showing a cytotoxic effect of almost 19%.
Results are presented in Figure 6.
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Figure 7. The effect of Api (30 and 60 µM) on A375 human melanoma cells (72 h treatment) with respect
to OCR and ECAR parameters. ** p < 0.01; *** p < 0.001.

We observed that in the basal respiration state, the cells are in the unchallenged state. Treatment
with Api induced a significant dose-dependent decrease in the baseline rates (basal respiration for
Api 30 µM→ 137.9 ± 31.4 pmols/min vs. Control→ 266.07 ± 20.8 pmols/min; Api 60 µM→ 22.2 ±
5.5 pmols/min vs. Control). In the leakage state, there is a decrease in the OCR due to blockage of ATP
production following oligomycin injection. At the higher employed dose—60 µM Api—a decrease in
the proton leak state (34.9 ± 7.1 pmols/min vs. Control→ 135.01 ± 14.6 pmols/min) and in the maximal
respiration rate (12.4 ± 5.3 pmols/min vs. Control→ 46.5 ± 5.9 pmols/min) was elicited.
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After adding the respiratory chain uncoupling agent (FCCP), there is normally an increase in
the O2 consumption due to the uncoupling mechanism. In our case, the maximal respiration was
lower than the basal respiration, because in the case of tumour cells, there is a shift to a glycolytic state.
The maximal respiration for Api 30 µM is 53.3 ± 6.9 pmols/min, whereas for Api 60 µM a value of
12.4 ± 5.3 pmols/min was recorded. Furthermore, the ATP turnover also displayed a decrease after
stimulation with Api. This effect was recorded for Api in both tested doses and also in the case of
DMSO, at the higher tested dose, 60 µM (ATP turnover for Api 30 µM was -12.65 ± 6.5 pmols/min vs.
Control 131.05 ± 7.1 pmols/min and for Api 60 µM it was 22.1 ± 8.3 pmols/min vs. Control).

As previously mentioned, the reserve capacity represents the difference between the maximal and
the basal respiration, and due to the fact that the first recorded lower values than the basal respiration,
we obtained negative values. Our data indicate that treatment with Api decreased A375 tumour cells
reserve capacity considerably, which proves that it is more difficult for treated cancer cells to respond
to stress than untreated cells or cells treated with DMSO (Reserve capacity for Api 30 µM→−9.8 ±
5.8 pmols/min vs. Control→−219.5 ± 24.5 pmols/min and for Api 60 µM→−84.6 ± 31.4 pmols/min
vs. Control).

In the DMSO groups, there is a slight increase in ECAR, whereas in the Api groups, there
is a significant dose-dependent decrease of ECAR, indicating that the compound also induced an
impairment in cellular glycolytic activity (Api 30 µM→ 11.4 ± 2.8 mpH/min vs. Control→ 65.04 ±
1.5 mpH/min and for Api 60 µM→ 45.1 ± 7 mpH/min vs. Control). Our results indicate a significant
alteration of the bioenergetic profile in A375 human melanoma cells treated with 60 µM Api, an effect
that might emphasise its beneficial properties against tumour cells.

3.8. Immunomodulatory Effects of Api

To test the immunomodulatory effects of Api, primary peripheral blood mononuclear cells
(PBMCs) were isolated from human blood, differentiated into dendritic cells (DCs), and stimulated with
corresponding amounts of Api. Cell expansion of human dendritic cells after 24 h with vehicle, Api in
different concentrations, or DMSO in the absence (naïve) or presence of LPS, as well as representative
transmitted light microscopic images of Api-stimulated human dendritic cells after 24 h in the absence
(native) or presence of LPS, are presented in Figure 8a,b.

As expected, vehicle- and DMSO-treated cells expanded within 24 h of lipopolysaccharide (LPS)
activation (Figure 8a). This cell expansion was completely abrogated by parallel stimulation of 30
and 60 µM Api, while low-dose Api (1µM) had no effect compared to control. Transmitted light
microscopic images highlight the strong effect of Api on cell morphology (Figure 8b). The cells acquired
a round shape upon high-dose Api stimulation. Moreover, LPS stimulation failed to provoke the
typical development of dendrites as seen in the control cells or at the low dose of Api.

3.9. XTT Assay for Metabolic Activity

The metabolic activity of human DCs under LPS-activation was clearly impaired by stimulation
with high concentrations of Api with 24 h and even stronger within 48 h (Figure 9a). Confocal
microscopy performed 48 h after stimulation revealed substantial cell damage with 60 µM Api
stimulation, while control cells appeared normal (Figure 9b, upper panel). Furthermore, LPS activation
led to a typical aggregation of DCs to cell-clusters under control conditions, which was not present
under a high dose of Api stimulation (lower panel).
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cytokine secretion was very strongly blocked by higher concentrations of Api (Figure 10). IL-6 and 
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Figure 9. (a) XTT assay for metabolic activity of human dendritic cells stimulated with vehicle, Api in
different concentrations or DMSO in the presence of LPS for 24 h and 48 h. (b) Representative confocal
microscopic images of human dendritic cells treated with vehicle or 60 µM Api in absence (upper panel)
or presence (lower panel) of LPS for 48 h (magnification 63x). Data are expressed as mean ± standard
deviation (SD); significant differences are indicated as ** p < 0.01; ## p < 0.01, # p < 0.05; n = 4.
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3.10. Cytokine Quantification

Cytokine secretion was analysed in order to see if the reduced cell activity of LPS-stimulated
cells had functional consequences. Even though DMSO led to a significant increase in IL-6 and
TNF-alpha secretion, possibly because of some induced increase in the membrane permeability, the
cytokine secretion was very strongly blocked by higher concentrations of Api (Figure 10). IL-6 and
IL-10 secretion was almost completely blocked by 30 and 60 µM stimulation with Api and TNF alpha
secretion was reduced by about 60%. The low dose of Api had no effect compared to the control
secretion in all cytokines.
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3.11. Chorioallantoic Membrane Assay

Using the in vivo chick chorioallantoic membrane assay, we investigated in ovo the tolerability
and potential influence of Api on the normal and tumoural angiogenic process, next to the effect
produced directly on the development of A375 melanoma cells. The assessment of Api in 30 and 60 µM
concentrations was performed compared to the solvent control, diluted DMSO.

Firstly, we used the normal angiogenesis type of assay in order to assess the biocompatibility
and tolerability. Survival rates of the embryos were similar for both concentrations of Api and the
solvent control. However, some differences were observed concerning the inflammatory and irritation
responses or the development of the CAM. Api in 60 µM concentration induced an irritation and fibrotic
process that involved a higher number of capillaries surrounding the lesioned area. By testing the
compound during a time-frame characterised by a rapid mitotic index and growth of endothelial cells,
we were also able to assess the influence of Api on such a process. Interestingly, the low concentration
showed a more important effect of reducing the number of capillaries inside the application area. Api
at 60 µM induced a reduced inhibition of the angiogenesis, compared to Api at 30 µM, but still higher
than the control (Figure 11).

When tested on the tumour model in the CAM assay, using A375 melanoma cells (Figure 12),
the influence of Api on tumour cells was also assessed, next to the influence of the compound on the
tumour angiogenic process. Both concentrations of Api influenced tumour cell growth and migration,
inducing a limited tumour area inside the application ring, associated with a low number of capillaries.
Still, the migration of melanoma cells was not totally inhibited, areas of cells were observed outside the
ring and spokes wheel pattern of vessels converging on the tumour cells.
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Figure 11. Normal CAMs treated with Api: (a) Stereomicroscopic in vivo images of the areas treated
with Api 30 and 60 µM and with DMSO 1% as solvent control: initially—0 h, after 24 h, and after 48 h;
(b) the angiogenic inhibition % at 48 h for Api 30 µM and 60 µM compared to DMSO 1%. * p < 0.05.
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Figure 12. A375 melanoma cells on CAMs treated with Api: (a) Stereomicroscopic in vivo images of the
areas previously inoculated with melanoma cells and treated with Api 30 and 60 µM and with DMSO
1% as solvent control; initially—0 h, after 24 h, after 72 h, and after 96 h, ex vivo, after membranes
biopsies were obtained; (b) the angiogenic inhibition % in A375 melanoma cells environment, at 48 h,
for Api 30 µM and 60 µM compared to DMSO 1%. * p < 0.05.

Differences noticed consist of the effect induced by the two concentrations of Api. A reduced
number of cells with minimal aggregation pattern were observed for the low concentration of Api
(30 µM). The number of vessels inside the ring was also reduced, with capillaries showing irregularities.
The higher concentration (30 µM) also showed a limited growth of tumour cells inside the ring, with
reduced number of interconnected capillaries, though; the vascularisation was less inhibited compared
to the low concentration, possibly owing to the irritation potential that was observed in the normal
setting of CAM assay. Still, the differences between the two concentrations are reduced in the tumour
angiogenesis model, and both are significantly more active in angiogenesis inhibitors compared to
the control.
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4. Discussion

In this study, we have demonstrated that Api is an antiproliferative and proapoptotic agent
against the A375 human melanoma cell line, leading to an IC50 of 33.02 µM for the tested dose ranges
(0.3–60 µM). The same conclusion was drawn by the group of Zhao et al. [15]. In their approach,
in order to assess the antiproliferative potential, two melanoma cell lines were used, namely A375
and C8161, and concentrations in the interval of 40–240 µM with check points at 24 h, 48 h, 72 h
and 96 h. Api inhibited proliferation in a dose-dependent manner, as well as in a time-dependent
manner. Moreover, Api inhibited migration at the 40 and 80 µM concentrations after 24 h of exposure,
but the effect was abolished at 100 µM. Relative to the invasion, Api inhibited this process at 40 µM
concentrations after 72 h of exposure, but again the effect was abolished at 80 µM. Using a higher
concentration than in our study, namely 100 µM, they also demonstrated that Api causes a G2/M arrest
in the two selected melanoma cell lines. They also detected apoptotic events after 24 h of exposure
at 40 and 80 µM [15]. The ability of this flavone to arrest the cell cycle in the G2/M phase in the case
of epidermoid carcinoma A431 cells was postulated by Chan et al. [31]. Hasnat et al., using A375
and A2058 human melanoma cell lines, showed that Api in 50 µM concentration and after a period
of incubation of 24 h significantly decreased the number and viability and altered the morphology
of selected cells [32]. As discussed in the results section of our study, we have demonstrated that
Api at 30 µM concentration and after a period of 72 h induced caspase 3 activation; however, when
60 µM was applied, the concentration of caspase 3 decreased as compared to control, presumably
because of a cytotoxic effect at this concentration and timeframe. The assessment of the cytotoxicity
was also performed by quantifying the amount of LDH, a cytosolic enzyme which is released by the
cells undergoing necrosis [33,34]. However, the sensitivity of this technique is questionable when cells
are exposed to compounds that induce cell cycle arrest [35]. Due to the fact that cells no longer express
proliferative properties, the amount of LDH that can be released from the cells will be quite low, thus
undermining the sample-induced cytotoxic effect. This phenomenon was also observed in our case for
the A375 human melanoma cells stimulated with Api 60 µM. A more intense cytotoxic effect manifested
by Api at 60 µM compared to the effect induced by Api at 30 µM cannot be disputed, as shown by the
images performed during LDH assessment (Figure S2); yet, under these conditions, the LDH technique
yielded diminished cytotoxicity results. Using the Western blot analysis, Zhao et al. showed that
after 24 h of incubation, Api 100 µM augmented the expression of cleaved caspase-3 in the case of
A375 and C8161 human melanoma cells [15]. In an in vivo study, Caltagirone et al. demonstrated
that this flavonoid administrated intraperitoneally in mice bearing a murine model of melanoma by
employing B16-BL6 cells led to a dose-dependent delay of tumour growth and decreased the number
of B16-BL6 colonies in the lungs. Moreover, they showed that the phytocompound is not toxic and is
able to potentiate the activity of cisplatin [16]. Along the same line of thought, Cao et al. published that
the dietary flavonoid suppressed metastasis in mice bearing B16F10 lung tumours and also inhibited
invasion and migration in both human and murine melanoma cell lines. A possible mechanism was
assigned to the inhibition of the STAT3 signalling pathway [18]. Chao et al. showed that in the case
of different human uveal melanoma cell lines, Api inhibits expression and secretion of VEGF by a
mechanism that involves suppression of ERK1/2 and PI3K/Akt pathways [36]. Das et al. used Api
obtained from an ethanoic extract of the plant Lycopodium clavatum (LC) and assessed the anticancer
potential using both the A375 human melanoma cell line and the A549 human lung cancer cell line in
the 20–250 µg/mL dose range interval. Their study also confirmed the in vitro antiproliferative potential
against the melanoma cell line and proposed it as a mechanism for apoptosis DNA interaction, damage
and mitochondrial dysfunction by the direct activity on mitochondrial oxidative phosphorylation
system [37].

In the last decade, several studies have reported that Api can directly target mitochondria in tumour
cell lines, revealing the activation of the mitochondrial apoptotic pathway; Api is associated with
DNA fragmentation, production of reactive oxygen species, mitochondrial membrane depolarisation,
release of cytochrome c and up-regulation of Bax, caspase 3, 9 and PARF [38–40]. Furthermore, it
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has been shown that Api mediates mitochondrial dysfunction in melanoma cells, namely disrupting
the oxidative phosphorylation system of the A375 melanoma cell line [37]. However, the authors
did not indicate whether there is impairment in the glycolytic state after Api treatment. Usually, the
ECAR increase as a consequence of the cells effort to generate ATP in order to maintain their energy
balance [41]. As previously mentioned, our data showed a significant alteration in the A375 human
melanoma cells bioenergetic profile after the treatment with Api, especially at the higher tested dose,
60 µM, an effect that might be correlated with its beneficial effects against melanoma. To the best of our
knowledge, this is the first approach that presents the effects of Api on both mitochondrial respiration
and glycolysis on A375 human melanoma cells.

It is very well known that the immune system plays a crucial role with respect to development
as well as resolution of malignant lesions [42]. The main ‘effectors’ for the activation of the adaptive
immune system are the dendritic cells (DCs). These sentinels of the immune system have the ability
to cross-present exogenous antigens to T lymphocytes [43]. On human dendritic cells, pure Api
completely blocked normal LPS-mediated cell activation. Moreover, the high dose of Api even reduced
typical metabolic activity of DCs. This effect was strongly reflected in a complete abrogation of the
cytokine secretion of IL-6 and IL-10. We have previously shown that natural sources of Api, e.g.,
chamomile extracts containing about 34.103µg/100 µg extract of apigenin glucoside, or 1.388 µg/100 µg
extract of apigenin, also had an effect on dendritic cell activation, although this effect was very minor
compared to the pure, high dose of Api [20]. Also, the secretion of the mentioned cytokines was
not reduced by chamomile extracts. Obviously, a strong concentration-dependent correlation of Api
and its DC immunomodulatory effect is highlighted in the former and the current study. High doses
of Api are potentially able to reduce inflammatory responses to a high extend. While Api reduces
the survival of cancer cells, as indicated in this study on human melanoma cells, the effect of Api as
a potential immune response suppressor has to be taken into account when considering Api as an
anti-cancer agent.

Recently, Api has been studied intensively, and anticancer effects have been documented, with a
possible efficacy for limiting cancer progression. Angiogenesis mediated anticancer activity is being
reported in several studies, on various cancer types (e.g., lung cancer, prostate cancer, skin cancer,
neuroblastoma, breast cancer) by modulating different pathways [44]. The effect was described for
lung and colon cancer cells on the chorioallantoic membrane and was correlated with the decrease
in the HIF-1 and VEGF expression at 20 µM concentration [45]. Our study indicated a better effect
on angiogenesis inhibition in normal conditions and in the presence of melanoma cells, at 30 µM
concentration, but not at 60 µM, a concentration which induced irritation phenomena on the CAM.
Shankar et al. showed the effect on melanoma lung metastasis by impairing the interactions between
tumour cells and the endothelial cells [44]. Little data is available on the effects of Api in vivo using
the chorioallantoic membrane assay in the case of human melanoma.

5. Conclusions

The comprehensive assessment of Api against the A375 human melanoma cancer cell line
shows that under the set experimental conditions, the flavone presents an anticancer mechanism that
involves inhibition of proliferation, induction of apoptosis, modulation of bioenergetics profile and
inhibition of angiogenesis. However, under the aforementioned parameters, Api does not show any
immune-stimulatory properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/4/858/s1,
Figure S1: Expression of caspase 2 and p53 proteins after stimulation with Api 60 µM vs. Control, Figure S2:
Morphological aspects of human melanoma A375 cells exposed to Api at concentrations of 30 µM and 60 µM
during LDH assessment. Images were taken 72 h post-treatment.

Author Contributions: A.G. performed part of the in vitro experiments, analysed the data and drafted the work;
A.S. performed and investigated the dendritic cells experiments; H.H.R. conceived, visualised and validated the
dendritic cells experiments; S.A. performed, investigated, visualised and validated the angiogenesis experiments;
I.Z., A.B., C.O., F.B., C.F. conceived, performed, visualised, analysed the data and validated the in vitro experiments;



Nutrients 2019, 11, 858 17 of 19

I.Z.P. conceived, performed and investigated the mitochondrial respiration experiments; O.D. visualised and
validated the mitochondrial respiration experiments; C.A.D., C.S. reviewed and edited the manuscript, C.D.
reviewed and supervised the work.
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Curcumin decreases Warburg effect 
in cancer cells by down-regulating 
pyruvate kinase M2 via mTOR-
HIF1α inhibition
Farid Ahmad Siddiqui1, Gopinath Prakasam2, Shilpi Chattopadhyay3, Asad Ur Rehman1,4,  
Rayees Ahmad Padder1, Mohammad Afaque Ansari1, Rasha Irshad1, Kailash Mangalhara2, 
Rameshwar N. K. Bamezai2, Mohammad Husain1, Syed Mansoor Ali  1 &  
Mohammad Askandar Iqbal  1

Warburg effect is an emerging hallmark of cancer cells with pyruvate kinase M2 (PKM2) as its key 
regulator. Curcumin is an extensively-studied anti-cancer compound, however, its role in affecting 
cancer metabolism remains poorly understood. Herein, we show that curcumin inhibits glucose uptake 
and lactate production (Warburg effect) in a variety of cancer cell lines by down-regulating PKM2 
expression, via inhibition of mTOR-HIF1α axis. Stable PKM2 silencing revealed that PKM2 is required 
for Warburg effect and proliferation of cancer cells. PKM2 over-expression abrogated the effects of 
curcumin, demonstrating that inhibition of Warburg effect by curcumin is PKM2-mediated. High PKM2 
expression correlated strongly with poor overall survival in cancer, suggesting the requirement of 
PKM2 in cancer progression. The study unravels novel PKM2-mediated inhibitory effect of curcumin 
on metabolic capacities of cancer cells. To the best of our knowledge, this is the first study linking 
curcumin with PKM2-driven cancer glycolysis, thus, providing new perspectives into the mechanism of 
its anticancer activity.

Metabolic priorities of cancer cells differ remarkably from normal cells, thus providing a new therapeutic win-
dow. Metabolic reprogramming in cancer cells support their growth, survival, proliferation and maintenance1. In 
1920’s, Otto Warburg observed that tumor cells produce large quantities of lactate even when sufficient oxygen 
is present, a phenomenon referred to as Warburg effect or aerobic glycolysis2. Warburg effect is characterized 
by high glucose uptake and lactate release and is now considered as a hallmark of nearly all tumors3. This met-
abolic adaptation benefits cancer cells in surviving through hypoxic conditions, commonly found in tumors, 
and to support their anabolic requirements4,5. Tendency of cancer cells to take-up large quantities of glucose is 
exploited in clinical detection of tumors by 18fluorodeoxyglucose-positron emission tomography (FDG-PET) 
scan6. Hyper-activating mutations in growth signaling are known to induce expression of enzymes that are vital 
for cancer metabolism7. Interest in studying cancer metabolism has been rekindled recently with a burst in num-
ber of publications in last decade8. Now, metabolism of cancer cells is considered a therapeutic hotspot for dietary 
and pharmacologic interventions9–11.

Extensive studies have shown that pyruvate kinase M2 (PKM2) is one of the critical regulator of Warburg 
effect12,13. Accordingly, PKM2 is highly expressed in proliferating cells like tumor and embryonic cells14. PKM2 
is one of the four isoform of pyruvate kinase- PKL, PKR, PKM1 and PKM215. Switch towards PKM2 isoform 
is a pre-requisite for aerobic glycolysis to take place16. Oncogenic transcription factor c-Myc has been demon-
strated to control the mutually exclusive alternative splicing of PKM mRNA in favor of PKM217. PKM2 expres-
sion has been used as a tumor marker18–21. We and others have previously reported that PKM2 is associated 
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with tumor metabolism and growth22,23. Several studies have suggested PKM2 as a therapeutic target for cancer 
treatment24,25. Therefore, it is pertinent to evaluate drugs that could suppress PKM2 expression, thus, inhibiting 
cancer metabolism.

Curcumin (diferuloylmethane) is a well-known phytopolyphenolic compound isolated from rhizome of the 
plant Curcuma longa (Zingiberaceae)26. Curcumin is considered as a valuable medicinal plant in Indian systems 
of medicine. Numerous studies have shown the anti-cancer properties of curcumin in a wide variety of cell lines 
and animals27–33. The major features of carcinogenesis have been shown to be inhibited by curcumin34. Several 
mechanisms for anti-cancer activities of curcumin have been proposed, including, induction of apoptosis34, p53 
stabilization35, mTOR33, Wnt36, Notch37, PI3K38, signaling inhibition, AMPK activation39, cell cycle inhibition40, 
inhibition of oncogenes41, inactivation of NF-kB42, metastasis inhibition43, angiogenesis inhibition44, miRNA 
regulation45, DNA damage and repair46. However, the effect of curcumin on cancer metabolism, an emerging 
hallmark of cancer, remains unknown.

Here, we investigated the effect of curcumin on cancer metabolism and report novel PKM2-mediated inhib-
itory effects of curcumin on Warburg effect. Our results identify a new anti-cancer mechanism of curcumin and 
endorse its therapeutic relevance in inhibiting cancer.

Results
Curcumin inhibits Warburg effect in cancer cells. The effect of curcumin on Warburg effect was studied 
by measuring the rate of glucose uptake and lactate production in cancer cell lines- lung (H1299), breast (MCF-7),  
cervical (HeLa) and prostate (PC3) and human embryonic kidney (HEK) 293 cells, taken as control. Sub-toxic 
concentrations of 0–20 μM curcumin for 24 hours were used for the study. Significant inhibition in glucose uptake 
and lactate release was observed across the four cell lines, however, no appreciable decrease in Warburg effect was 
observed in HEK 293 cells (Fig. 1a,b). Dose-dependent decrease in Warburg effect started at 2.5 μM with maximal 
decrease at 20 μM curcumin.

Curcumin down-regulates PKM2 via inhibition of mTOR-HIF1α axis. To understand the decrease 
in glucose consumption and lactate production by curcumin-treated cell lines, we studied the status of PKM2, a 
critical regulator of Warburg effect. Since maximal decrease in Warburg effect was observed at 20 μM curcumin, 
we used this concentration to study the effect of curcumin on PKM2 status in H1299, MCF-7, HeLa and PC3 
cell lines. Curcumin treatment substantially reduced PKM2 mRNA and protein as assessed by qRT-PCR and 
immunoblotting (Fig. 2a,b and Supplementary Figure S2). Further, in an attempt to elucidate the mechanism 
responsible for PKM2 down-regulation, we studied the mTOR/HIF1α pathway inhibition upon curcumin treat-
ment. mTOR is frequently hyper-activated in various cancers47 and curcumin has been shown to inhibit mTOR 
signaling48. HIF1α is a known transcriptional activator of PKM213,49. Upon curcumin treatment, decreased PKM2 
expression coincided with decreased Threonine 389 (T389) phosphorylation of p70S6 kinase and decreased 

Figure 1. Dose-dependent effect of curcumin on Warburg effect. High glucose uptake and lactate production, 
also referred to as Warburg effect, is a hallmark feature of cancer cells (see text) needed to support proliferation 
of cancer cells. Glucose uptake (a) and lactate release (b) by H1299, MCF-7, HeLa and PC3 cells was reduced 
significantly upon curcumin treatment compared with HEK293 where the change in glucose and lactate was not 
significant. Different doses of curcumin (2.5, 5, 10 and 20 μM) for 24 hours were used for treatment purpose. 
Maximal decrease in Warburg effect was observed at 20 μM. Error bars represent mean ± SD.
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HIF1α protein, suggesting that curcumin down regulated PKM2 by inhibiting the mTOR/HIF1α signaling. In 
addition, inhibition of PKM2 expression by rapamycin (a well-known mTOR inhibitor), further validated that 
curcumin decreased PKM2 via inhibition of mTOR/HIF1α signaling (Fig. 2c). GLUT1 and HKII mRNA were 
also found to be decreased upon curcumin treatment, suggesting the contribution of these enzymes, in addition 
to PKM2, in inhibition of Warburg effect upon curcumin treatment (Supplementary Figure S1).

Curcumin decreases viability of cancer cells. To analyze if inhibition of PKM2 and cancer metabo-
lism by curcumin contributed to reduction in viability, growth of HEK293, H1299, MCF-7, HeLa and PC3 cells 
was assessed over the period of 24–72 hours in presence of 20 μM curcumin. Decreasing trend of viability was 
observed in a time dependent manner (Fig. 3a). Maximum decrease in viability of all cell lines was observed at 
72 hours, although; drop in viability started at 24 hours. However, no significant decrease in viability was observed 
in control HEK 293 cells.

PKM2 silencing decreases Warburg effect and cell viability. We conjectured that the decrease in 
Warburg effect upon curcumin treatment is, at least in part, due to down-regulation of PKM2 expression. To this 
end, PKM2 was stably silenced in H1299 cells using shRNA approach. Knock-down efficiency was checked by 
Western blotting (Fig. 4a). Thereafter, glucose consumption and lactate release were measured. shPKM2 trans-
fected H1299 cells exhibited significant reduction in consumption of glucose and lactate production, indicating 
that PKM2 is crucial for Warburg effect (Fig. 4b,c). These results validated that curcumin inhibited aerobic glycol-
ysis by down-regulating PKM2 expression. In addition to Warburg effect, PKM2 silencing also reduced viability of 
H1299 cells (Fig. 4d), further suggesting that PKM2-driven Warburg effect is essential for survival of cancer cells.

Figure 2. PKM2 expression is inhibited by curcumin through mTOR/HIF1α axis. (a) Substantial reduction 
in PKM2 mRNA in H1299, MCF-7, HeLa and PC3 cells treated with 20 μM for 24 hours. (b) Immunoblot 
of H1299, MCF-7, HeLa and PC3 cells showing coincided reduction in PKM2, HIF1α and phosphorylated-
p70S6K (T389), upon curcumin treatment. (c) Treatment with standard mTOR inhibitor-rapamycin also 
showed similar expression pattern. Results suggested that curcumin inhibited PKM2 expression via inhibition 
of mTOR and HIF1α. Error bars in PKM2 mRNA graph represent mean ± SD.

Figure 3. Decreased cell viability upon curcumin treatment. (a) Curcumin treatment decreased viability of 
H1299, MCF-7, HeLa and PC3 cells over the time course of 24, 48 and 72 hours. Decrease in viability of four 
cancer cell lines is significantly higher compared to control HEK293 cells. Maximum decrease in viability of all 
studied cell lines was observed at 72 hours. Error bars represent mean ± SD.
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Over-expressing PKM2 reverses the effect of curcumin on metabolism of cancer cells. In 
order to further validate that inhibitory effects of curcumin on cancer glycolysis are PKM2-mediated, PKM2 was 
transiently over-expressed in H1299 cells in absence and presence of 20 μM curcumin. H1299 cells were either 
transfected with vector control or myc-PKM2. Confirmation of transfection was done by immunoblotting using 
anti-myc antibodies (Fig. 5a). Curcumin activity was measured by checking the inhibition of p70S6 kinase T389 
phosphorylation. Expectedly, PKM2 over-expression resulted in augmented Warburg effect even in continuous 
presence of 20 μM curcumin (Fig. 5b,c). Results demonstrated the ectopic PKM2 expression repressed the effects 

Figure 4. Knock-down of PKM2 reduces glucose uptake, lactate production and cell viability. PKM2 was stably 
silenced in H1299 cells using lentiviral shRNA as described in methods. (a) Confirmation of PKM2 knockdown 
by Western blotting, (b) drop in glucose uptake, (c) lactate production and (d) cell viability was observed. Error 
bars in PKM2 mRNA graph represent mean ± SD.

Figure 5. PKM2 over-expression reversed the effects of curcumin on cancer glycolysis. (a) Immunoblot 
confirming myc-PKM2 over-expression in H1299 cells continually exposed to 20 μM curcumin. Nearly 
diminished p-p70SK (T389) in both vector and PKM2 transfected H1299 cells confirmed mTOR inhibition by 
curcumin. Increased glucose uptake (b) and lactate release (c) in H1299 cells over-expressing PKM2, compared 
to vector transfected, in absence and presence of curcumin.
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of curcumin on glucose uptake and lactate release, substantiating that PKM2 is a target of curcumin. In absence 
of curcumin, PKM2 transfected cells compared with vector showed the expected increase in glucose uptake and 
lactate production. Consistent with Fig. 1, treated vector control showed decreased glucose and lactate compared 
with untreated vector control.

PKM2 expression is higher in cancer and associated with poor overall survival. To investigate the 
expression levels of PKM2 in tumour tissues, Oncomine database was utilised. In Selamat lung cancer study com-
paring expression of PKM2 in normal lung (n = 58) with the lung adenocarcinoma tissue (n = 58), PKM2 expres-
sion was found to be 2.5-fold higher in lung adenocarcinoma compared to normal lung (Fig. 6a)50. Similarly, Hou 
dataset also revealed 2.3-fold increase in PKM2 expression in squamous cell lung carcinoma as compared with 
normal lung (n = 65) (Fig. 6a)51. Further, we performed Kaplan-Meier analysis using online portal (www.kmplot.
com) to correlate PKM2 expression with overall survival of cancer patients. Higher PKM2 expression correlated 
strongly with poor overall survival in lung and gastric cancer patients (Fig. 6b)52,53. These results suggest that 
higher PKM2 expression is associated with cancer and may represent a useful prognostic marker.

Discussion
Metabolic transformation in cancer cells has gained enormous attention in recent past for its immense potential 
as viable therapeutic target. Owing to the metabolic vulnerabilities of cancer cells, several drugs that target cancer 
metabolism are under clinical trials. Just as with any chemotherapeutic drug, drugs that target metabolism of 
cancer cells may have side-effects that could deteriorate patient’s health and life-quality. On the contrary, natural 
plant based compounds have relatively less toxicity and side-effects. Therefore, there is an urgent need to screen 
more natural compounds for their inhibitory effects on the emerging hallmarks of cancer, like metabolism. Till 
date, very few phytochemicals have been shown to target cancer metabolism. Cleary, there is a need to screen 
more natural compounds for their negative effects on cancer metabolism. Metabolic enzymes could be thera-
peutic hotspots, provided they are key regulators of metabolic pathways operating in cancer cells. Large body of 
evidence suggests that PKM2 is the key regulator of cancer metabolism, thus, targeting PKM2 to inhibit cancer 
metabolism should be a viable anti-cancer strategy.

Figure 6. PKM2 expression is high in cancer and correlates with poor overall survival. (a) Box plots from 
Oncomine representing the higher PKM2 expression in lung adenocarcinoma and squamous cell lung 
carcinoma, compared to normal lung. (b) Kaplan-Meier overall survival (OS) curve of patients with lung cancer 
expressing low and high PKM2 mRNA. (PKM2 low expression group, n = 360; PKM2 high expression group, 
n = 360) and Kaplan-Meier overall survival (OS) curve of patients with gastric cancer expressing low and high 
PKM2 mRNA. (PKM2 low expression group, n = 269; PKM2 high expression group, n = 607).
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Curcumin has been well-studied as a inhibitor of a variety of cancer features; however, its effects on can-
cer metabolism remained un-elucidated. We demonstrated that curcumin inhibits cancer metabolism in a 
PKM2-dependent manner. Results presented here unravel a new dimension of anti-cancer mechanisms of cur-
cumin. Results from this work, along with the already known literature on curcumin, suggest that curcumin 
inhibits most, if not all, hallmarks of cancer, making it a powerful plant-based anti-cancer compound. However, 
there are several caveats associated with the stability and bioavailability of curcumin, thus, hindering its applica-
tion in clinical setting54. Owing to the unstable chemical nature of curcumin, it is known to degrade within few 
hours in culture media, thus, making its bioavailability abysmal55. Nonetheless, numerous studies have demon-
strated the anti-cancer properties of curcumin56. This raises the possibility of role of the degradation products of 
curcumin in contributing to its onco-pharmacological effects57.

The effect of curcumin on Warburg effect (Fig. 1) was found to be consistent across all four cancer cell lines 
studied, highlighting the spectrum of curcumin as an anti-cancer drug. Besides, these results also hint at the 
near-universal requirement of Warburg effect by solid cancers for their growth and survival. Interestingly, 
curcumin-induced inhibition of metabolism was evident at a low 2.5 μM concentration, demonstrating the sen-
sitivity of cancer cells to curcumin and dependency on aerobic glycolysis. Notably, the negligible effects of cur-
cumin on glycolysis and viability of epithelial HEK 293 cells suggested that the observed inhibition of Warburg 
effect by curcumin is specific to cancer cells. The decrease in glucose consumption and lactate production impedes 
the growth of cancer cells because glycolytic flux provides for anabolic synthesis in cancer cells to produce macro-
molecules for daughter cancer cells. Furthermore, intermediates of glycolysis acts as precursors or intermediates 
of cross-talking anabolic pathway like pentose phosphate pathway. Besides, high rates of glycolysis in cancer also 
serve the purpose of rapid ATP production, as in case of muscle during heavy exercise. Therefore, it is fathomable 
that high glycolytic rate is a life-line of dividing cancer cells. The decrease in PKM2 expression upon curcumin 
treatment explains the observed decrease in aerobic glycolysis in cell lines treated with curcumin. Since PKM2 
acts a regulator of glycolytic flux12, through its protein and pyruvate kinase activity, changes in its expression are 
expected to cause changes in glycolytic flux. Accordingly, silencing of PKM2 suppressed the Warburg effect and 
viability (Fig. 3). Moreover, higher PKM2 expression in cancer tissues and statistically significant association with 
poor overall survival of cancer patients, strongly suggested the role of PKM2 in cancer (Fig. 6).

mTOR is an important growth regulator and is usually very active in cancer cells due to mutations in reg-
ulatory pathways or the mTOR itself58,59. The role of mTOR in protein synthesis makes it indispensable for the 
survival of cancer cells. The regulation of HIF1α and PKM2 expression by mTOR highlights the importance 
of mTOR signaling in regulation of cancer metabolism (Fig. 2). mTOR is a tuner of metabolism because latter 
provides raw-material for protein synthesis i.e. amino acids and is known to regulate HIF1α and PKM2 expres-
sion23,60,61. Therefore, inhibition of mTOR is expected to inhibit PKM2 and glycolysis, which otherwise support 
anabolic metabolism in cancer62. Inhibition of Warburg effect results in decreased anabolism and therefore the 
viability of cancer cells is negatively affected by curcumin (Fig. 3) and silencing of PKM2 (Fig. 4) as all these fac-
tors converge to suppress macromolecular synthesis. The role of HIF1α in controlling the expression of PKM2 is 
an outcome of hypoxic conditions that exists in tumor cells. PKM2 can drive glycolysis even in absence of oxygen, 
by promoting the conversion of pyruvate to lactate through a largely unknown mechanism, thus, induction of 
PKM2 by HIF1α is an adaptation necessary for tumor growth. Abrogation of inhibitory effects of curcumin on 
aerobic glycolysis in PKM2 over-expressing cells not only suggested that effects were mediated by PKM2 but also 
highlighted the importance of PKM2 for cancer cell metabolism (Fig. 5).

Although curcumin has been shown to exert anti-cancer effects through a variety of mechanisms, it is impor-
tant to identify mechanisms that could be targeted without harming normal cells. Metabolic rewiring in cancer 
cells is one such mechanism. The work presented here represents a new anti-cancer mechanism of curcumin 
and pin-points the enzyme responsible for mediating the anti-cancer effects of curcumin. Since bioavailability of 
curcumin is a challenge faced in clinical setting; stable analogues of curcumin should be tested for their ability to 
mimic inhibitory effects of curcumin on cancer metabolism.

In summary, this study unravels a new anti-cancer role of curcumin and invites further research into exploit-
ing curcumin and its analogues for successful clinical inhibition of metabolic addictions in cancer cells.

Materials and Methods
Cell culture and drug treatment. HEK293, H1299, MCF-7, HeLa and PC3 cell lines were procured and 
maintained as described63. Briefly, cell lines were grown in monolayer and passaged routinely 2–3 times a week. 
Cell lines were maintained either in DMEM or RPMI with 10% FBS (Gibco) and 1% penicillin/streptomycin 
(Sigma) at 37°C and 5% CO2 in a humidified incubator. 2 mM Curcumin (Sigma, MO, USA) and 200 µM rapamy-
cin (Sigma, MO, USA) stock solutions were prepared using DMSO and stored at −80°C, until further use. Prior to 
drug treatment, cells were allowed to grow for 24 hours followed by treatment with either DMSO (mock control) 
or curcumin for 24–72 hours.

Metabolic assays. For glucose and lactate: Spent media was collected, centrifuged to remove any cell debris 
and deproteinized using 5% trichloroacetic acid (TCA) and glucose and lactate were assayed using colorimetric 
kits (BioVision, USA) as per the manufacturer’s instructions. Standard curves were prepared and background 
corrections were done. All measurements were normalized to cell numbers. Rate of glucose uptake and lactate 
production were measured and expressed as nmol/million cells/minute.

Western blotting and qRT-PCR. Whole cell lysate was prepared in modified RIPA buffer containing 
50 mM Tris-Cl pH 7.2, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100 with added 1 mM 
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), protease and phosphatse inhibitor cocktail 
(Geno Biosciences, USA). Lysates were then centrifuged and supernatant containing protein was quantified 
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using BCA (bicinchoninic acid) kit (Thermo Scientific, USA) as per the manufacturer protocol. Equal amount 
of protein was loaded and separated by SDS-PAGE, transferred to nitrocellulose membrane (mdi, USA) and 
probed with relevant primary antibodies. Membrane was incubated with appropriate secondary antibody for 
1 hour at room temperature and proteins were detected using Luminata Forte (Millipore, USA). Densitometry 
analysis was carried out using ImageJ software to examine the relative gene expression change following nor-
malizing with β-actin. Primary antibodies used were: anti-PKM2, anti-HIF1α, anti-myc, anti-p-p70S6K (T389), 
anti-p70S6K and anti-β-actin (Cell signaling Technology, USA). For qRT-PCR: total RNA was extracted from 
cell lines using TRI reagent (Sigma, MO, USA) followed by reverse transcription to cDNA using Superscript® 
III reverse transcriptase kit (Life technologies, USA). BIORAD CFX96 TouchTM real-time machine was used for 
RT-PCR analysis using SYBR green PCR master mix (Applied Biosystems). Comparative CT method (2−ΔΔCT)  
was used for calculation of relative gene expression. Actin was used as endogenous control. Primers used for qRT-PCR  
assays are as follows: PKM2 (exon 10); forward 5′-TGCAATTATTTGAGGAACTCC-3′, reverse 5′-CACTGCAG 
CACTTGAAGGAG-3′. HKII; forward 5′- CCAACCTTAGGCTTGCCATT -3′, reverse 5′- CTTGGACATGGGAT 
GGGGTG-3′. GLUT 1; forward 5′- CTTTGTGGCCTTCTTTGAAGT-3′, reverse 5′- CCACACAGTTGCTCCA 
CAT-3′. ACTIN; forward 5′- ACTCTTCCAGCCTTCCTTC-3′, reverse 5′′- ATCTCCTTCTGCATCCTGTC-3′.

Stable shRNA silencing and transient transfections. For stable knockdown of PKM2: the lentiviral 
particles were generated as described63. Briefly, HEK293T cells were transfected with transfer vector (LKO.1) 
containing shRNAs, plus packaging vectors- psPAX and pMD2.G, using Lipofectamine® 3000 (ThermoFisher 
Scientific, USA). Forty eight hours post-transfection, viral particles were harvested and used to infect the H1299 
cells. Selection of infected cells was done in DMEM containing 2 µg/ml puromycin over the period of 2 weeks. For 
PKM2 over-expression: pcDNA-PKM2-myc or pcDNA-myc were transfected using Lipofectamine® 3000 reagent 
(ThermoFisher Scientific, USA), as per the manufacturer’s instructions.

MTT assay for cell viability. Cell viability was assessed using MTT (3-(4, 5-Dimethylthiazol-2yl)-2, 
5-diphenyl tetrozolium bromide) (Sigma). Exponentially growing cells were seeded in 96 well plate with the 
density of 10,000 cells per well. Subsequent to the cell adherence to the surface of culture plate (after approxi-
mately 12 hours), cells were treated with 20 μM curcumin. Cell viability was measured every 24-hour interval (24 
to 72 hours) by washing the cells and replacing with fresh medium containing 20 μl of MTT (5 mg/ml in PBS) to 
each well. The plates were incubated for three hours in dark. The formazon crystals developed were solubilized 
with 100 μl of DMSO and the plate was kept in dark for another 5–10 min. Absorbance was measured using a 
microplate reader (Molecular Device) at 570 nm. Cells were seeded in triplicates for each group and the experi-
ment was independently repeated thrice.

Statistical analysis. Data were represented as mean with SD. Student’s t-test or one-way or two-way 
ANOVA with multiple comparisons was used to calculate statistical significance. P < 0.05 was considered to be 
statistically significant. Statistical significance is represented as: *P < 0.05; **P < 0.01; ***P < 0.001.
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Abstract

Research in cancer chemoprevention provides convincing evidence that increased intake of 

vegetables and fruits may reduce the risk of several human malignancies. Phytochemicals present 

therein provide beneficial anti-inflammatory and antioxidant properties that serve to improve the 

cellular microenvironment. Compounds known as flavonoids categorized anthocyanidins, 

flavonols, flavanones, flavonols, flavones, and isoflavones have shown considerable promise as 

chemopreventive agents. Apigenin (4′, 5, 7-trihydroxyflavone), a major plant flavone, possessing 

antioxidant, anti-inflammatory, and anticancer properties affecting several molecular and cellular 

targets used to treat various human diseases. Epidemiologic and case-control studies have 

suggested apigenin reduces the risk of certain cancers. Studies demonstrate that apigenin retain 

potent therapeutic properties alone and/or increases the efficacy of several chemotherapeutic drugs 

in combination on a variety of human cancers. Apigenin’s anticancer effects could also be due to 

its differential effects in causing minimal toxicity to normal cells with delayed plasma clearance 

and slow decomposition in liver increasing the systemic bioavailability in pharmacokinetic studies. 

Here we discuss the anticancer role of apigenin highlighting its potential activity as a 

chemopreventive and therapeutic agent. We also highlight the current caveats that preclude 

apigenin for its use in the human trials.
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1.0 Introduction

Cancer is the nemesis in today’s global vicissitudes despite progress, increase in life 

expectancy and rapidly increasing population. There will be an estimated 1,688,780 new 

cancer cases diagnosed and 600,920 cancer-related deaths occur in the United States in the 

year 2017 [1]. Global projections of new cancer cases are expected to increase from 16.8 

million in 2017 to 21.7 million by 2030 due to increased prevalence and distribution of risk 

factors [2]. Despite recent advancements under development in the area of chemotherapeutic 

agents and other modalities to treat cancer, the side effects and chemoresistance obstruct 

recovery and survival. These shortcomings have led to changes in strategy that aim to reduce 

the incidence and burden of cancer through the development of agents to prevent, reverse, or 

delay the carcinogenic process [3]. The goal of cancer chemoprevention is to identify and 

design new compounds and determine their molecular targets [4]. Epidemiological research 

helps recognize natural dietary substances associated with reduced cancer mortality and 

incidence and clarifies variations in dietary patterns and lifestyle practices across a wide 

geographical range.

Diet is a major lifestyle factor that affects health; poor diets lead to chronic diseases and 

cancer. The World Cancer Research Fund (WCRF) and the American Institute for Cancer 

Research (AICR), recommend increased consumption of vegetables, fruits, and grains to 

help decrease the possibility of cancer development and progression [5]. Foods are not only 

a source of macronutrients (proteins, fats, and carbohydrates) and micronutrients (vitamins 

and minerals); they also contain various amounts of non-nutritional molecules called 

phytochemicals, which have beneficial health effects [6]. The most extensively studied 

groups of phytochemicals include the polyphenols that are present in plants, grains, fruits, 

and vegetables. Flavonoids are natural polyphenols produced by plants that can be 

subcategorized into anthocyanidins, flavanols, flavanones, flavonols, flavones, and 

isoflavones [7]. The beneficial properties attributed to plant flavonoids include antioxidant, 

anti-inflammatory, and anti-carcinogenic effects.

Several epidemiological studies have highlighted the benefits of a healthy diet and the 

number of phytochemicals consumed around the globe including a population-based 

analysis of the average intake of five flavonoids viz. quercetin, kaempferol, myricetin, 

luteolin, and apigenin among 7 countries [8–13]. These contents varies from 6 mg/day in 

Finland to 64 mg/day in Japan with intermediary intake in the United States (13 mg/day), 

Italy (27 mg/day), and the Netherlands (33 mg/day) [8]. Aherne and O’Brien (2002) 

assessed the number of flavonoids consumed within Europe and found lower rates of 

consumption among the Hungarian population as opposed to the Dutch (23 mg/day), Danish 

(28 mg/day), and Finnish (55 mg/day) populations [9]. A comparative study conducted on 

the flavonoid consumption between continents has revealed the lowest intake (1–9 mg/day) 

in the South African diet while the highest intake was from the Scandinavian diet (75–81 
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mg/day) [10]. The dietary sources for flavones and flavonols vary between various countries; 

for example, sources include teas in Japan (95%) and the Netherlands (65%) and beer and 

red wine in Italy (46%). Finland consumes 100% of flavonols and flavones from vegetables, 

whereas 80% of the dietary source in the United States is from fruits and vegetables. In the 

Australian sub-continent, tea provides a primary source of dietary flavonoids, especially 

flavan-3-ols (75%), with rates of consumption as high as 351mg/person/day [11]. A 

comparison between phenol-rich and phenol-depleted diets showed that a diet rich in 

flavonoids decreases oxidative stress markers in blood including antioxidant vitamins in 

plasma, erythrocyte superoxide dismutase (SOD), and diminution in lymphocyte DNA 

damage, endorsing the benefits of flavonoids and their effects on human health [12]. 

Apigenin is a major component of the Mediterranean diet associated with lower rates of 

numerous human diseases, including cancer [13]. In addition to other plant flavones, 

apigenin is an important compound found in fruit- and vegetable-rich diets. In this review, 

we discuss the anticancer properties of apigenin and the required efforts to strengthen its role 

as a chemopreventive and chemotherapeutic agent.

2.0 Sources of apigenin

The name apigenin is derived from the Apium genus in the Apiaceae (the celery, carrot, or 

parsley family, also known as Umbelliferae). Apigenin naturally occurs as a 4′, 5, 7-

trihydroxyflavone. Structurally, the compound possesses hydroxyl groups at positions C-5 

and C-7 of the A-ring and C-4′ of the B-ring. Apigenin is a yellow crystalline powder that is 

insoluble in water and soluble in dimethyl sulfoxide and hot ethanol. It has the molecular 

formula C15H10O5, and its molecular weight is 270.24 Da. Biapigenin, an apigenin dimer, 

isolated from the buds and flowers of Hypericum perforatum exhibits neuroprotective 

effects. Naturally, apigenin exists as apigenin-7-O-glucoside and various acylated 

derivatives. Apigenin is found as a single ingredient in chamomile tea, obtained from the 

dried flowers of Matricaria chamomilla, an annual herb native to Western Asia and Europe; 

naturalized in Australia, Britain, and the United States. Drinks prepared from chamomile 

contains 0.8% to 1.2% apigenin and essential oils possessing aromatic, flavoring, and 

coloring properties. Apigenin is also a component of red wine and beer. Apigenin is 

abundant in a variety of natural sources, including fruits and vegetables. The best sources of 

apigenin are parsley, chamomile, celery, vine-spinach, artichokes, and oregano, and the 

richest sources are in the dried forms [14, 15]. Dried parsley has been reported to have the 

maximum quantity of apigenin, at 45,035 μg/g. Additional sources of apigenin are dried 

flower of chamomile, containing 3,000 to 5,000 μg/g; celery seeds, containing 786.5 μg/g; 

and vine spinach and Chinese celery, containing 622 μg/g and 240.2 μg/g [16].

3.0 Apigenin in human health and disease

Extensive studies performed in patients and healthy individuals have shown apigenin to 

possess anticancer properties. In the past, apigenin was documented as a chemopreventive 

agent with significant efforts in studying its efficacy in preventing cancer progression. A 

study conducted by Nielsen et al. [17], apigenin was systematically absorbed in subjects 

consuming parley-rich diets; subsequently, higher levels of erythrocyte glutathione reductase 

and superoxide dismutase was observed. However, erythrocyte catalase and glutathione 
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peroxidase levels remained unchanged. Flavonoids have been shown to induce reductions in 

the plasma levels of low-density lipoproteins, inhibit platelet aggregation, and reduce cell 

proliferation [18–21]. A cross-sectional study in Japanese women demonstrate an inverse 

relationship between total flavonoid intake and total cholesterol and low-density lipoprotein 

concentration in the plasma [22]. Janssen et al. [23] evaluated the impact of daily dietary 

consumption of apigenin (84 ± 6 mg from parsley) and quercetin (377 ± 10 mmol from 

onions) on platelet aggregation and other hematologic measures in a seven-day study of 

eighteen healthy men and women. No significant alterations in collagen- or ADP-induced 

platelet numbers, factor VII, plasminogen and plasminogen activator inhibitor-1 activity, or 

fibrinogen concentrations were observed. These studies highlight the inherent properties of 

apigenin and help categorize it as a beneficial compound with health-promoting and disease-

preventing properties.

Apigenin containing dietary source have found profound application in treating several 

ailments. The presence of apigenin in passion flower makes it useful to treat asthma, 

neuralgia, shingles, intransigent insomnia and Parkinson’s disease [15]. Similarly high 

apigenin content in chamomile makes it a good antiphlogistic, antispasmodic, and 

antibacterial agent. For centuries chamomile tea has been used as a folk medicine remedy. 

Consumption of 3–4 cups of chamomile tea per day has been used to relieve indigestion or 

calming gastritis and as skincare product reducing cutaneous inflammation and 

dermatological problems [24]. Studies providing objective evidence of the beneficial 

properties of apigenin on human health are quite limited; however, some epidemiologic and 

clinical studies substantiate that apigenin is useful in counteracting coronary artery disease, 

gastrointestinal irritation, dermatological disorders, in alleviating labor pain, and in 

providing antidepressant, calming and relaxing effects. Also, several studies reveal that the 

anticancer properties of apigenin are mediated through responses to oxidative stress DNA 

damage, inhibition of angiogenesis and inflammation, suppression of cell growth, and 

induction of apoptosis and autophagy [16]. At the molecular level, apigenin remains a well-

known inhibitor of several protein-tyrosine and serine- kinases including MAPK, PI3K-Akt, 

Src kinase, casein kinase 2, cell cycle regulated kinases, JAK kinases affecting various 

signaling pathways including IGF-growth axis, NF-κB, Stat-3, p53, etc. Other putative 

targets of apigenin include heat shock proteins [15, 25], telomerase [26], fatty acid synthase 

[27], matrix metalloproteinases [28], and aryl hydrocarbon receptor HER2/neu [29], all of 

which have relevance to the initiation of several human malignancies. A list of potential 

targets of apigenin in different human cancers is shown in Table 1.

4.0 Epidemiological studies on apigenin in cancer

Epidemiologic and case-control studies have shown an inverse relationship between gastric, 

colorectal, breast, ovarian, and endometrial cancers and non-Hodgkin’s lymphoma and 

intake of total flavonoids, flavonoid subgroups, or individual flavonoids [15]. The Zutphen 

study followed a cohort of 878 for 25 years following the intake of 5 flavonoids: apigenin, 

kaempferol, luteolin, myricetin, and quercetin and found reduced incidence of mortality 

from various cancers. These findings were encouraging in demonstrating that high 

flavonoids source from vegetables and fruits intake reduced the risk of cancer [30]. A large 

cohort of 9,959 Finnish men demonstrate stronger support for the protective effect of 
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flavonoids against lung cancer and other malignancies followed from 1967 to 1991 [31]. 

Another Zutphen study examined the relationship between five common dietary flavonoid 

intake on ovarian cancer. The study established that dietary supplementation of these 

flavonoids decreased ovarian cancer risk [32]. A multi-centric case-control study conducted 

between 1992 and 1999 in Italy further confirmed the inverse relationship between the 

consumption of common flavonoids and ovarian cancer risk by utilizing data from 1,031 

cases with histologically confirmed epithelial ovarian cancer and 2,411 control cases [33]. 

Another case-control study from Italy conducted between 1991 and 1994 exhibited an 

inverse association between flavone intake and risk of breast cancer on 2,569 women with 

histologically confirmed breast cancer and 2,588 controls cases [34]. A study analyzing a 

group of five flavonoids (quercetin, kaempferol, myricetin, apigenin, and luteolin) in 

combined food samples, performed on 738 elderly patients, a median age of 65–84 years, 

and without a history of cancer. The subjects followed for five years and the study concluded 

that a high intake of flavonoids from fruits and vegetables was associated with a reduced risk 

of cancer [35]. To establish a dietary baseline and dietary history, the study, including 10,054 

men, showed that males with higher myricetin intakes have a lower prostate cancer risk [36]. 

Conclusions drawn from other studies also support similar findings where flavonoid 

consumption was associated with decreased risk of sporadic colorectal cancer including 

reduction in disease recurrence [37]. Gates et al. [38] studied the association between 

apigenin, kaempferol, luteolin, myricetin and quercetin, and ovarian cancer risk in 1,141 

patients with ovarian cancer and 1,183 frequency-matched control subjects. The study 

showed no clear relationship between the rates of ovarian cancer and the total ingestion of 

the five flavonoid compounds. An association between flavonoid intake and ovarian cancer 

risk among women with and without a history of tubal ligation revealed a stronger 

association with apigenin consumption and ovarian cancer without a history of tubal ligation 

[39]. Also, for women with no history of tubal ligation, apigenin consumption (quintiles four 

and five) showed a significant decrease in ovarian cancer risk [39]. Thus, analyses of 

individual flavonoids revealed that only apigenin intake was associated with reduced cancer 

risk (with significance), suggesting its strong role as an anticancer agent.

5.0 Effect of apigenin in various human cancers

5.1 Breast cancer

Apigenin has been shown to possess anti-proliferative effects on breast cancer cell lines 

exhibiting varying levels of HER2/neu [40, 41]. HER2/neu belongs to the family of human 

epidermal growth factor receptor (HER/EGFR/ERBB). Amplification or overexpression of 

HER2/neu plays an important role in the development and progression of breast cancer with 

aggressive behavior [40]. The anti-proliferative effects of apigenin was significantly higher 

in breast cancer cells over-expressing HER2/neu but was much less efficacious in restricting 

the growth of cell lines expressing HER2/neu at basal levels [40]. Apigenin induces 

apoptosis in a dose- and time-dependent fashion in breast cancer cells over-expressing 

HER2/neu [41]. Phosphatidylinositol 3-kinase (PI3K) and Akt/PKB play a significant role in 

inhibition of apoptosis in cells over-expressing HER2/neu. Apigenin interferes in the cell 

survival pathway by inhibiting Akt function by directly blocking PI3K activity [42]. 

Moreover, apigenin administration led to the depletion of HER2/neu protein in vivo, 
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consequently inhibiting its auto phosphorylation and transphosphorylation. Additional 

studies demonstrate apigenin-mediated apoptosis in HER2/neu-expressing breast cancer 

cells resulted in decrease expression of HER2/neu protein and, subsequently, suppressing the 

signaling cascade of the HER2/HER3-PI3K/Akt cell survival pathway. Apigenin exposure to 

breast cancer cells resulted in apoptosis through the release of cytochrome c with the rapid 

increase of DNA fragmentation factor (GADD)-45. Apigenin treatment in breast cancer cells 

also results in decreased expression of cyclin D1, D3, and cdk4 and increased quantities of 

p27 protein [41]. Furthermore, groups have also uncovered the role of apigenin as an agent 

that induces autophagy during apoptosis [16]. Apigenin-induced autophagy in aggressive 

breast cancer cells simultaneously caused apoptosis suggesting the involvement of processes 

inhibiting proliferation and inducing cell death [43]. Low-dose apigenin has the potential to 

slow or prevent breast cancer progression [44]. Apigenin exerts its toxic effects on breast 

cancer cells while causing minimal damage to healthy cells, thereby indicating its selectivity 

in inhibiting tumor possession [45]. In triple-negative breast cancer cells, apigenin induces 

apoptosis by inhibiting the PI3K/Akt pathway thereby increasing FOXO3a expression that 

may attenuate cell migration and invasion-inducing apoptosis [46].

Protein kinase C (PKC)-activating phorbol ester (PMA) and peptide hormones prevent 

apoptosis through the stimulation of PI3K and MAPK pathways [42]. MCF-7 breast cancer 

cells treated with PMA resulted in the suppression of TNFα-induced apoptosis [42]. Other 

effects of apigenin on cell survival pathways relates to its suppression of PMA-induced 

AP-1 activity, thereby supporting its role as an anti-tumor agent. Apigenin treatment 

inhibited tumor cell invasion in estrogen-insensitive MDA-MB231 breast cancer cell line in 

a dose-dependent manner [47]. In breast carcinoma cells, apigenin prevents growth and 

induces G2/M arrest through its downstream effects on ERK MAP kinase and cyclin-CDK 

regulators [48]. Apigenin exerts inhibitory effects on breast cancer MCF-7 cells, expressing 

tumor suppressors’ wild-type p53 and retinoblastoma (Rb) and expressing mutant p53 and 

no Rb in MDA-MB-468 cells. Apigenin caused G2/M phase cell cycle arrest which 

correlated with a marked decrease in CDK1 and cyclin B1 expression and reduction in 

CDK1 kinase activity. Apigenin exposure resulted in reduced levels of cyclin D1 and A, 

CDK4, and the inhibition of Rb-phosphorylation; however, cyclin E, CDK2, and CDK6 

levels were unaffected. Moreover, apigenin treatment resulted in activation of ERK MAP 

kinase phosphorylation in MDA-MB-468 cells [48]. Wang & Kurzer [49, 50] analyzed the 

relationship between apigenin and DNA synthesis on estrogen-dependent MCF-7 cells 

exposed to estradiol (E3), epidermal growth factor, insulin, or tamoxifen and observed that 

apigenin inhibits E2-induced DNA synthesis in a variable and concentration-dependent 

manner. Collins-Burow et al. [51] assessed estrogenic and anti-estrogenic effects on 

flavonoids in the MCF-7 cells and demonstrated that apigenin exhibits anti-estrogenic 

activity facilitated through ER binding-dependent and independent- mechanisms [51]. The 

anti-estrogenic effect demonstrated by apigenin is important in the regulation of breast 

cancer cell proliferation.

Zhang et al. [52] studied the effects of several plant flavonoids used alone or in 

combinations of breast cancer resistance protein (BCRP) and found that the combination at 

equimolar concentrations was highly effective in inhibiting BCRP. Additionally, Stroheker et 

al. [53] examined the endocrine disruption capabilities of bisphenol derivatives on apigenin 
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and other plant flavonoids, and the impact on ER(+) MCF-7 and AR(+) and GR(+) MDA-

MB453 human breast carcinoma cells. The results suggest that these compounds exert a 

biphasic effect, acting as partial androgen receptor (AR) agonists at low levels and as GR 

agonists at high concentrations [53]. Apigenin and genistein have demonstrated anti-

proliferative activity on MCF-7 and T47D cells (ERα-positive), but not the ERα-negative 

MDA-MB-435 cell line [54]. Therefore, the estrogenicity of the phytochemicals contributes 

to the stimulation of cellular proliferation or reduction in aromatase activity, suggesting that 

these flavonoids must be used with caution [55]. In HER2-overexpressing breast cancer 

cells, apigenin-exerted anti-proliferative activity by inhibiting STAT3 signaling, suggesting 

its potential as a preventive agent [56]. In addition, apigenin also down-regulated STAT3 

target genes MMP-2, MMP-9, VEGF and Twist1, which are involved in cell migration and 

invasion of breast cancer cells [56–58]. Combination treatment of apigenin with chrysin in 

triple negative breast cancer cells caused marked decrease in cell motility as a consequence 

of the inhibition of matrix metalloproteinases (MMP)-2 and MMP-9, leading to apoptosis 

[59].

Brusselmans et al. [60] demonstrated that plant flavonoids induce apoptosis in prostate and 

breast carcinoma cells due to their ability to inhibit fatty acid synthase, an enzyme that 

catalyzes long chain fatty acid synthesis and is over-expressed in several cancer cells. This 

study provided indication that six plant flavonoids, including apigenin, inhibit cancer cell 

growth and survival due to their effects on fatty acid synthesis [60]. Identification of new 

target protein interactions through phage display, coupled with second generation 

sequencing reported in breast cancer cells, discovered three main pathways affected by 

apigenin, including GTPase activation, membrane transport, and mRNA metabolism/

alternative splicing. Apigenin binds to the glycine-rich domain of hnRNPA2, thereby 

inhibiting its dimerization, a mechanism that is essential for RNA binding. hnRNPA2 is 

involved in mRNA metabolism and splicing associated with various malignancies. The 

interaction between apigenin and hnRNPA2 explains that apigenin exerts anti-carcinogenic 

activity by increasing apoptosis together with the use of chemotherapeutic drugs [61]. Also, 

studies suggest that combining apigenin with other flavones such as genistein inhibited 

tumor growth by complexing with Cu (II), thereby significantly enhancing the antitumor 

properties [62]. In triple-negative breast cancer cells, apigenin results in epigenetic changes 

by inducing histone H3 acetylation, thereby decreasing cyclin A and cyclin B and increasing 

p21/Waf1/Cip1 levels [63]. A sub-cytotoxic concentration of apigenin inhibits IFN-γ-

induced PD-L1 expression in MDA-MB-468 and 4T1 breast cancer cells, associated with 

reduced phosphorylation of STAT1, transiently at Tyr701 and persistently at Ser727. 

However, apigenin exposure did not affect constitutive PD-L1 expression in triple-negative 

MDA-MB-231 BC cells but was more susceptible to T-cell-mediated antitumor immune 

responses [64].

5.2 Colon cancer

Wang et al. [65] were the first to report the effect of apigenin on cell growth in various 

human colon cancer cell lines [65]. Apigenin exposure to colon cancer cells demonstrated 

anti-proliferative effects, followed by reversible G2/M phase arrest in the cell cycle, and led 

to decreased levels of cyclin B1 and p34 (cdc2) protein levels. Wang et al. [66] further 
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analyzed the effects of seven analogs of apigenin on cell viability and cell cycle in human 

colon cancer cell lines. The results of this study suggest that five of the seven apigenin 

analogs caused induction of cell-cycle arrest and their combination at small doses 

synergistically protect against colorectal cancer by collectively inhibiting cell-cycle 

progression. Apigenin has been shown to stabilize the tumor suppressor p53 in normal cells. 

In fact, cancer preventive effects of apigenin may be due to its modifying effects on tumor 

suppressor p53 [67]. Apigenin exposure to two p53-mutant HT-29 and MG63 cancer cell 

lines leads to growth inhibition and G2/M cell cycle arrest, accompanied by increase in p21/

Waf1 expression in a dose- and time-dependent manner [68]. The result indicate the 

possibility of p53-independent pathway responsible for apigenin-mediated growth inhibition 

through induction in p21/Waf1 expression in p53-mutant cells.

Farah et al. [69] demonstrated apigenin- and 5,6-dichloro-ribifuranosylbenzimidazole- 

(DRB)-induced sensitization of HCT-116 and HT-29 colon cancer cells to TNFα-mediated 

apoptosis. Apigenin and DRB inhibited casein kinase (CK)-2 expression in these cells 

resulting in a synergistic diminution in cell survival after exposure to TNFα [69]. VanDross 

et al. [70] highlighted that modulation of the MAPK cascade, may in part, be responsible for 

the chemopreventive activity of apigenin. Induction of ERK and p38 kinase phosphorylation 

was noted after apigenin exposure, which was dose-dependent; with little effect on the 

phosphorylation of c-Jun amino-terminal kinase (JNK). In the azoxymethane (AOM)-

induced CF-1 mice, apigenin treatment resulted in the inhibition of formation of aberrant 

crypt foci and ornithine decarboxylase (ODC), a rate-limiting enzyme of the polyamine 

synthesis pathway, along with mutant Adenomatous Polyposis Coli (APC) gene [71].

Svehlikova et al. [72] demonstrated the relationship between apigenin and sulforaphane in 

the induction of UDP-glucuronosyltransferase 1-1 (UGT1A1) and glutathione S-transferase 

A1 (GSTA1) and the phase II detoxifying enzymes in human colorectal adenocarcinoma 

CaCo-2 cells. Apigenin induces UGT1A1 transcription but not GSTA1, whereas 

sulforaphane-induced both UGT1A1 and GSTA1 transcription in a time- and dose-

dependent fashion. Therefore, apigenin and sulforaphane synergistically induce UGT1A1 

mRNA expression but not GSTA1. The results suggest that diverse signal transduction 

pathways might regulate the expression of detoxification enzymes [73]. Al-Fayez et al. [74] 

determined that apigenin exhibits more potency than quercetin or tricin in downregulating 

inducible COX-2 levels in HCEC cells. Apigenin also contributes to TRAIL-mediated cell 

death by activating the DR5 death receptor in colon cancer cells [75]. TRAIL, a member of 

the TNF family, triggers apoptosis in cancer cells via interacting with death receptor 4 

(DR4) and death receptor 5 (DR5) leading to the formation of the death-inducing signaling 

complex (DISC) with a subsequent binding of caspase-8. Recruitment of caspase-8 to the 

DISC activates its proteolytic properties initiating terminal caspase-3 activation, promoting 

the cleavage of death substrates and thereby inducing apoptosis. Further investigation shown 

that apigenin inhibits ODC activity and the formation of aberrant crypt foci (ACF) but fails 

to inhibit adenoma formation in the Min mouse, showing promise as a chemopreventive 

agent [74]. Studies demonstrate that apigenin mediates apoptosis and G2M cell cycle arrest 

in colon cancer cells involving APC tumor suppressor [76]. Feeding rats with 

azoxymethane, an inducer of colon cancer, with a diet of 97% pure apigenin isolated from 

Citrus aurantium L. protected the animals from colon cancer, reducing the incidence of ACF 
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significantly [77]. One of the mechanisms of action of apigenin in colon cancer cells to 

induce apoptosis suggests the involvement of PKCδ that activates p21 and growth/

differentiation factor 15 (NAG-1), followed by apoptosis and inhibition cell proliferation in a 

p53-independent manner [78]. The same study also exhibited that apigenin could activate 

p53 by phosphorylating it at Ser-37 and Ser-15 via the ataxia telangiectasia mutated (ATM) 

pathway to potentiate apoptosis. Turketekin et al. [79] reported that apigenin-induced cell 

cycle arrest and apoptosis in p53 mutant colon cancer cells. Similar studies also show that 

apigenin possesses autophagy-inducing effects in HCT116 colon cancer cells, and combined 

treatment with inhibitor 3-methyladenine (3-MA), an autophagy inhibitor, potentiates 

apoptosis [80]. CD26, a multifunctional cell-surface protein, in humans, is encoded by the 

DPPIV gene. The substrates of CD26/DPPIV are proline (or alanine)-containing peptides 

that binds with enzyme adenosine deaminase and appears to work as tumor suppressor 

inhibiting pathways involved in tumor metastasis. CD26/DPPIV is down-regulated in 

various cancers including colorectal carcinoma. Apigenin substantially upregulates CD26/

DPPIV on human colorectal cancer HT-29 and HRT-18 cells to inhibit metastasis [81]. 

Synergistic interaction between apigenin and ABT-263, a BH3 mimetic inhibitor of the 

Bcl-2 family, was more potent than apigenin or ABT-263 alone in inhibiting tumor growth in 

xenograft tumors of colon cancer cells [82].

Wang et al. [83] demonstrated that apigenin at 20 mg/kg caused the antitumor activity of 

human colorectal carcinoma (CRC) SW480 xenografts implanted in nude mice. In an 

orthotopic CRC model, apigenin at a dose of 10 mg/kg inhibited tumor growth and 

metastasis to the liver and lungs. Apigenin treatment up-regulated transgelin, suppressed 

MMP-9 expression by attenuating phosphorylation of Akt at Ser473 and in particular 

Thr308 to prevent cell proliferation and migration [84].

5.3 Gastric cancer

Wu et al. [85] examined the effect of apigenin on gastric cancer by utilizing human gastric 

carcinoma SGC-7901 cells. Apigenin treatment resulted in dose-dependent cell growth 

inhibition, clone formation via induction of apoptosis [85]. In Helicobacter pylori-infected 

gastric adenocarcinoma cells, apigenin treatment effectively inhibited NF-κB activation, 

scavenged free radicals, and stimulated MUC-2 secretion. Its effect on the NF-κB pathway 

impacted relevant inflammatory factors such as cyclooxygenase (COX)-2, intercellular 

adhesion molecule (ICAM)-1, reactive oxygen species (ROS), interleukin (IL)-6, and IL-8. 

Apigenin exhibits higher potential for the prevention of H. pylori-induced gastric epithelial 

inflammation [86]. Apigenin remarkably inhibited H. pylori-induced atrophic gastritis and 

gastric cancer progression in eight-week-old Mongolian gerbils. The study also reports 

apigenin to possess potent anti-gastric cancer activity [86]. Apigenin treatment of HGC-27 

and SGC-7901 gastric cancer cells resulted in the inhibition of proliferation followed by 

mitochondrial depolarization resulting in apoptosis [87].

5.4 Liver Cancer

The 7-hydroxyl group present in plant flavonoids is a putative inhibitor of the human P-form 

phenol sulfotransferase, which plays an important role in drugs metabolism. A major 

function of the P-form phenol sulfotransferase is to inactivate and rapid eliminate sulfuric 
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acid ester conjugates or facilitate the formation of conjugates possessing higher 

pharmacological activity [88]. Studies demonstrate that addition of a prenyl group to 

apigenin increases the hydrophobicity, thereby enhancing its pharmacological and 

biochemical properties. C8-prenylation of apigenin augments the cytotoxic effects and 

induces apoptosis in H4IIE hepatoma cells without modifying anti-oxidative properties [89]. 

Yee et al. [90] demonstrated that treatment of human hepatocellular carcinoma HepG2 cells 

with apigenin and luteolin resulted in inhibition of cell growth, cell cycle arrest, and 

downregulation of CDK4 expression, along with induction of p53 and p21 [90]. In Wistar 

albino rats, Jeyabal et al. [91] found apigenin to exert protective effects against N-nitroso-

diethylamine-induced and phenobarbital promoted hepatocarcinogenesis. Two weeks of 25 

mg/kg apigenin supplementation led to protection against the oxidative stress and DNA 

damage caused by exposure to the carcinogen [91]. Anti-proliferative effects of apigenin in 

HepG cells revealed the activation of p53 mediated the induction of p21, causing G2M cell 

cycle arrest [90]. Further studies revealed apigenin-induced apoptosis in hepatoma tumor 

cells by utilizing ROS generated through the activation of the NADPH oxidase [92]. The 

inhibitory role of apigenin in hepatoma cell growth is reported to be mediated by alterations 

in gene expression profiles confirmed through cDNA microarrays [93]. Apigenin 

significantly sensitized doxorubicin-resistant BEL-7402 (BEL-7402/ADM) cells to 

doxorubicin (ADM) and increased the intracellular concentration of ADM by reducing Nrf2-

mediated genes through the downregulation of the PI3K/Akt pathway. Apigenin and ADM 

co-treatment resulted in reduced proliferation, tumor growth inhibition, and apoptosis 

induction, compared to ADM treatment alone. These results underline the role of apigenin as 

an adjuvant to overcome chemoresistance [95]. In hepatocellular carcinoma tumors, 

apigenin enhanced the cytotoxicity of fluorouracil (5-FU), overcoming resistance by 

inhibiting ROS-mediated drug resistance, leading to mitochondrial depolarization and 

apoptosis [96]. Cell-based assays demonstrated apigenin as a potent inhibitor of human 26S 

proteasome. Apigenin treatment led to increase in the ubiquitination of endogenous proteins 

and inhibition of chymotrypsin-like, trypsin-like, and caspase-like activities of the human 

26S proteasome. Apigenin also enhanced the phosphorylation of signal transducer and 

activator of transcription proteins (STAT1 and STAT2) and promoted the endogenous IFNα-

regulated gene expression preventing the ubiquitination of type I interferon receptor 1 

(IFNAR1) [97].

5.5 Lung cancer

Liu et al. [98] determined whether apigenin had a dose-dependent inverse relationship 

between proliferation of A549 lung cancer cells and transcriptional activation of the vascular 

endothelial growth factor (VEGF). VEGF is the most important growth factor that provides 

the tissue surrounding the tumor with nutrients for vascular permeability. Apigenin acts on 

the HIF-1 binding site, which decreases HIF-1α, but not the HIF-1β subunit, thereby 

inhibiting VEGF. Apigenin further acts to inhibit AKT and p70S6K1 activation, factors that 

play a role in mediating VEGF transcriptional activation. Additionally, apigenin at 15 μM 

treatment in mice carrying A549 lung cancer xenografts reduced the tumor volume by 

partially inhibiting the HIF-1α-vascular endothelial growth factor pathway and subsequent 

suppression of angiogenesis and cell proliferation [98]. Lung cancer SQ-5 cells exposed to 

apigenin exhibited greater radiosensitivity and apoptosis compared to cells without apigenin 
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exposure [99]. Moreover, apigenin was found to inhibit angiogenesis, as suggested by 

decreased HIF-1α and VEGF expression in cancer cells after exposure in nude mice with 

implanted lung tumors. Another study by Engelmann et al. [100] demonstrated the effects of 

apigenin treatment in experimental Lewis lung carcinomas (LLC), C-6 gliomas and DHDK 

12 colonic cancers in vivo. Mice with tumors received an apigenin dose of 50 mg/kg/day in 

three different galenical formulations over 12 days in 8-h intervals. Although LLC, C-6, and 

DHDK 12 and endothelial cells demonstrated high sensitivity to apigenin in cell culture with 

marked growth suppression at concentrations beyond 30 μg/ml; however, no in vivo 
response was evident [100]. Mice on B57BL/6N background implanted with B16-BL6 

tumors exhibited a decreased quantity of tumor cells adhered to lung vessels after treatment 

with apigenin and quercetin in a single dose [101]. Apigenin seems to be a promising radio-

sensitizer for use in human lung carcinomas. Apigenin sensitized SQ-5 spheroids (cell 

aggregates growing in a three-dimensional structure that simulate growth and 

microenvironment conditions of in vivo tumors) to radiation [99]. In lung cancer cells, 

apigenin treatment caused dysfunction of mitochondria leading to Bax activation, 

cytochrome c release, AIF, and Endo G, resulting in caspase-mediated apoptosis [102, 103]. 

Similar studies by Das et al. [104] reveal that apigenin treatment in lung cancer cells caused 

DNA interaction, damage, and mitochondrial dysfunction either by direct or indirect action 

on mitochondrial oxidative phosphorylation system.

Bruno et al. [105] demonstrate that apigenin upregulates leptin receptors to cause apoptosis 

in lung cancer cells while co-treatment with leptin inhibited cell proliferation. Synergistic 

administration of curcumin and apigenin may be beneficial for further development as cost-

effective anticancer drug combination. Combined treatment with these agents being applied 

to lung cancer cells induced apoptosis and blocked cell cycle progression at the G2/M phase. 

Co-administration of apigenin and curcumin, exhibited strong depolymerizing effects on 

interphase microtubules and inhibited reassembly of cold depolymerized microtubules. This 

outcome suggests that these agents bind to tubulin at diverse locations [106]. Apigenin 

exposure NSCLC lung cancer cell resulted in inhibition of proliferation and downregulation 

of Axl expression, with subsequent alterations in p21 and XIAP expression [107]. Apigenin 

induces apoptosis and slows cell growth through metabolic and oxidative stress as a 

consequence of the down-regulation of glucose transporter 1 (GLUT1). Such action leads to 

a decreased glucose utilization in lung cancer cells. On the contrary, the activation of 

pentose phosphate pathway-mediated NADPH reversed the effects of apigenin by ectopic 

GLUT1 overexpression and galactose supplementation. The combined treatment of apigenin 

with a glutaminase inhibitor, compound 968, sensitized lung cancer cells and caused severe 

metabolic stress [108]. A small concentration of apigenin synergistically induced cell 

apoptosis through multiple targets that included caspases and NF-κB pathways in NSCLC 

cell lines in combination with tumor necrosis factor related apoptosis-inducing ligands 

(TRAIL). These studies suggest that apigenin possesses substantial therapeutic value for use 

in conjunction with TRAIL against lung cancer cells [109].

5.6 Pancreatic cancer

Pancreatic cancer remains one of the most deadly forms of human cancer with poor 

prognoses in spite of attempts to resection and adjuvant therapy. Studies with apigenin in 
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combination with cell cycle inhibitor flavopiridol have shown to inhibit pancreatic tumor 

growth through suppression of cyclin B-associated cdc2 activity and G2/M arrest [110]. 

Apigenin administered in combination with gemcitabine enhanced anti-tumor efficacy 

through suppression of Akt and NF-κB activity and apoptosis induction in human pancreatic 

cancer MiaPaca-2 and AsPC-1 cells and pancreatic tumors from nude mice [111]. In a study 

conducted by Strouch et al. [112], co-treatment with apigenin and gemcitabine, led to cell 

cycle arrest, down-regulation of p-Akt, and induction of apoptosis in pancreatic cancer cells. 

Individually, apigenin regressed pancreatic tumors by inhibiting the key members of the NF-

κB pathway [113]. In both hypoxic and normoxic conditions, apigenin inhibited GLUT-1, 

HIF-1α, and VEGF at mRNA and protein levels in pancreatic cancer cells. The study 

suggests that apigenin has a potential to be developed as a future chemopreventive agent 

[114]. King et al. [115] demonstrated that treatment of pancreatic cells with apigenin 

enhanced the acetylation of p53 at Lysine382 causing increased nuclear translocation 

increasing its DNA binding. In this study, six weeks treatment of orthotopically implanted 

nude mouse model of human pancreatic cancer with apigenin in diet at 0.2% significantly 

caused antitumor activity. Furthermore, apigenin increased the functions of mutant p53 in 

pancreatic cell lines [115]. Apigenin inhibited the tobacco-derived carcinogen-mediated cell 

proliferation and migration involving the β-AR and its downstream signals FAK and ERK 

activation [116]. Another study suggests apigenin causing inhibition of GSK-3β and NF-κB 

pathway in pancreatic cancer cells to mediate apoptosis [117]. Restriction of the NF-κB 

pathway by apigenin has been shown to involve the inhibition of its upstream kinase IKKβ 
and overcome TNFα-induced NF-κB activity [113].

Pancreatic cancer cells evade immune destruction through the development of regulatory T 

cells (Tregs) that inhibit effector T cells through regulation of transcription factor Ikaros. 

The decrease in Ikaros expression causes a reduction in the CD4+ and CD8+ T cell 

expression, and an increase in CD4+ CD25+ Tregs in tumor-bearing mice. In pancreatic 

cancer cells, CK2 regulates Ikaros expression, and apigenin has shown to stabilize Ikaros by 

downregulating CK2 to central T cell homeostasis [118].

5.7 Prostate cancer

Knowles et al. [119] determined the effects of plant flavonoids including apigenin on the 

androgen-refractory human prostate cancer PC-3 cell line, and observed that apigenin 

exposure led to complete growth restriction of these cells. Studies have also investigated the 

effects of flavonoids on the activity and phosphotyrosine content of proline-directed protein 

kinase FA (PDPK FA), an oncogene utilizing human prostate cancer cells. Low doses 

treatment of human prostate cancer cells with quercetin, apigenin, and kaempferol for 

prolonged times resulted in tyrosine dephosphorylation and inactivation of oncogenic PDPK 

FA [120]. Furthermore, apigenin treatment to various human prostate cancer LNCaP, PC-3, 

and DU145 cells and in transformed human prostate epithelial PWR-1E cells resulted in 

decrease proliferation and induction of apoptosis [121]. In the study, the LNCaP and 

PWR-1E cells were more sensitive to apigenin-induced apoptosis than PC-3 and DU145 

cells. Apigenin also causes caspase-dependent apoptosis in prostate cancer cells. Apigenin 

exposure resulted in increased ROS generation, loss of mitochondrial Bcl-2 expression, 

increases mitochondrial permeability, causing cytochrome C release, and cleavage of 
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caspase 3, 7, 8, and 9 with the concomitant cleavage of the inhibitor of apoptosis protein, 

cIAP-2 [121]. Over-expression of Bcl-2 in LNCaP B10 cells decreases the apoptotic effects 

of apigenin. Hessenauer et al. [122] determined that apigenin exposure inhibited CK2 

activity in both hormone responsive LNCaP cells and hormone refractory PC-3 cells; 

however, only LNCaP cells exhibited apoptosis. [122].

Gupta et al. [123] evaluated the growth-inhibitory effects of apigenin on normal (NHPE), 

virally transformed (PZ-HPV-7) and prostate cancer (CA-HPV-10) cells. Apigenin exposure 

caused similar levels of mild growth inhibition in NHPE and PZ-HPV-7 cells. In contrast, a 

marked reduction in cell viability was noted in CA-HPV-10 cells. Gupta et al. [124] 

elucidated the molecular basis for the apigenin-induced growth restrictions of androgen-

responsive LNCaP cells. Apigenin treatment resulted in decreased intracellular and secreted 

forms of PSA as well as AR protein expression. Apigenin exposure further resulted in G1 

cell cycle arrest after, together with marked reduction in cyclin D1, D2, and E levels as well 

as CDK2, 4, and 6. Furthermore, there was a concomitant induction of Waf1/p21 (in p53 

dependent manner) and Kip1/p27 after the apigenin treatment. Moreover, apigenin restricted 

the hyperphosphorylation of the pRb protein in LNCaP cells [124]. Shukla and Gupta [125] 

studied apigenin-mediated effects on androgen-insensitive DU145 cells harboring mutations 

in p53 and pRb. Apigenin treatment of DU145 cells, in both dose- and time-dependent 

fashion, inhibited growth and colony formation and resulted in G1 cell cycle arrest in these 

cells. Apigenin exposure further altered the Bax/Bcl2 ratio in favor of apoptosis through 

induction of apoptotic protease-activating factor-1 (Apaf-1). This cascade led to an upsurge 

in cleaved products of caspase-9, -3, and poly (ADP-ribose) polymerase (PARP). Treatment 

with apigenin caused downregulation in the nuclear expression of NF-κB/p65 and NF-κB/

p50, associated with upregulation of cytosolic IκBα [125]. Additional investigations by 

Shukla & Gupta [126] analyzed the effectiveness of apigenin in moderating NF-κB 

expression, a ubiquitous transcription factor that regulates cell survival, apoptosis and 

immune functions. Apigenin treatment of PC-3 cells reduced DNA binding and nuclear 

levels of the NF-κB/p65 and NF-κB/p50 subunits with a simultaneous decrease in IκBα 
degradation, IκBα phosphorylation, and IKKα kinase activity. Moreover, apigenin was 

determined to reduce TNFα-induced NF-κB activation via the IκBα pathway, sensitizing 

cells to TNFα-induced apoptosis. Inhibition of NF-κB corresponded with reduced levels of 

NF-κB-dependent reporter gene, as well as NF-κB-regulated genes including Bcl2, cyclin 

D1, cyclooxygenase-2, matrix metalloproteinase 9, nitric oxide synthase-2, and VEGF. 

Additional evidence supported that apigenin-mediated reduction in cell proliferation, 

invasiveness, and decrease in tumor growth results from the downregulation of IKKα and 

downstream targets affecting NF-κB signaling pathways [126]. Shukla et al. [127] 

elucidated that apigenin directly binds to IKKα, inhibiting its kinase activity. Apigenin 

treatment restored IκBα expression, preventing its phosphorylation by upstream kinase IKK 

which undergoes proteasomal degradation [127]. Further assessment by Shukla et al. [128] 

examined the apigenin-induced 22Rv1 tumor growth inhibition subcutaneously implanted in 

athymic male nude mice. The results of this study suggested that apigenin restricted tumor 

growth via increased accumulation of human IGFBP-3 and apoptosis induction. Apigenin 

supplementation also led to low levels of serum IGF-I in tumor xenografts, signifying that 

the downstream effects of apigenin involve regulation of IGF-signaling in prostate cancer 
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[128]. In further studies, oral supplementation of apigenin resulted in increased expression 

of Waf1/p21, Kip1/p27, INK4a/p16, and INK4c/p18 along with decrease in expression of 

cyclins D1, D2, and E, in dose-dependent manner. A decrease in cyclin-dependent kinases 

(cdk) cdk2, cdk4, and cdk6; p-Rb (Ser780); increase in the binding of cyclin D1 toward 

Waf1/p21 and Kip1/p27; and decrease in the binding of cyclin E toward cdk2 were noted in 

tumor specimens [129]. Furthermore apigenin treatment resulted in G0-G1 cell cycle arrest, 

decreased total retinoblastoma (Rb) levels and p-Rb at Ser780 and Ser807/811 in a dose- and 

time-dependent manner in LNCaP and PC-3 cells. Apigenin was found to increase ERK1/2 

and JNK1/2 phosphorylation, resulting in reduction of ELK-1 phosphorylation and c-FOS 

expression, thereby preventing cell survival. Also, apigenin exposure led to decreased levels 

of cell cycle regulatory proteins including cyclin D1, D2 and E and their regulatory partners 

CDK2, 4, and 6, with the loss of RNA polymerase II phosphorylation. The downstream 

effects of apigenin exposure reinforce its effectiveness in inhibiting transcription of integral 

proteins [130]. Shukla et al. [131] evaluated the effect of apigenin on TRansgenic 

Adenocarcinoma of Mouse Prostate (TRAMP) mice. Apigenin supplementation at doses of 

20 and 50 mg/mouse/day, 6 days per week for 20 weeks, significantly decreased prostate 

cancer tumor volumes and complete elimination of metastases. Apigenin treatment resulted 

in higher levels of E-cadherin and reduced levels of nuclear β-catenin, c-Myc, and cyclin D1 

in the prostates of TRAMP mice. These studies suggest that apigenin has ability to block β-

catenin signaling, suppressing prostate carcinogenesis in vivo [131].

Our investigations of apigenin in cell culture and in vivo models suggest that apigenin exerts 

its anticancer effects by perturbing various pathways leading to inhibition of prostate cancer. 

Pandey et al. [132] demonstrated the role of apigenin as a histone deacetylase inhibitor. As 

such, apigenin acts on HDAC1 and HDAC3 and increases the global histone acetylation and 

the localized hyperacetylation of histone H3 on the p21/Waf1 promoter [132]. A study by 

Kanwal et al. [133] demonstrated that apigenin could also function as a dual epigenetic 

inhibitor having ability to alter the DNA methyltransferase and histone deacetylase activity. 

It does so by reversing both DNA methylation and the trimethylation of lysine 27 at the H3 

histone in cultured cells and in an artificial in vitro system [133]. This study further 

supported an investigation on apigenin and its role as a chemopreventive agent.

Abnormal alterations to the insulin-like growth factor (IGF) pathway has been reported to 

stimulate prostate cancer progression, adaptation, and survival in a castrated environment 

and metastasis. A study by Shukla et al. [134] demonstrated that apigenin hindered cancer 

progression in TRAMP mice by altering IGF-I/IGFBP-3 signaling pathway with an effect on 

the inhibition of angiogenesis and metastasis. A reduction in the IGF-1 and increase in 

IGFBP-3 levels in the serum and the dorsolateral prostate was observed in apigenin-treated 

mice. Furthermore, apigenin intake resulted in marked inhibition of p-Akt, p-ERK1/2, 

VEGF, uPA, MMP-2 and MMP-9, corresponding with tumor growth and metastasis 

inhibition in TRAMP mice [134]. Further studies on apigenin in TRAMP mice suggested 

that reduction in PI3K/Akt signaling could also activate FoxO3a and its DNA binding 

ability, increasing BIM and p27/Kip1 protein expression, and ultimately resulting in cell 

cycle arrest and reduced proliferation and metastasis in prostate tumors [135]. Studies 

evaluating apigenin treatment alone or in combination with additional modalities such as 

radiation and chemotherapy suggest apigenin may be beneficial in managing advance-stage 
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prostate cancer. Combination of apigenin with cisplatin showed synergistic cytotoxic and 

anti-migration activity of CD44 positive prostate cancer stem cells. This treatment induced 

apoptosis through downregulation of Bcl-2, upregulation of Apaf-1, p21/Waf1 and p53 

expression, and inhibition of PI3K/Akt and NF-κB signaling pathways [136]. Shukla et al. 

[137] demonstrated the ability of apigenin in inhibiting the IAP family of proteins, thereby 

making prostate cancer cells more susceptible to Bax-mediated apoptosis. Apigenin 

treatment to prostate cancer cells caused decrease in HDAC1 thereby altering acetylation 

status, resulting in increased acetylation of the lysine residues of Ku70, thereby releasing 

Bax from the complex facilitating apoptosis [137]. In further studies of apigenin-mediated 

apoptosis in prostate cancer cells, Sharma et al. [138] demonstrate preferential uptake and 

accumulation of apigenin in the nuclear matrix, binding it with the DNA to reduce oxidative 

DNA damage and apoptosis in prostate epithelial cells.

5.8 Skin cancer

Apigenin displayed beneficial effects in SKH-1 mice in preventing UVA/B-induced skin 

carcinogenesis [139]. Lepley et al. [140] demonstrated that apigenin, when applied topically, 

inhibits UV-mediated stimulation of ornithine decarboxylase activity, reduces tumor 

incidence, and increases tumor-free survival in mice. Apigenin also prevents UV-induced 

skin tumorigenesis by inhibiting cyclins and cyclin-dependent kinases driving cell cycle 

progression. [140]. In mouse keratinocytes, apigenin causes G2/M cell cycle arrest, 

accumulation of p53, and induction of p21/Waf1. Further, apigenin-mediated cell cycle 

arrest led to reduction in p34 (cdk2) kinase activity, independent of p21/Waf1 [141]. 

Apigenin halts the cell cycle at G0/G1 phase by inhibiting cdk2 kinase and inducing p21/

Waf1 in human diploid fibroblasts. Li et al. [142] developed a short-term in vivo model to 

evaluate the efficacy of topical apigenin when applied to local skin lesions. This study noted 

that topical application of apigenin was capable of targeting local tissue [140]. Li et al. [143] 

further demonstrated the response of percutaneous absorption of apigenin using different 

vehicles both in vivo and in vitro models.

Recent observations suggest that apigenin suppresses UVB-induced increase in COX-2 

protein and mRNA in mouse and human keratinocytes [144,145]. COX-2 is an enzyme that 

converts arachidonic acid to prostaglandins, and its overexpression leads to carcinogenesis. 

Caltagirone et al. [146] determined that the combined treatment of quercetin and apigenin in 

vivo inhibited B16-BL6 melanoma lung tumor metastasis. This action was attributed to the 

reduction of endothelial interaction in tumor cells [146]. Topical application of apigenin to 

mouse skin effectively reduces the incidence and size of skin tumors caused by UVB 

exposure inducing apoptosis via the intrinsic and extrinsic apoptotic pathways [147]. 

Exposure of apigenin and luteolin to human keratinocytes inhibited UVA-induced 

collagenolytic MMP-1 production through interference with Ca(2+)-dependent MAPKs and 

AP-1 signaling [148]. Apigenin modifies membrane fluidity by altering the motional 

freedom of polar head groups, thereby decreasing penetration of Pr3+ ions to the membrane. 

The structural and dynamic changes to the membrane caused by apigenin are crucial for 

tumor suppression, signal transduction pathways and cell cycle regulation [149]. The in vivo 
skin model developed by Byun et al. [150] supports that apigenin prevents UVB-induced ear 

edema development, COX-2 expression and Src kinase activity in SKH-1 hairless mice 
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[150]. These results indicate that apigenin prevents skin cancer by epigenetic modifications. 

Apigenin inhibits UVB-induced cutaneous angiogenesis through maintenance of the normal 

high levels of endogenous TSP1 attenuating neo-angiogenesis, proliferation and epidermal 

thickening in mice exposed to UVB irradiation [152]. The protective role of apigenin was 

further deciphered using non-melanoma skin cancer model where apigenin inhibited COX-2 

that promotes proliferation and tumorigenesis. Thus, inhibition of COX-2 averts skin tumor 

development [153]. Aberrant activation of Akt/mTOR characterizes skin cancer 

development as a result of UVB radiation. Apigenin inhibited UVB-mediated mTOR 

activation in mouse skin and in mouse epidermal keratinocytes independent of Akt, and this 

led to autophagy [154]. Using 7,12-dimethyl benz[a]anthracene (DMBA)-induced 

experimental oral carcinogenesis golden hamsters buccal pouch model by painting 0.5% 

DMBA three times a week for 14 weeks, Silvan et al. [155] demonstrated that oral 

administration of 2.5 mg/kg apigenin reduced tumor volume causing inhibition of cell 

proliferation, apoptosis inflammation, and angiogenesis markers, and modulation of phase I 

and II detoxification cascades. In another study, topical application of apigenin in murine 

skin tumorigenesis initiated by DMBA and promoted by 12-O-tetradecanoylphorbol-13-

acetate in SENCAR mice caused marked reduction of incidence, number of papillomas and 

carcinomas [156]. Mafuvadze et al. [157] demonstrated that treatment of 50 mg/kg apigenin 

to mice bearing BT-474 xenograft tumors exposed to medroxyprogesterone acetate resulted 

in the progression and development of xenograft tumors by inducing apoptosis, inhibiting 

cell proliferation, and reducing Her2/neu expression.

5.9 Cervical cancer

Zheng et al. [158] first reported that apigenin hinders the progression of human cervical 

carcinoma HeLa cells through apoptosis. Apigenin prevents cell growth, causes cell cycle 

arrest in the G1 phase, and prompts p53-dependent apoptosis associated with p21/Waf1 

induction and upregulation of Fas/APO-1 and caspase-3. Apigenin exposure also resulted in 

downregulation of Bcl-2 protein [158]. Czyz et al. [159] established that apigenin interferes 

with cell proliferation and survival through gap junctional coupling. Apigenin treatment of 

HeLa cells (wild-type variant) and their connexin43 (Cx43) transfected counterparts caused 

marked inhibition of cell translocation. Apigenin, at low concentrations, did not demonstrate 

significant effects on cell proliferation whereas was effective on cell motility and 

invasiveness in HeLa Cx43 cells [159]. An extract containing parthenolide, camphor, 

luteolin, and apigenin prepared from the medicinal herb feverfew (Tanacetum parthenium) 

exhibited anti-proliferative activity against human cervical cancer SiHa cells [160]. A study 

by Liu et al. [161] demonstrated that in HeLa cells, casein kinase 2 (CK2) is a positive 

regulator in the self-renewal of cervical cancer stem-like cells. They also revealed that 

apigenin inhibits self-renewal capability through the downregulation of CK2α protein 

expression. These findings provide evidence for the potential benefits of apigenin as a CK2 

inhibitor in the treatment of human cervical cancer by targeting cancer stem cells [161]. The 

consequence of apigenin on cell proliferation was less pronounced, especially at low 

concentrations, whereas the effect of apigenin on cell motility corresponded with a blunting 

of the invasive potential of HeLa Cx43 cells [159]. Another recent study with the medicinal 

herb feverfew (Tanacetum parthenium) extract containing parthenolide, camphor, luteolin, 

and apigenin, showed anti-proliferative activity against human cervical cancer SiHa cells 
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[160]. A study by Liu et al. [161] demonstrated that in HeLa cells, casein kinase 2 (CK2) is 

a positive regulator in the self-renewal of cervical cancer stem-like cells. They also revealed 

that apigenin inhibits self-renewal capability through the downregulation of CK2α protein 

expression. These findings provide evidence for the potential benefits of apigenin as a CK2 

inhibitor in the treatment of human cervical cancer by targeting cancer stem cells [161]. 

Apigenin has been shown to exert a selective dose-dependent cytotoxic effect in cervical 

cancer cells inducing apoptosis as a result of changes in mitochondrial redox potential 

impairment and inhibition reductions in of cancer cell migration and invasion. These results 

show that apigenin had a strong and selective anti-tumor effect on cervical cancer cells 

immortalized by infected with human papilloma virus, especially HPV16 and HPV18. These 

results indicate that apigenin has potential to be developed as therapeutic agent for (HPV) 

16, HPV 18, and HPV 16 and 18 indicating its potential to be a powerful candidate in 

developing therapeutic agent for all cervical cancer types [162]. Apigenin enhances the 

inhibitory effect of IFN-α on cell viability in HeLa cancer cells but did not exhibit an effect 

on cell proliferation and apoptosis in HeLa cancer cells [163]. These results support that 

additional preclinical and clinical studies are required for further validation of antitumor 

effects of apigenin applicable to cervical cancer.

5.10 Endometrial cancer

O’Toole et al. [164] performed array-based comparative genomic hybridization on treated 

endometrial cancer cells treated with phyto-estrogenic compounds agents including apigenin 

using array-based comparative genomic hybridization. The results of this study found that β-

estradiol modified over 20% of the array genes involving involved in insulin metabolism 

compared to those after treatment with apigenin at similar treated with the same 

concentration of apigenin. Therefore, this evidence suggests that apigenin may could be 

beneficial to in the treatment of endometrial cancer.

5.11 Ovarian cancer

Studies in patients with ovarian cancer have shown that intake of apigenin is significantly 

associated with a lower risk [38, 39]. Fang et al. [165, 166] demonstrated that exposure of 

human ovarian cancer cells with apigenin decreases invasiveness through suppression of 

VEGF expression at the transcriptional level in these cells along with expression of HIF-1α 
via the PI3K/AKT/p70S6K1 and HDM2/p53 pathways [165–167]. Apigenin also contributes 

to the prevention of tube formation by endothelial cells in vitro. Additionally, in human 

ovarian carcinoma HO-8910PM cells, apigenin restricts MAPK and PI3K the activity of 

MAPK and PI3K [168]. Due to adenoviral toxicity, most of the patients become 

immunocompromised. Treatment of ovarian cancer cell lines with apigenin after adenoviral 

infection employing Ad5/3-Delta24 that targets the Rb pathway revealed the reduction of 

adenovirus replication and associated toxicity in in vitro cell culture and in vivo models. 

This suggested that apigenin was able to overcome toxicity due to adenovirus infection 

[169]. Further studies also show apigenin regulating the focal adhesion kinase (FAK) in 

A2780 ovarian cancer cells to attenuate migration and invasion, suggesting that targeting 

FAK may be a useful strategy for chemoprevention and/or chemotherapeutics of ovarian 

cancers [170]. Apigenin’s effectiveness is further supported by studies that show its 

inhibitory effect on Id1 (inhibitor of differentiation or DNA binding protein 1) through 
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activating transcription factor 3 (ATF3) to retract proliferation and tumorigenesis of human 

ovarian cancer A2780 cells [171]. In another study, apigenin has shown effectiveness in 

overcoming chemo-resistance in doxorubicin (DOX) and etoposide (VP16) resistance in 

2008/MRP1 ovarian carcinoma cells to DOX by altering the multidrug resistance protein 1 

(MRP-1) [172]. The Hedgehog (Hh) signaling pathway plays a critical role in the 

stimulation of cancer stem cell growth and casein kinase 2 (CK2), a protein kinase 

frequently activated in cancers. SKOV3 derived SFCs express high levels of CK2α and 

glioma-associated oncogene 1 (Gli1) proteins. Apigenin inhibited the self-renewal capacity 

of SKOV3 sphere-forming cells (SFC) by downregulating Gli1 regulated by CK2α [173]. In 

orthotropic tumors induced using ovarian epithelial cancer cells, OVCAR-3 cells oral 

treatment of apigenin caused downregulation of MMP-9 mediated by the AKT/p70S6K1 

pathway to inhibit tumor progression [174]. In taxol-resistant ovarian cancer cells, apigenin 

caused down regulation of TAM family of tyrosine kinase receptors and also caused 

inhibition of IL-6/STAT3 axis, thereby attenuating proliferation. This study suggests that 

apigenin has ability to overcome taxol resistance in ovarian cancer cells [175].

5.12 Hematologic cancer

Human leukemia cells were evaluated to determine the effects of apigenin treatment. 

Compared to other flavonoids, apigenin was more effective in leukemia cells in terms of 

inducing apoptosis [176]. Additional studies have demonstrated that a combination 

treatment of apigenin and quercetin inhibits topoisomerase-catalyzed DNA irregularities, 

which are often seen in leukemia cell DNA metabolism, especially in replication and 

transcription. Vargo et al. [177] determined that apigenin treatment provoked differential 

anti-proliferative and apoptotic response in monocytic and lymphocytic leukemia cell lines, 

attributed to protein kinase C delta induction [177]. Utilizing human leukemia cells, Chen et 

al. [178] examined several flavonoids including apigenin for their proteasome-inhibitory and 

apoptosis-inducing abilities. The results of this study suggest that apigenin and quercetin 

exhibit stronger potency in inhibiting chymotrypsin-like activity of purified 20S and 26S 

proteasome, as well as altering the ubiquitinated forms of two proteasome target proteins, 

Bax and IκBα, caspase-3 and poly ADP-ribose polymerase (PARP) in Jurkat T cells. 

Furthermore, the level of proteasome inhibition of these flavonoids corresponds with their 

potency in inducing apoptosis [178].

Wang et al. [176] demonstrated that human promyelocytic leukemia HL-60 cells underwent 

apoptosis after exposure to structurally related flavonoids, including apigenin, quercetin, 

myricetin, and kaempferol due to induction of caspase-3 and PARP cleavage. Consequently, 

exposure to flavonoids led to the mitochondrial transmembrane potential loss, with a spike 

in reactive oxygen species, and cytochrome c release into the cytosol with induction of 

procaspase-9. Apigenin ranked higher than other flavonoids in inducing apoptosis. In 

another study, apigenin-7-O-glucoside extracted from seven principal Tunisian olive 

varieties reduced the differential marker nitro blue tetrazolium in HL-60 cells [179]. In 

another study, Monasterio et al. [180] examined the apoptotic potential of twenty two 

flavonoids and related compounds in leukemic U937 cells. The results of this study revealed 

that apigenin and additional flavones induced apoptosis in U937 cells; however, isoflavones 

and flavonones were not as effective in provoking apoptosis.
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Horvathova et al. [181] studied the protective effects of various plant flavonoids including 

apigenin on H2O2-induced DNA damage in murine leukemia L1210 cells. Apigenin at low 

doses was slightly effective in reducing the scope of DNA damage. Comparatively, at higher 

concentrations, apigenin exposure led to DNA single strand breaks, suggesting its potential 

role as a pro-oxidant [181]. In another study, Strick et al. [182] examined the ability of 

dietary bioflavonoids to cause MLL gene cleavage, which may lead to infant leukemia. 

Using primary progenitor hematopoietic cells from healthy newborns and adults, apigenin 

was shown to induce DNA cleavage by targeting topoisomerase II, an enzyme that alters 

DNA topology. However, it is uncertain whether or not this in-vitro study can be 

extrapolated to humans due to dose and bioavailability concerns [182]. Apigenin caused the 

apoptosis in human lymphoma B cells in vitro and prevented the reverted mutations with a 

high hindrance percentage. This suggests that it has anti-mutagenic properties [183]. In 

elucidating the mechanism of apoptosis as a result of apigenin treatment in leukemia cells, 

Gonzalez-Mejia et al. [184] revealed the phosphorylation of Hsp27 as an important event in 

causing cell death. Additionally, it was shown that apigenin treatment in a late phase 

involves the activation of p38 and PKCδ to modulate Hsp27, thus leading to apoptosis [184]. 

A study by Jayasoorya et al. [185] demonstrated that apigenin inhibits cell growth and 

diminishes telomerase activity in human-derived leukemia cells, ultimately leading to 

apoptosis. In addition to inducing apoptosis in leukemia cells, apigenin-7 glycoside has been 

shown to induce granulocyte differentiation that was confirmed by the presence of 

significant amounts of CD11b positive cells [186]. Evidence also suggests that PI3K/Akt 

and JNK kinases and their related pathways are potential targets for apigenin-induced 

apoptosis in leukemia cells [187]. Apigenin-induced expressions of α, β, and γ globin genes 

increased the expression of glycosporin as a marker for differentiation. The hydroxyl groups 

are likely to render apigenin effective for inducing cell differentiation [188].

5.13 Adrenal cortical cancer

Previous studies of adrenocortical cancers have established the existence of aberrations in 

numerous signaling pathways and enzymes, including aromatase, an enzyme involved in the 

conversion of androgens to estrogen. Sanderson et al. [189], utilizing human adenocortical 

cancer H295R cells, studied the effect of plant flavonoids on the catalytic and promoter 

specific expression of aromatase. Results revealed that plant flavonoids are potent aromatase 

inhibitors, an action related to increased intracellular concentrations of cAMP [189]. Ohno 

et al. [190] also evaluated the relationship between exposure of plant flavonoids and cortisol 

production in H295R cells, and determined that apigenin-exposed cells exhibited reduced 

cortisol production, and decrease in 3β-HSD II and P450c21 activity.

5.14 Thyroid cancer

Yin et al. [191] studied the effect of apigenin on various human thyroid carcinoma cell lines 

including UCLA NPA-87-1 (NPA) (papillary carcinoma), UCLA RO-82W-1 (WRO) 

(follicular carcinoma), and UCLA RO-81A-1 (ARO) (anaplastic carcinoma). Apigenin 

exposure to these cells resulted in inhibition of cell proliferation amongst other plant 

flavonoids [191]. Yin et al. [192] further illustrated the apigenin-induced inhibition of ARO 

cell proliferation was associated with the disruption of EGFR tyrosine auto-phosphorylation 

and its downstream effector MAPK phosphorylation [192]. Schroder-van der Elst et al. [193] 
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examined the effect of various flavonoid on iodide transport and growth utilizing human 

follicular thyroid FTC133 cancer cells, stably transfected with the human Na (+)/I (−) 

symporter (hNIS). Apigenin exposure to these cells prevented NIS mRNA expression, which 

may have therapeutic implications for the radioiodide treatment of thyroid carcinoma [193]. 

Apigenin induces apoptosis in ATC cells, mediated through c-Myc, with concomitant 

changes in p53 and p38 in FRO ATC cells. Apigenin, together with BRAFV600E inhibitor 

PLX4032, induced cytotoxicity, suppressing Akt in ATC cells which harbor BRAFV600E 

[194]. The apigenin-enhanced iodide influx rate is increased by Akt inhibition in thyroid 

cells under acute TSH stimulation and requires p38 MAPK activity. Treatment with apigenin 

increases radioiodide accumulation in thyroid cells expressing BRAFV600E and in primary 

cultured thyroid tumor cells from TRβ (PV/PV) mice. Thus, along with Akt inhibitors, 

apigenin can further enhance the efficacy of radioiodine therapy for thyroid cancer patients 

[195]. Apigenin-induced cell death has been shown to involve autophagy in papillary thyroid 

cancer, perhaps because of ROS stimulation, induction of DNA damage and G2/M phase 

cell cycle arrest [196]. Targeted radioiodine therapy, used in thyroid cancer, depends on 

thyrotropin-mediated selective stimulation of Na+/I− Symporter (NIS)-mediated radioactive 

iodide uptake (RAIU) by thyroid cells. Unfortunately, patients with advanced thyroid cancer 

do not benefit from radioiodine therapy due to reduced or absent NIS expression. Though 

PI3K inhibitors could induce RAIU by diminished iodide efflux rate where TGF-β, a 

secreted cytokine facilitates the growth of thyroid cancers, has been observed to reverse the 

effect. A combination treatment of apigenin with PI3K inhibitor GDC-0941 attenuated the 

effect of TGF-β increasing RAIU in both BRAFV600E and RET/PTC3 expressing cells 

[197].

5.15 Neuroblastoma

Torkin et al. [198] studied the downstream effect of apigenin on various neuroblastoma cell 

lines of human origin. Apigenin exposure to cells resulted in reduced colony-forming ability 

and survival, leading to induction of apoptosis which was accompanied by an increase in 

tumor suppressor p53 and its downstream targets including p21/Waf1 and Bax. Furthermore, 

apigenin demonstrated differential response by causing cell death and apoptosis of 

neuroblastoma cells expressing wild-type p53, but not mutant p53. Apigenin also augmented 

caspase-3 activity and PARP cleavage [198]. Neuroblastoma SH-SY5Y cells treated with 

apigenin led to induction of apoptosis, accompanied by higher levels of intracellular free 

[Ca(2+)] and shift in Bax:Bcl-2 ratio in favor of apoptosis, cytochrome c release, followed 

by activation caspase-9, calpain, caspase-3 and caspase-12 [199]. In neuroblastoma SK-N-

DZ cells, a combination of the small molecule Bcl-2 inhibitor HA14-1 (HA) and apigenin 

worked synergistically to decrease cell viability and suppress the expression of angiogenic 

factors thereby activating extrinsic and intrinsic apoptotic pathways [200]. A combination 

treatment of apigenin with synthetic retinoid N-(4-hydroxyphenyl) retinamide (4-HPR) in 

serum-starved human malignant neuroblastoma cells suppressed autophagy and promoted 

apoptosis [201]. In malignant neuroblastoma cells, ectopic expression of Krüpple-like factor 

4 (KLF4) in combination with apigenin treatment resulted in induction of apoptosis 

downregulating Bcl-2 expression and impairment of transcription and translation of MMP-2 

and MMP-9 leading to prevention of tumor cell migration [202]. Apigenin treatment of 

malignant neuroblastoma cells led to sequential telomerase reverse transcriptase (hTERT) 
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knockdown, inhibited cell invasion and proliferation and induced apoptosis [203]. Further 

studies revealed that apigenin involved miR-138 more effectively than hTERT to induce 

apoptosis in malignant neuroblastoma cancer cell lines [204]. Similar studies using the 

oncogene N-Myc silencing in combination with apigenin prevented cell migration and 

decreased N-Myc driven survival, angiogenesis, and invasive factors. This activity suggests 

that using the said process is a promising strategy for controlling the growth of N-Myc 

amplified human malignant neuroblastoma cells [205]. Apigenin diminished insulin fibril-

induced reactive oxygen species (ROS) production and lipid peroxidation in neuroblastoma 

cells. These effects led to increased catalase activity and alterations in intracellular 

glutathione levels, subsequently reducing nitric oxide production and NF-κB activity. 

Inhibition of NF-κB pathway caused a concomitant reduction in TNFα and IL-6 levels 

[206]. The suppressive nature of apigenin to inhibit ROS in human neuroblastoma SH-SY5Y 

cells has been shown to involve reduction in the oxidation of cellular glutathione and 

subsequent formation of malondialdehyde and carbonyls [207].

5.16 Bladder cancer

Using MEKK1 overexpression in bladder smooth muscle (SM) cell, Liu et al. [208] 

demonstrated the effect of apigenin in the phosphorylation of MAPKs, ERK, JNK and p38, 

which are the downstream molecules of MEKK1. Apigenin exposure at 50 μM to these cells 

significantly inhibited activation/phosphorylation of MAPKs and migration of SM cells 

induced by MEKK1 overexpression. Furthermore, apigenin also inhibited actin 

polymerization, which underlines muscle contraction and cell migration [208]. In another 

study, apigenin suppressed proliferation and inhibited the migration and invasion potential of 

T24 bladder cancer cells in a dose- and time-dependent manner, which was associated with 

induced G2/M phase cell cycle arrest and apoptosis through the involvement of PI3K/Akt 

pathway and Bcl-2 family proteins. In addition, apigenin increased caspase-3 activity and 

PARP cleavage, indicating that apigenin induced apoptosis in a caspase-dependent way 

[209]. Zhu et al. [210] demonstrated that apigenin treatment caused decrease proliferation 

and induction of apoptosis in human bladder T24 cells, associated with an increase in the 

phospho-p53, p53, p21, and p27 levels, and with a decrease in the cyclin A, cyclin B1, 

cyclin E, CDK2, Cdc2, and Cdc25C expression, thereby blocking cell cycle progression. In 

addition, apigenin increased the Bax, Bad, and Bak levels, but reduced the Bcl-xL, Bcl-2, 

and Mcl-1 levels, and subsequently triggered the mitochondrial apoptotic pathway through 

release of cytochrome c and activation of caspase-9, caspase-3, caspase-7, and PARP 

cleavage [210].

5.17 Mesothelioma

Malignant mesothelioma (MM) is a tumor arising from mesothelium. Masuelli et al. [211] 

demonstrated that apigenin in MM cells caused apoptosis and not autophagy by altering 

Bax/Bcl2 ratio. Apigenin also caused the activation of p53 and caspase-9. The authors 

further evidenced that apigenin inhibited Akt and NF-κB/p65 pathways because of MAPK 

attenuation in these cells. Additionally, tumors with MM cells implanted in C57BL/6 mice 

treated 20 mg/kg apigenin prolonged the survival time. These evidences suggests the anti-

metastatic role of apigenin in a wide variety of in vitro and preclinical MM models.
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5.18 Osteosacrcoma

The effect of apigenin on human osteosarcoma U2OS cells has been demonstrated. Apigenin 

significantly decrease cell viability, induced apoptosis through the activations of caspase-3, 

-8, -9, and BAX and promoted the release of AIF in U2OS cells. Furthermore, nude mice 

bearing U2OS xenograft tumors, 2 mg/kg apigenin every 3 day for 30 days inhibited tumor 

growth [212]. Bumke-Vogt et al. [213] demonstrated the impact of apigenin and luteolin on 

U2OS cells in rapid intracellular translocation of the forkhead box transcription factor O1 

(FOXO1), an important mediator of insulin signal transduction. Treatment of human 

hepatoma HepG2 cells with apigenin and luteolin on the expression of the gluconeogenic 

enzymes viz. phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase (G6Pc), 

the lipogenic enzymes fatty-acid synthase (FASN) and acetyl-CoA-carboxylase (ACC) 

which were downregulated by both flavones with smaller effective dosages of apigenin than 

for luteolin. Furthermore, apigenin and luteolin reduced the expression of PKB/AKT-, 

PRAS40-, p70S6K-, and S6-phosphorylation was reduced by and luteolin but not that of the 

insulin-like growth factor receptor IGF-1R. Liu et al. [214] demonstrated that apigenin 

inhibited proliferation and reduced invasion in human U2OS and MG63 osteosarcoma cell 

lines through downregulation of the expression of β-catenin in these cells.

6.0 Combinational studies with apigenin

Apigenin has also shown to have a significant effect when combined with various 

chemotherapeutic agents where various cancer cells exhibit differential effects [215–222]. 

Studies with pancreatic cancer cells reveal that 24 h pretreatment with low concentrations of 

apigenin for 24 h followed by cisplatin (10 μM), 5-Flurouracil (50 μM), oxaliplatin (0.1 

μM), gemcitabine hydrochloride (10 μM) for 36 h resulted in increased growth inhibition of 

pancreatic cancer cells, compared to co-treatment or individual treatments, where the effects 

were less than additive [215]. In human multiple myleoma U266 and RPMI 8226 cell lines, 

apigenin significantly decreased Hsp90 clients when combined with the Hsp90 inhibitor 

geldanamycin and the histone deacetylase inhibitor vorinostat to induce apoptosis [216]. 

Similarly combination of synthetic retinoid N-(4-hydroxyphenyl) retinamide (4-HPR) (0.5 

μM) and apigenin (50 μM) in the serum-starved human malignant neuroblastoma cells 

inhibited autophagy inducing apoptosis [217]. The same group had earlier published that 

combination of apigenin with Bcl-2 inhibitor, small molecule HA14-1 (HA) induces 

apoptosis in human malignant neuroblastoma cells inhibiting angiogenic factors [218]. In 

human cervical epithelial carcinoma HeLa cells combination of apigenin and paclitaxel 

significantly increased inhibition of cell proliferation, suppressing the activity of SOD, 

inducing ROS accumulation leading to apoptosis by activation of caspase-2 [219]. In 

MiaPaCa-2 subcutaneous xenograft model of pancreatic cancer, combination treatment of 

gemcitabine (125 mg/kg) with apigenin (50 mg/kg) exhibited significant tumor growth 

inhibition, decrease in tumor volume and weight. This combination caused a signification 

decrease in the activation of Akt and inhibited the DNA binding of NF-κB/p65 in the 

nucleus [220]. Zhu et al. [221] demonstrated that apigenin inhibits expression of ABCB1, 

the ATP-binding cassette (ABC) transporter family, and resensitizes docetaxel-resistant 

prostate cancer cells to docetaxel treatment. In another study by Hu et al. [222] sub-toxic 

concentrations of apigenin (4 μmol/L) significantly enhanced the cytotoxicity of 5-FU (100 
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μg/mL) in hepatocellular carcinoma (HCC) cells through mitochondrial membrane potential 

(ΔΨm)-mediated apoptosis. Furthermore, in vivo, combined treatment with 20 mg/kg 

apigenin five times per week in 3 week protocol and 20 mg/kg 5-FU for 5 consecutive days 

significantly inhibited the growth of HCC xenograft tumors [222]. Gao et al. [95] 

demonstrated that apigenin significantly sensitizes doxorubicin-resistant BEL-7402 

(BEL-7402/ADM) cells to doxorubicin (ADM) and increases intracellular concentration of 

ADM through downregulation of PI3K/Akt pathway, leading to a reduction of Nrf2-

downstream genes. In BEL-7402 xenografts, apigenin and ADM cotreatment inhibited 

tumor growth, reduced cell proliferation and induced apoptosis more substantially when 

compared with ADM treatment alone.

7.0 Clinical trials with apigenin

Early clinical trial with apigenin was based on the epidemiologic studies demonstrating that 

dietary intake of flavonols and flavones was inversely associated with risk for cardiovascular 

disease. Janssen et al. [23] performed a study feeding 18 healthy volunteers with 220 g 

onions and 5 g dried parsley per day providing 114 mg quercetin and 84 mg apigenin 

respectively, or a placebo for 7 day each in a randomized crossover experiment to determine 

their effect on platelet aggregation. Although onion consumption raised mean plasma 

quercetin concentrations to 1.5 μmol/L; plasma apigenin could not be measured. No 

significant effects of onions or parsley were found on platelet aggregation, thromboxane B2 

production, factor VII, or other hemostatic variables. In another study, Hoensch et al. [223] 

investigated the preventive effects of dietary flavonoid mixture composed of 20 mg apigenin 

and 20 mg epigallocatechin-3-gallate on recurrence risk on 31 patients with resected 

colorectal cancer or adenoma polypectomy and compared with matched control group 

consisting of 56 patients observed for 3–4 years by surveillance colonoscopy. No cancer 

recurrence was noted and only one adenoma developed in resected colon cancer group. In 

untreated control, 20% patients developed recurrence and 27% evolved adenomas, 

suggesting that continuous long-term supplementation of flavonoid mixture could reduce the 

recurrence of colon neoplasia. In another double-blind, placebo-controlled study, 

Amsterdam et al. [224] examined the antianxiety and antidepressant action of 220 mg oral 

chamomile (Matricaria recutita) extract standardized to 1.2% apigenin in participants with 

symptoms of comorbid anxiety and depression evaluated by the scores from the Hamilton 

Depression Rating (HAM-D) questionnaire among treatment groups. A significant reduction 

over time in total HAM-D scores for chamomile versus placebo in all participants was noted. 

Furthermore, a clinically meaningful but nonsignificant trend was noted for a greater 

reduction in total HAM-D scores for chamomile versus placebo in participants with current 

comorbid depression provided evidence that chamomile may provide clinically meaningful 

antidepressant activity. Choi et al. [225] demonstrated the clinical efficacy of apigenin on 

aged skin, using an apigenin-containing cream on forty women, aged over 30 years, through 

a randomized and double-blinded clinical trial with four weeks of treatment. Application of 

apigenin-containing cream increased dermal density and elasticity, and reduced fine wrinkle 

length along with improved skin evenness, moisture content and transepidermal water loss, 

compared to the placebo group. These results suggest that apigenin possess anti-aging 
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properties. Based on the published literature, no studies in humans have been conducted 

solely with apigenin with respect to solid cancer.

8.0 Major limitations of apigenin

Apigenin is unstable and is not very soluble in water or organic solvents. These properties 

restrict the use of apigenin in its pure forms. Naturally, apigenin is available in foods as 

glycoside and acylated derivatives, having higher solubility in water compared to the parent 

compound [226, 227]. The moiety conjugating apigenin helps determine its absorption and 

bioavailability, facilitating enzymatic cleavage by mammalian or microbial glucosidases 

[227]. Consequently, it seems likely that apigenin in the natural form bound to β-glycosides 

may provide better bioavailability. In the intestines, apigenin is extensively metabolized in a 

method involving both enteric and enterohepatic recycling [228, 229]. Apigenin rapidly 

metabolizes via UDP-glucuronosyltransferase UGT1A1 as glucoroside and sulfate 

conjugates that are more readily transported in the blood and excreted in bile or urine [230]. 

Oral intake of radio-labeled apigenin in a single dose by rats demonstrated 51% recovery of 

radioactivity in urine, 12% in feces, 1.2% in blood, 9.4% in the intestine, 1.2% in liver, 0.4% 

in the kidneys, and 24.8% in the rest of the body within 10 days. The radioactivity appeared 

in blood 24 h after oral apigenin intake. A relatively high elimination of apigenin with a 

half-time of 91.8 h was noted in the blood in kinetics study, compared to other dietary 

flavonoids [231]. These results endorse the fact that although the bioavailability of apigenin 

is limited, however the slow pharmacokinetics may be the reason for possible accumulation 

of this flavone in the peripheral tissues for its effective chemopreventive effects. In an 

attempt to achieve better functionality, nano-formulations of apigenin are under investigation 

in in vitro and in vivo models. Gold nanoparticles (AuNPs) as biosensors, in photothermal 

therapy and in imaging have gained popularity due to their possible applications in cancer 

treatment and in drug delivery [232]. The ability of apigenin to reduce Au3+ ions to form 

AuNPs is attributed to–OH and C=O groups present in apigenin that reduce Au3+ 

facilitating the stabilization of the AuNPs [233]. Studies on the synthesis of apigenin-AuNPs 

have revealed that Au3+ can be reduced by apigenin at a pH of 10 and at room temperature 

forming highly stable and spherical apigenin-AuNPs. These apigenin-AuNPs are 

biocompatible towards normal human epidermoid HaCat cells while inducing apoptosis of 

A431 and SiHa cells. The apigenin-AuNPs also exhibit decent antiangiogenic property. 

Hence, apigenin-AuNPs is a promising candidate for use in skin cancer treatment [234]. 

Further studies on nano-apigenin using poly (lactic-co-glycolide) (PLGA) was effective in 

oral and topical application for skin cancer, achieving a higher efficacy and potency with 

reduced toxicity [235]. Because of its reduced solubility in water and other lipid compounds, 

the oral bioavailability of apigenin remains relatively low. Formulations using carbon 

nanopowder solid dispersions for apigenin have proven to enhance its bioavailability. These 

apigenin nanoparticles showed low levels of toxicity in animals [236]. Apigenin-loaded lipid 

nanocapsules prepared with phase inversion method showed high efficacy in restricting 

breast and liver cancer growth [237]. Cochran et al. [238] demonstrate that a long-term 

releasing apigenin-based polymer and subsequent nanoparticle delivery system has ability to 

inhibit tumor cell adhesion through the suppression of endothelial cell adhesion molecule 
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expression. These studies show promise that nano-formulations of apigenin could become an 

effective drug-delivery system.

9.0 Conclusion and future directions

In this review, we aim to justify the role of apigenin as an anticancer agent. The fact that 

apigenin impacts numerous essential pathways and targets associated with cancer is well 

established. In fact, current research also underlines apigenin as an epigenetic modulator that 

could act as a dual DNA methyltransferase and histone methyltransferase inhibitor. Nano 

formulations of apigenin have shown to increase the bioavailability leading to its possible 

accumulation in tissues. Being the most available bioactive compound from various plants, 

vegetables, and fruits, dietary apigenin supplementation is highly recommended. 

Bioavailability of apigenin following oral administration in rats and mice have been 

reported. So far, this information in humans, including pharmacokinetic and 

pharmacodynamics profiles, is not available. Further research is necessary concerning the 

bioavailability and safety profile in humans. A generation of scientific evidence is necessary 

to confirm the beneficial effects of apigenin in cancer patients to establish its role in 

chemoprevention and therapy better. However, the currently available reports suggest that 

apigenin possess potential to be developed as a chemopreventive or chemotherapeutic agent 

in the future.
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Abbreviations

4-HPR N-(4-hydroxyphenyl) retinamide

5-FU Fluorouracil

ACF Aberrant crypt foci

ADM Doxorubicin

ADP Adenosine di-phosphate

AICR American Institute for Cancer Research

AOM Azoxymethane

APC Adenomatous polyposis coli

ATF3 Activating transcription factor 3

BCRP Breast cancer resistance protein

CK2 Casein kinase 2
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COX-2 Cyclooxygenase-2

DISC Death-inducing signaling complex

DOX Doxorubicin

DR4 Death receptor 4

EGFR Epidermal growth factor receptor

ERK Extracellular regulated kinse

FAK Focal adhesion kinase

GADD45 DNA fragmentation factor-45

Gli1 Glioma-associated oncogene 1

GLUT1 Glucose transporter 1

GSTA1 Glutathione S-transferase A1

HDAC Histone deacetylase

HIF-1α Hypoxia-inducible factor 1-alpha

hTERT Telomerase reverse transcriptase

ICAM-1 Intercellular adhesion molecule-1

IFNAR1 Type I interferon receptor 1

IFN-γ Interferon gamma

IGF Insulin-like growth factor

IL6 Interleukin-6

JAK Janus kinase

JNK c-Jun amino-terminal kinase

KLF4 Krüpple-like factor 4

MAPK Mitogen-activated protein kinases

MMP Matrix metalloproteinases

NADPH Nicotinamide adenine dinucleotide phosphate

NF-κB Nuclear factor-kappaB

NIS Na+/I- symporter

NSCLC Non-small cell lung cancer

ODC Ornithine decarboxylase
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PARP Poly (ADP-ribose) polymerase

PD-L1 Programmed death-ligand 1

PDPK FA Proline-directed protein kinase FA

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase

PKC Protein kinase C

PLGA Poly-lactic-co-glycolide

PMA Protein kinase C-activating phorbol ester

ROS Reactive oxygen species

SOD Superoxide dismutase

Stat Signal transducer and activator of transcription

TGF-β Transforming growth factor-beta

TRAIL Tumor necrosis factor related apoptosis-inducing ligands

TRAMP Transgenic adenocarcinoma of the mouse prostate

UGT1A1 UDP-glucuronosyltransferase 1-1

VEGF Vascular endothelial growth factor

WCRF World Cancer Research Fund
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Table 1

Effect of apigenin on various molecular targets in human cancers

Human Cancers Molecular Targets Apigenin concentrations Ref.

Breast cancer PD-L1, ErbB2, Bax, Bcl2, p450 CYP1, CYP19, Caspases, 
p21/Waf1, p53, Aromatase, VEGF, ERK, JNK, PI3K-Akt, 
Foxo3a, COX-2, ERβ, CK2, PKC, MAPK, Cyclin D1 and 
HER2/neu, JAK-STAT3, NF-κB, AP-1, c-Fos, cyclinB1

0–100 μM 40–64

Colon Cancer APC, ODC, TRAIL, COX-2, PGE-2, MMP, GST, UDP-
glucuronosyltransferases (UGT)1A1, p34(cdc2), cdc25, 
caspases -3, -8, -9, Bax, Bcl2, p21/Waf1, mTOR, CD26, JNK, 
p38, Elk

0–200 μM 65–84

Gastric Cancer NF-κB, cyclinD1, COX-2, VEGF, Bcl2, IκBα, ICAM-1, IL6, 
IL8, Bax

9–80 μmol/L 85–87

Liver cancer NF-κB, Snail, PIG3, cytochrome c, Bax, Bcl2, caspases -3, -9, 
Nrf2, PI3K/Akt, cyclin-dependent kinases (cdk)

0–200 μmol/L 88–97

Lung Cancer p21/Waf1, XIAP, uPAR, GLUT1, NADPH, Bax, Bcl2, 
caspases -3, -9, cytochrome c, leptin, leptin receptor, Bid, AIF, 
GRP78, GADD153, HIF-1α, VEGF, Akt and p70S6K1

In vitro: 0–160 μM
In vivo:1 mg/kg/day

98–109

Pancreatic Cancer NF-κB, IκBα, GSK3β, cyclinB1, IL17, IFNB1, p53, p21/
Waf1, PUMA, HIF-1α, VEGF, GLUT1, Cdc6, cyclin A, cdc2, 
cdc25

0–100 μM 110–118

Prostate Cancer FAK, Src, PTEN, IGF1R, IGFBP-3, IGF-1, GSK-3β, Akt, 
p21/Waf1, p27, VEGF, IKKα, NF-κB, CK2, IAPs, TRAIL, 
p53, caspases -3, -8, -9, HIF-1, FAK, β-Catenin, c-Myc, 
cyclinD1, cyclin-dependent kinases -2, -4, -6, MAPK, PI3K-
Akt, ERβ, AP-1, Bax, Bcl2, Bcl-XL, 17β-hydroxysteroid 
oxidoreductase, E-cadherin, GLUT1, HDAC-1, -3, XIAP, 
Ku70, FoxO3a, ABCB1, FAK, Smad -2, -3, IGF-1, IGFBP3, 
ERK, H3 and H4 acetylation, BAD, 14–3–3β, p14ARF, 
MDM2, c-Myc, Rb, RNA polymerase

In vitro: 0–40 μM
In vivo: 20 & 50 μg/mouse/day

119–138

Skin Cancer PGE2, EP1, EP2, cytochrome c, Bax, Bcl2, caspase -3, -9, 
PARP, p21/Waf1, COX-2, PKC, STAT3, MMP-2, MMP-9, 
VEGF, Twist1

In vitro :0–100 μM
In vivo: 150 mg/day

139–157

Cervical Cancer CK2α, Bax, Bcl2, p53, p21, Fas/Apo-1, caspase3 0–75 μM 158–163

Endometrial Cancer Id1, VEGF, p70S6K1, HIF1 and FAK 0–40 μmol/L 164

Ovarian Cancer Axl, tyrosine receptor kinase, Akt, MMP-9, p70S6K1, Id1, 
ATF3, FAK, VEGF, HIF-1α, HDM2/p53, platelet 
aggregation, proteasome degradation -20S, -26S, Bax and 
IκBα

In vitro: 0–60 μM
In vivo: 5–150 mg/kg/day

165–175

Hematologic cancer/Leukemia P34(cdc2), p21/Waf1, p38, PKCδ, ATM, caspases, telomere 
activity (hTERT), c-Myc,

0–100 μM 176–188

Adrenal cortical cancer aromatase, cytochrome p450 0–20 μM 189, 190

Thyroid cancer Beclin-1, LC3, Cdc25c, c-Myc, p53, p38, EGFR, MAPK, 
ERK, MAPK

0–80 μM 191–197

Neuroblastoma Bid, Bcl2, Bax, cytochrome c, caspase -3, -8, -9, PARP-1, 
p53, p21/Waf1

0–60 μM 198–207

Bladder cancer p53, p21/Waf1, p27/Kip1, CyclinA, cyclinB1, cyclinE, 
CDK2, cdc2, cdc25, Bax, Bad, Bak, Bcl2, Bcl-XL, Mcl-1, 
cytochrome c, caspase -3, -7, -9, PARP cleavage, GSH

0–80 μM 208–210

Mesothelioma Bax/Bcl-2 ratio, p53, caspase-9, Akt, NF-κB/p65, MAPK In vitro: 6.25–100 μM
In vivo: 20 mg/kg

211

Osteosarcoma β-catenin, Bax, caspase -3, -8, -9, AIF 0–75 μM 212–214

AIF Apoptosis inducing factor, AP-1 Activator protein-1, APC Adenomatous polyposis coli, Bax bcl-2-like protein 4, Bcl2 B-cell lymphoma 2, 
BID BH3 interacting-domain death agonist, CK2 casein kinase 2, COX-2 Cyclooxygenase-2, CYP cytochrome p, ErbB2 Erythroblastic leukemia 
viral oncogene homolog 2, ERK Extracellular Signal-Regulated Kinase, ERβ Estrogen receptor beta, FAK Focal Adhesion Kinase, Foxo3a 
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Forkhead box O3, GADD Growth Arrest DNA Damage, GLUT1 Glucose transporter 1, GRP78 glucose-regulated protein78 kDa, GSK3β 
Glycogen synthase kinase 3, GST Glutathione S-transferases, H3 Histone H3, HDAC Histone deacetylases, HER2/neu Receptor tyrosine-protein 
kinase erbB-2, HIF-1α Hypoxia-inducible factor 1-alpha, ICAM-1 Intercellular Adhesion Molecule 1, Id1 Inhibitor of differentiation or DNA 
binding protein 1, IFNB1 Interferon beta 1, IGF-1 Insulin-like growth factor 1, IGF1R Insulin-like growth factor 1 receptor, IGFBP-3 Insulin-like 
growth factor binding protein 3, IKKα IκB kinase alpha, IL Interleukin, JAK-STAT3 Janus kinase/signal transducers and activators of transcription 
3, JNK c-Jun N-terminal kinase, MAPK Mitogen-activated protein kinase, MDM2 Mouse double minute 2 homolog, MMP Matrix 
metalloproteinase, NADPH Nicotinamide adenine dinucleotide phosphate, NF-κB Nuclear factor-kappa B, Nrf2 Nuclear factor (erythroid-derived 
2)-like 2, ODC Ornithine decarboxylase, PARP Poly ADP ribose polymerase, PD-L1 Programmed death-ligand 1, PGE2 Prostaglandin E2, PI3K 
Phosphatidylinositol-4,5-bisphosphate 3-kinase, PIG3 p53-inducible gene 3, PKC Protein Kinase C, PTEN Phosphatase and tensin homolog, 
PUMA p53 upregulated modulator of apoptosis, Rb Retinoblastoma, Src v-src sarcoma, TRAIL TNF-related apoptosis-inducing ligand; UDP-
glucuronosyltransferases, uPAR urokinase-type plasminogen activator receptor, VEGF Vascular endothelial growth factor, XIAP X-linked inhibitor 
of apoptosis protein
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