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Abstract

The United State Food and Drug Administration has permitted number of therapeutic agents for 

cancer treatment. Most of them are expensive and have some degree of systemic toxicity which 

makes overbearing in clinical settings. Although advanced research continuously applied in cancer 

therapeutics, but drug resistance, metastasis, and recurrence remain unanswerable These accounts 

to an urgent clinical need to discover natural compounds with precisely safe and highly efficient 

for the cancer prevention and cancer therapy. Gambogic acid (GA) is the principle bioactive and 

caged xanthone component, a brownish gamboge resin secreted from the of Garcinia hanburyi 

tree. This molecule showed a spectrum of biological and clinical benefits against various cancers. 

In this review, we document distinct biological characteristics of GA as a novel anti-cancer agent. 

This review also delineates specific molecular mechanism(s) of GA that are involved in anti-

cancer, anti-metastasis, anti-angiogenesis, and chemo-/radiation sensitizer activities. Furthermore, 

recent evidence, development, and implementation of various nanoformulations of gambogic acid 

(nanomedicine) have been described.
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1. Introduction

Cancer is the second-leading cause of deaths after cardiovascular diseases in the United 

States (US) and World-wide. In 2020, it was projected ~1,806,590 new cancer cases and 

606,520 cancer deaths will occur in the US [1]. In the last two decades, major advances in 

the detection and management of cancers have changed early diagnosis, prevention, and 

treatment options. These efforts driven decline in death rates for the four leading cancers, 

namely, lung, colorectal, breast, prostate cancer [1]. Pancreatic cancer and glioma are highly 

challenging to treat, and its associated deaths are certain in these aggressive form of cancers 

within couple years. Still, lung cancer causes more deaths than breast, prostate, colorectal, 

and brain cancers combined. The US Food and Drug Administration (FDA) has approved 

number of therapeutic agents, including, small molecules, anti-angiogenics, viral therapy, 

and antibodies for cancer treatment. However, their expensive nature of treatments, systemic 

toxicities, and therapy resistance, limits their continuous use in the clinical setting. All these 

events advice an unmet clinical need to rediscover natural compounds which has precisely 

safe and highly efficient for the cancer prevention and cancer therapy.

Since ancient times, natural compounds have shown a broad spectrum of therapeutic 

potential for the treatment of various diseases. Therapeutic and preventive applications of 

natural compounds relate to anti-viral, anti-inflammatory, anti-cancer, chemo-preventive, 

and chemo-sensitization properties have been established [2, 3]. Most common categories of 

natural compounds that have shown to have anti-cancer properties, includes, polyphenols, 

phytochemicals, and xanthonoid. Gambogic acid (GA, chemical formula: C38H44O8) is the 

principle bioactive and caged xanthone compound, isolated from the brownish/orange 

gamboge resin of the Garcinia hanburyi tree [4].

Due to abundance presence of Garcinia hanburyi in East Asia and India, and easy isolation 

process [5–7], GA availability is plentiful for medical applications. The implementation of 

GA in scientific reviewed studies began in 1966 (Figure 1).

There were only four scientific studies from 1966 to 2004 [1966 (1), 1984 (1), 1986 (1), and 

1996 (1)]. Since 2004, there were about 375 reports on gambogic acid for in general 

medicinal applications out of which ~264 belongs to cancer-related studies (Figure 1B). 

These statistics advice that implication of gambogic acid in cancer therapeutic applications 

is widely studied. Detailed break-down of these cancer studies indicate majority of those 

studies belong to breast, lung, and liver (hepatocellular) cancers (Figure 1C). However, very 

limited work was done on cervical, renal, and ovarian cancers.

Previous studies reported that GA has anti-neoplastic activity and is a potent apoptosis 

inducer [8, 9]. Furthermore, unlike other natural anti-cancer agents, GA has shown to be 

effective at lower concentrations (nM range) [10, 11]. It also has a favorable safety profile 

and large therapeutic index [12–14]. There are also general pharmacological aspects and 

toxicity effects of GA on cardiovascular and respiratory, indicated minimal effect on blood 

pressure, heart rate, and respiratory system [13]. A high dosage of GA (>16 mg/kg) 

administration exhibited minor and insignificant side effects on central nervous system. In 

addition, GA showed high analgesic activity which could be connected to its anti-
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inflammatory nature [13]. Furthermore, GA has been approved for phase II clinical trials 

[12] by the China Food and Drug Administration (CFDA) as an anti-cancer agent for lung 

cancer and other solid tumor therapy.

Accumulated pre-clinical and clinical evidence indicates that GA has a significant anti-

cancer effect on various types of cancers, including, breast cancer (BC), lung cancer (LC), 

hepatocellular carcinoma (HCC), prostate cancer (PrCa), colorectal cancer (CRC), 

pancreatic cancer (PC), ovarian cancer (OC), glioma, melanoma, head and neck cancer, and 

cervical cancer (CxCa), by targeting different molecular pathways (Figure 2).

Such broad range of mechanisms of action evident for its excellent potency. The anti-tumor 

effects of GA include, but are not limited to, induction of apoptosis, accumulation of 

reactive oxygen species (ROS), autophagy, anti-proliferation, inhibition of enzymes (e.g. 

telomerase), inhibition of growth factors (e.g. Vascular Endothelial Growth Factor, VEGF), 

and interception of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

signaling pathways. A high-throughput screening of natural product libraries identified GA 

as a potential heat shock protein 90 (Hsp90) inhibitor (similar potency as celastrol, a known 

Hsp90 inhibitor) [16]. It binds Hsp90 at a distinct site than Adenosine triphosphate (ATP) 

binding pocket. In addition, Duan et al., [17] have reported that healthy cells exhibit less 

sensitivity to GA compared to cancer cells, presumably due to redox homeostasis. Moreover, 

GA has shown chemotherapy/radiation sensitization properties in different types of cancers 

[18, 19]. In general, chemo-sensitizers are small molecules that make cancer cells more 

sensitive to chemotherapeutic agents or radiation, thus improving the therapeutic index and 

anti-tumor effects of these agents. These compounds are also known as resistance 

modulators, which inhibit or block drug efflux from cancer cells via the P-glycoprotein (P-

gp) pump and elevate the concentrations of therapeutic agents inside MDR cells [20].

Unlike other chemotherapy agents, GA does not cause bone marrow suppression [12, 15, 

21]. Unfortunately, the aqueous solubility of GA (0.013 mg/mL) is very low, thus limiting its 

clinical application. Hua et al., [22] developed an accurate quality control analytes that can 

determine hydrophobic GA levels in serum by liquid chromatography-mass spectra/mass 

spectra. Therefore, the design and development of water-soluble derivatives of GA will be 

crucial for the application of GA-based anti-tumor agents in the clinic. The structure–

activity relationships of GA have unveiled it and can be amicable for number of 

modifications without altering its biological and pharmacological activities. For example, 

GA can be coupled with alkanolamines to improve aqueous solubility and achieve 

equivalent anti-proliferation effects [23]. Another method of improving aqueous solubility 

and stability is dispersing in polymer matrices. However, these approaches may improve 

solubility but not tumor specific delivery where a nanotechnology can be a suitable 

approach.

Table 1–2 documents a number of valuable recent review articles that often covered GA and 

its analogues in medical applications. Table 1, documents pertaining GA to delineate its 

potential targets and roles in cancer and other chronic diseases. Table 2, most of the review 

literature identified to be underlying broadly for xanthones, photo chemicals, neogambogic 

acid, spice, and other naturally occurring molecules that focuses on cancer therapies. 
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Nevertheless, until now there is no research review article that can provide information on 

the use of GA in various cancers and no emphasis to improve its inherent delivery and 

therapeutic issues for effective use in cancer treatment. In addition, there is no review that 

refer to nanotechnology mediated delivery of GA for cancer therapeutics. Thus, the overall 

focus of this review is to describe molecular actions of GA, its useful chemo-sensitization 

pathways, and to discuss the possible use of nanoparticle mediated delivery for a successful 

translation for cancer therapeutics.

2. Role of GA in multiple cancers

As mentioned above, multiple comprehensive reports have confirmed the anti-cancer ability 

and involvement of GA in reducing the growth, invasion, and migration of tumor cells. Pre-

clinical and clinical studies are also evident that GA can efficiently reduce tumor burden 

without introducing severe systemic toxicities. The efficacy of GA is associated due to the 

binding of the transferrin receptor and Hsp90 and suppressing major oncogenic signaling 

pathways. This section provides a detailed overview of biological effects of GA in various 

types of cancers.

2.1. Breast cancer

Breast cancer remains the most commonly diagnosed cancer among women and is the fourth 

leading cause of death after lung cancer in the US [1, 42]. In 2020, it is estimated that 

276,480 new cases of invasive BC will be diagnosed among women, 42,170 women are 

expected to die. There are many different types of BC and common ones include in situ 
ductal carcinoma and invasive carcinoma. Others, like phyllodes tumors and angiosarcoma 

are less known. BC is classified by some proteins, estrogen receptor (ER), progesterone 

receptor (PR), or human epidermal growth factor receptor 2) (HER2). However, there are 

some cancers that may not express these proteins termed as triple negative breast cancer 

(TNBC). Based on this information and tumor grade helps to choose a treatment option for 

BCs. Common detection tests include chest x-ray, computed tomography (CT) scans, bone 

scans, positron emission tomography (PET) scans, or magnetic resonance imaging (MRI) 

scans. There are many FDA-approved chemotherapies available to treat BCs, however, 

natural compounds may offer unharmed treatment option.

Gambogic acid is a highly used compound for BCs in the literature. Earlier investigations 

showed GA promptly inhibited growth of human breast cancer cells (Michigan Cancer 

Foundation-7, MCF-7) in a time-dependent way. This inhibition was co-related with 

increase of p53 levels and reduced bcl-2 levels, thus, promotes apoptosis [43]. It exhibited 

intracellular microtubular cytoskeleton disruption and microtubule depolymerization activity 

at 2.5 μM concentration in MCF-7 cells. This activity reduced the amount of microtubular 

polymer bundles and increased monomeric tubulin forms. This was further strengthened by 

the expression of depolymerized microtubule associated protein (MAP)-free microtubules 

and MAP-rich microtubules. These effects are also influenced by the elevated the 

phosphorylation levels of JNK-1 and p38, and cause in G2/M cell cycle arrest and apoptosis 

[44]. GA inhibited the proliferation of MCF-7 cells and indicated IC50 values of 1.46 μM. 

Such effect was received for GA due to production of ROS which can be removed by N-
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acetyl-L-cysteine (NAC, a ROS inhibitor). These effects were modulated via inhibition of 

the expression of SIRT1, increased phosphorylation of FOXO3a, and the expression of 

p27Kip1, while enhanced the cleavage of caspase-3 [45]. A following study proved its anti-

tumor and anti-invasive effects in human breast carcinoma cells (MDA-MB-231, triple 

negative breast cancer representative cell line) both in vitro and in vivo [46]. These results 

were confirmed through multiple heterotypic assays of adhesion, wound migration, and 

invasion assays. GA also suppress the expressions of matrix metalloproteinase 2/9 (MMP-2 

and MMP-9). The inhibitor effects of gambogic acid were demonstrated by the 

phosphorylation of ERK1/2 and JNK.

Transferrin receptor (TfR) is known to play crucial roles in cancer cell signaling and permits 

greater extent of cell survival. Transferrin receptor has been widely employed as a potential 

target to deliver drugs. Kasibhatla et al., [47] revealed GA has an independent of transferrin 

binding site on TfR1 and hinders transferrin internalization. GA demonstrated a distinctive 

apoptosis potential in cancer cells compared to normal cells. A superior apoptosis action was 

noticed in cancer cells with higher TfR on cell surface expression, i.e., GA demonstrated 

apoptosis potential in the order: T47D (++++) > 293T (+++) > human umbilical vein 

endothelial cells (HUVEC, ±) > human mammary epithelial cells (HMEC, –). GA activates 

three major signaling pathways of the MAPK family, along with caspase-3, −8, and 

Poly(ADP-ribose)-polymerase (PARP) apoptotic pathways [48]. However, Src inhibition 

significantly contributed the cancer cells for GA-enhanced cellular apoptosis [49]. The 

possible network of GA was established using proteomic technology and bioinformatic 

analysis revealed 23 possible target proteins that were related to: protein transport and 

modification, ubiquitin-proteasome system, transcription and translation, regulation of redox 

state, metabolism, cytoskeleton & transport, and cytokine.

In a three-dimensional multicellular inflammatory breast cancer patient-derived xenograft 

(MARY-X), cancer spheroid model, GA indicated dose-responsivity and showed the half 

maximal inhibitory concentration (IC50) value, 0.42 μM which is superior than paclitaxel 

treatment (IC50, 7.8 μM) [50]. Additionally, hydroxyl or fluorine group introduction(s) at 

discrete positions of the A-ring in caged xanthones (GA) promotes cytotoxicity of molecule 

even at sub-micromolar concentrations [51]. Interestingly, these modified compounds were 

capable of penetration inside tumor spheroids which can induce apoptosis both at the 

peripheral and centrally located cells (hypoxic region where proliferative and quiescent-

prone). Screening studies demonstrate that chiral resolution of a caged xanthone show a 

broad spectrum activity against of breast cancer cell lines of basal-like subtype and triple 

negative receptor status [52]. These studies also provide feasibility of promoting GA as a 

therapeutic lead molecule for chemoresistant and metastatic BC.

2.2. Lung cancer

Lung cancer is the leading cause of cancer-related death in the US [1]. By the time of the 

diagnosis, about 60–65% patients have reached advanced stage or distant metastases. 

Various cytotoxic and chemotherapy agents (docetaxel, gemcitabine, irinotecan, paclitaxel, 

carboplatin, ifosfamide, cyclophosphamide, etoposide, mitomycin, vindesine, etc.,) are the 

most effective therapeutic regimen for lung cancer. Nevertheless, these regimens offer 
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successful initial therapeutic response and benefit but no significant increment in overall 

survival due to emergence of drug resistance. Natural compound to tackle these events could 

be a helpful new therapeutic option.

Gambogic acid was a proven ligand for a transferrin receptor [53]. Its anti-cancer potential is 

originated by Tumor Necrosis Factor-alpha (TNF-α)-induced apoptosis through modulation 

of the NF-κB signaling. Zhu et al., [54] further proved that GA-induced apoptosis in Non-

small cell lung cancer cells (NSCLC, up to 90% of lung cancers belongs to NSCLC) is in 

relation to the level of transferrin receptors. GA displayed enhanced uptake/target human 

lung SpC-A1 (higher TfR) compared to SK-meS-1 (lower TfR) in 125I tracker assay. 

Further, activity of GA is greater on SpC-A1 cells (1.5 μM, ~47.9% apoptosis) than SK-

meS-1 cells (1.5 μM, ~21% apoptosis). Transferrin receptor 1 found to be overexpressed in 

multiple cancers and a predictor of the sensitivity of patients’ tumor for GA treatment. GA 

demonstrated to have cell invasion and migration inhibition capacity even at 1.5 μM 

concentration [55]. Reversion-inducing cysteine-rich protein with Kazal motifs (RECK), a 

membrane anchored glycoprotein negatively regulating matrix metalloproteinases (MMPs) 

was involved in GA-induced anti-invasive property. This study also proved that 8 mg/kg 

dose restrict tumor growth volume (A549 cells xenografts) to ~420 mm3 compared to 

control tumor volume, ~1100 mm3. The immunohistochemistry analysis of the tumor tissues 

represents significant lower expression of CD31 in the treatment group supporting its anti-

invasive characteristic of GA.

A study by Ye et al., [56] elucidates a significant growth inhibitory effect of GA in NCI-

H441 cells. This is true in the in vivo evaluation at a concentration of 25 or 50 mg/kg GA 

treatment. The possible molecular mechanism of GA’s action reported to be autophagial 

through a ROS pathway. Similar way, GA proven to be efficient in achieving ROS-induced 

Endoplasmic Reticulum (ER) stress-mediated apoptosis in A549 cells [57]. This treatment 

lead expression levels of glucose-regulated protein (GRP 78), C/EBP-homologous protein 

(CHOP), activating transcription factor (ATF 6), and the phosphorylation levels of protein 

kinase R-like ER kinase (p-PERK), and inositol-requiring enzyme (IRE-1α). GA can 

strongly inhibit the growth of A549 and NCI-H460 cells by overcoming multidrug resistance 

phenomenon through modulating autophagy and suppressing the activation of Akt, mTOR, 

and ribosomal S6 kinase [58]. A series of in vitro and in vivo experiments confirms that 

Liver kinase B1 (LKB1, is a tumor suppressor that functions as a master regulator of cell 

growth, metabolism, and survival) enhances the sensitivity of NSCLC cells to GA [59]. The 

mechanistic investigations provide persuasive evidence that LKB1 triggers cancer cell to GA 

treatment which is due to up-regulation of E-cadherin → p-AMPK → blockade of mTOR.

2.3. Hepatocellular carcinoma

Liver cancer is the six most common cause of cancer-related mortality in the US [1]. An 

estimated 42,810 people (30,170 men and 12,640 women) will be diagnosed with liver 

cancer and 30,160 deaths (20,020 men and 10,140 women) from this disease will occur this 

year [1]. Hepatocellular carcinoma (HCC) is the most common type of liver malignancy. 

The molecular alterations in HCC promotes an increased level of difficulty in finding a 
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promising treatment. Therefore, utilizing a natural molecule for its adjuvant therapy or as 

therapy sensitizer can shed new therapeutic option for HCC.

In an earlier study, it was detected that a selective uptake and action of GA takes place on 

human hepatoma (SMMC-7721) cells than on human normal embryo hepatic L02 cells [60]. 

10 μM GA treatment exhibited ~95% growth inhibition in SMMC-7721 vs ~40% in L02 

cells. At the same time, a neglectable survival change was noticed in primary rat hepatocytes 

even at higher GA concentrations (up to 50 μM). This differential activity was further 

evident from selective influence on the expression of Bcl-2 (down regulation) and Bax (up 

regulated) proteins with GA treatment in cancer cells. There was no significant difference 

that was found on these proteins in L02 cells upon treatment. In SMMC-7721 xenograft 

tumor mice, GA (2, 4, 8 mg/kg) treatments resulted in significant growth inhibition (33.1%, 

50.3% and 64.2%, respectively) compared with the vehicle group mice. In a subsequent 

study, the anti-cancer potential of GA on Hep3B (p53 deletion, IC50: 1.8 μM) and Huh7 (or 

p53 mutation, IC50: 2.2 μM) was acting through the mitochondrial pathway (activation of 

caspases-3/7, −8 and −9) [61]. This study suggests that GA acts as an independent of p53-

associated pathway. Park et al., [62] proved the anti-metastatic activity of GA in SK-HEO1 

HCC cells. Thoroughly, this molecular study confirms its activity is regulated by the actin 

cytoskeleton and NF-κB-mediated MMP-2 and −9 expression.

A derivative of gambogic acid (GA, compound 3e) was showed an improved aqueous 

solubility and displayed potent inhibition of HCC cell proliferation [23]. In brief, this 

compound exhibited IC50 (μM) as 0.045, 0.73, 1.25, 0.12, and 0.067 in Bel-7402, 

SMMC-7721, Bel-7404, QGY-7701, and HepG2 cells, respectively. These values are 

relatively less compared to Taxol® (1.25, 0.88, 0.82, 0.04, and 0.05) and GA (0.59, 1.59, 

1.99, 0.41, and 0.94) in those cell lines, respectively. Similarly, another GA-based cages ring 

system (compound 11a) showed comparable anti-cancer activities in BCG-823, 

SMMC-7721, and HepG2 cells and tumor xenograft model [63]. The IC50 of these 

compounds were noted as 3.59, 8.06, and 2.37 μM (GA compound 11a) and 2.35, 3.20, and 

2.4 μM in these cell lines. This therapy outcome was even better in tumor inhibitory 

capacity. GA 11a compound showed dose dependent growth inhibition in HepG2 xenografts. 

At 25 mg/kg dose GA 11a showed weight of tumor ~1.36 g compared to GA 20 mg/kg dose, 

~1.10 g. The advantage with these derivatives is easy administration in vivo. An oxidative 

analogue of GA was also found to have remarkable apoptosis capacity in HepG2 cells [64]. 

This was observed through multiple series of in vitro assays and the apoptosis induction is 

perhaps through the intrinsic mitochondrial pathway.

Like many other cancer cells, GA (1.5, 3, and 6 μM) also showed generation of ROS in 

SMMC-7721 cells that contributes to apoptosis [65]. Overall, this study demonstrated that 

the apoptosis process GA governed by the loss of MMP, decrease the levels of ATP/

glutathione, and activate stress-responsive p38 and JNK. This data was verified with a 

positive control, rotenone. The activation of human telomerase (often regulated by the 

human telomerase reverse transcriptase, hTERT), is a vital stage of cellular immortalization 

and malignant conversion. Such conversion process can be reversed using GA treatment 

[66]. In another attempt, GA treatment shown a significantly reduced telomerase activity in 

SMMC-7721 cells which was confirmed by the suppressed expression of the hTERT gene. 
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In addition, GA treatments significantly reduced the expression of c-MYC in a time- and 

concentration-dependent manner.

Wu et al., [67] identified an uncoordinated 119 or retinal protein 4 (UNC119) as a new target 

of GA which induce a sensitivity mechanism in HCC cells. UNC119 is reported to be an 

activator of SRC-type tyrosine kinase and its expression resulted on forbearance in apoptosis 

potential. Clinical evaluations suggest its positive correlation in HCC tissues represent poor 

prognosis. GA can tackle this protein by introducing cell cycle arrest via GSK3β/β-catenin 

signaling pathway (a known downstream of UNC119). A proteomic study proved that 

Stathmin 1 (STMN1) may be a major target for GA [68]. This investigation verified that the 

overexpression of STMN1 could reverse the inhibitory effect of GA in HCC cell growth. At 

the same time, siSTMN potentially enhances the sensitivity of cancer cells to GA treatment. 

This work has major implication in HCC because STMN1 found to be present in a large 

portion of HCC biopsies and has involved in the pathogenesis of disease [69–71]. Further, 

STMN has strong positive correlation with high α-fetoprotein, tumor size and stage, and 

degree of invasiveness/metastasis [72].

2.4. Colorectal cancer

Colorectal cancer is the second most common cause of cancer-related death in the US. 

Gambogic acid shown suppressive colon cancer cell activity in SW620 cells [73]. This in 
vitro study compared with 5-fluorouracil (5-FU) (10 μg/ml) treatments in proliferation, 

invasion, and apoptosis assays and found that the almost equivalent activity was observed for 

GA treatment (100 μg/ml) in cancer cells. GA also proven to bring down protein expression 

levels of PI3K, AKT, p-AKT, MMP-2 and −9 indicating it is a potent molecule affecting the 

PI3K/AKT pathway. GA+5-FU combination treatment was effective and significant in 

reducing tumor cells [74]. In a similar comparative study, GA showed dose-dependent 

apoptosis via mitochondrial pathway [75]. 1.25–5.00 μmol/L GA is sufficient to produce 

elevated levels of apoptosis-related factors Fas, FasL, FADD, cytochrome c, and Apaf-1. GA 

treatments (5, 10, and 20 mg/kg mice) resulted with 21, 15, 10.5 decreased relative tumor 

volumes (RTV) compared to control group. The GA treatment (20 mg/kg) was noticed to be 

close to docetaxel (10 mg/kg) treatment group tumor relative volume, 7 RTV.

Zhang et al., [76] systematically evaluated that GA was responsible to induce ROS-mediated 

autophagy in HCT116 and SW620 colorectal cancer cells. In detail, this study disclosed that 

GA was able to produce a dysregulation of lipid metabolism and activate 5-lipoxygenase 

subsequently leading to induction of intracellular ROS. These events managed GA to gain an 

inhibitory potential of Akt-mTOR signaling. In a 12 day GA treatment (8 mg/kg), C26 

tumor-bearing (100 mm3) mice showed tumor volumes remained same whereas control 

group tumors grown to ~ 400 mm3. Similarly, GA treatment also restricted tumor growth to 

its basal tumor volumes (~600 mm3) but control groups reached to ~ 2300 mm3.

The GA treatment could enhance the activation of phosphatase and tensin homolog (PTEN) 

besides suppressing PI3K/Akt in HT-29 cells [77] thus regulates the proliferation, migration, 

and invasion of cells. When miR-21 mimics supplementation along with GA reversed all the 

activities of GA. This confirmed miR-21 was the effector of GA and can block PI3K/Akt 

signaling pathway via enhancing PTEN activity. GA is able to tackle stem cell like cell of 
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colorectal cancer cells [78]. This was proven both in tumor spheroid assay and in vivo 
mouse bearing PNanog-GFP-T2A-Luc transgene (GFP+ cells, exhibited cancer stem cells 

characteristics). These results showed that GA can efficiently reduce the percent putative 

cancer stem cells (CD133+CD44+ cells), lowering stemness and EMT-associated markers. It 

was also evident that GA precisely impeded proliferation and stimulated apoptosis in both 5-

FU sensitive (HCT-15P) and 5-FU resistant (HCT-15 R) colorectal cancer cells via activation 

of JNK signaling pathway [79].

2.5. Pancreatic cancer

Pancreatic cancer has the third highest mortality rate in US. This devastating disease pose 

five-year survival rate less than 7%. Thus, identification of a newer molecule(s) that can be 

used alone or in combination with gemcitabine or other therapeutic agents is highly 

warranted. The gambogic acid efficiently blocks the proliferation of pancreatic cancer cells 

in time- and dose-dependent manner [18]. In all tested pancreatic cancer cells (BxPC-3, 

MIA PaCa-2, PANC-1, and SW1990) GA showed IC50 values below 8.3, 3.8, and 1.7 μM 

for 12, 24, and 48 hrs treatment, respectively. GA induced apoptosis and affected the cell 

cycle distribution in the S-phase and was shown reducing the expression of Ribonucleotide 

Reductase Catalytic Subunit M1/M2 (RRM1/RRM2) while inhibiting the ERK-AKT 

signaling pathway at the same time. Youns et al., [80] also seen similar inhibitory effects of 

GA on proliferation of pancreatic cancer cells. This study detailed on differential effect 

(IC50 μM) on normal (HPDE >15) and a panel of affected pancreatic cancer cells 

(Miapaca-2, ~1.71; Capan-1, ~3.98; Capan-2, ~4.56; Suit-007, ~3.50; BxPC-3, ~4.03; 

Colo-357, ~1.95; Panc-1, ~2.05; Suit-2, ~1.36). Its whole-genome transcription profiling 

analysis confirmed GA influenced for up-regulation of DDIT3, DUSP1, and DUSP5 and 

down-regulation of ALDOA, TOP2A, and ATG4B. Literature strongly advised that 

ribonucleotide reductase (RNR) is an enzyme that regulates the cell cycle and is composed 

of two subunits, the regulatory subunit RRM1 and catalytic subunit RRM2. The high levels 

of RRM2 in cancer cells not only indicate gemcitabine resistance but also associated with 

poor prognosis. A recent study confirmed that GA can limits the RRM2 expression in 

pancreatic cancer cells offering sensitization to gemcitabine therapy [18].

2.6. Prostate cancer

Literature indicated that GA reported as an apoptosis-inducer in many types of cancer cell 

lines by targeting transferrin receptor and modulating nuclear factor-kappa B signaling 

pathway. Angiogenesis is a crucial step in survival of cancer cells. Angiogenesis inhibitors 

are currently FDA-approved therapies for cancer treatment. Interestingly, GA was found to 

exhibit inhibitory actions against proliferation, migration, and invasion of human umbilical 

vascular endothelial cell (HUVEC) [81]. Particularly, GA is prone to inhibit the tube 

formation and micro vessel growth even at low nanomolar concentration. The possible 

molecular action was involved through the inhibition of the activation of vascular endothelial 

growth factor receptor 2 and its downstream protein kinases (c-Src, focal adhesion kinase, 

and AKT).

Like many other cancer cells, prostate cancer cells viability was also significantly affected 

by GA treatment [82]. GA treatment displayed dose-dependent (1–5 μM) cytotoxicity in 
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prostate cancer (PC3) cells. Additionally, it was able to inhibit the migration and invasion 

behavior of cancer cells that was induced by TNF-α. GA is a capable molecule able to block 

the TNF-αinduced activation of PI3K/Akt and NF-κB signaling pathways. The castration 

resistant prostate cancer (CRPC) cells are resistant to androgen (AR)-deprivation and 

conventional chemotherapies. These cells show homozygous alterations in phosphate and 

tension homology (PTEN) and TP53. GA showed potent sub-micromolar growth inhibitory 

activity on a panel of AR-independent Pten/Tp53 null prostate cancer-derived cell lines [83]. 

The GA treatment in CRPC patient derived xenograft organoid cultures was confirmed as an 

inhibitory molecular role in thioredoxin and as ROS-mediated apoptosis inducer. A 

following continuation study was focused how GA acts on CRPC (PTEN−/−/p53−/−PC and 

Los Angeles prostate cancer-4, LAPC-4) cells with deleted PTEN and p53 genes [84]. This 

ex vivo organoid study validated that GA causes time-dependent apoptosis, 11.78% and 

29.94% in 6 hrs and 8 hrs, respectively. This is primarily due to mitochondrial caspase 

activation, light chain (LC)-3 conversion, decreased activity of MAPK pathway, and down-

regulation of downstream c-fos. Together, this information suggests that GA inhibits growth 

and angiogenesis and thus may be a viable drug candidate in anti-cancer and 

antiangiogenesis therapies.

2.7. Melanoma

Malignant melanoma is an assertive type of cancer that can occur in skin, eyes, and central 

nervous system. The incidences of melanoma have been rising compared to other solid 

tumors. Metastatic melanoma can readily metastasize to other sites of the body and leads to 

multiple metastatic melanoma which has poor responsivity to existing chemotherapies. 

Thus, effective treatment for metastatic melanoma is highly rewarding in the medical setting. 

Gambogic acid treatments (5 and 10 μM) were able to inhibit proliferation of A375 

malignant melanoma cells [85]. It was observed that GA exhibited a dose-dependent 

generation of intracellular ROS levels and lowered the oxygen consumption rate and the 

mitochondrial membrane potential. These events lead to GA-induced apoptosis. Through in 
vitro experiments it was proved that GA can efficiently induce apoptosis via mitochondrial 

p66shc/ROS-p53/Bax-mediated pathway. In addition, this study supports that GA (100 

mg/Kg mice by intraperitoneal administration) could reduce tumor burden up to 40%. It is 

important to note that malignant melanoma is an aggressive form of cancer and resistant to 

chemotherapies, this is true in the case of gambogic acid. GA needed to treat these tumor 

cells requires a higher concentration than to treat other tumor cells. In another set of 

experiments, GA followed dose-dependent (1, 5, and 10 μM) influence on proliferation 

control and apoptosis activities [86]. This anti-tumor activity was observed in vivo in A375/

CDDP xenograft mouse study via regulation through miR-199a-3p/ZEB1 signaling. 

Altogether, this investigation supports that GA treatment enables reduction in proliferative, 

migration, and invasion characteristics of cells while introducing apoptosis and chemo-

sensitization features in melanoma cells. Besides these studies, GA happens to promote 

antimetastasis properties in melanoma cells by active inhibition of PI3K/Akt and ERK 

signaling pathways [87]. This study demonstrated GA’s role in the suppression behavior of 

cancer cells by inhibiting EMT and angiogenesis. Together, these outcomes laid the 

foundation for development of GA-based adjuvant therapies for melanoma.
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2.8. Glioma

Glioblastoma is a common malignancy of the central nervous system in the body. 

Therapeutic strategies including combining of surgical resection with radiation and 

chemotherapies offers the mean survival time of patients is about 14 months. This type of 

tumors rapidly grows with a high proliferation rate and often infiltrate into adjacent brain 

tissue, causing invasive disease. Such disease condition disrupts brain tissue, its architecture 

thus impairs brain function. At this stage of the disease, the surgical removal of tumors is 

highly impractical, and combination of radiation or chemotherapy is applied. All FDA-

approved chemotherapies such as cisplatin, carmustine, and temozolomide are the primary 

treatments but can’t eliminate tumor cells completely. Therefore, recurrence is certain.

In 2008, Qiang at al., [88] applied gambogic acid as a growth and angiogenesis inhibitor. 

This study demonstrated successful uptake of GA through blood-brain barrier (BBB) in 

primary cultured rBMEC cells. It was also shown GA can reduce cellular viability of rat C6 

glioma cells and induce apoptosis (even at 1–2 μM). In in vivo anti-neoplastic effects of GA 

(1–2 μM)-treated cells generated <100 mm3 tumors compared to control cells tumors (~400 

mm3). This study suggests that the GA treated cells proved a significant amount of apoptosis 

in tumor cells and a shrink angiogenesis from 40% to 20% level, while increased mice 

survival of 60–100% in a 14-day study. In another study, GA acts as an effective inducer of 

apoptotic cell death in T98G glioma cells even at sub-micromolar concentrations (200–400 

nM) [89]. This behavior of GA was exerted by caspase-dependent apoptotic signaling 

effects, via activation of caspase-3, −8, and −9 and PARP cleavage. This cytotoxic effect was 

further supported by ROS generation. Additionally, GA not only efficiently cross the BBB 

but suppress the inflammatory signaling pathway(s) [90]. A subsequent study presented that 

GA promotes growth inhibition and apoptosis in U251 and U87MG glioblastoma cells via 
autophagy mechanism [91]. This was confirmed through increased LC3-II, Atg 5, and 

Beclin 1 presence in Western blot analysis. Confocal assay was a further supported 

autophagy property i.e., the punctate pattern of LC3 localization which was reduced in the 

presence of autophagy specific inhibitors (3-Methyladenine or bafilomycin).

2.9. Other cancers

In addition to the above reports in various cancers, GA activity has been evaluated in other 

cancers, such as, cervical, renal, and ovarian cancers. For example, GA (3 μg/mL) proved to 

be a significant inhibitory activity in HeLa cervical cancer cells [92]. Such effects were 

observed due to ER stress induction in cells due to elevated levels of the transcription factors 

CHOP, GRP78, endoplasmic reticulum localized DnaJ homologues, growth arrest, and DNA 

damage-inducible protein. Furthermore, this study demonstrated that the apoptosis potential 

was induced by the ER response through up-regulation of JNK while down-regulation of 

ERK pathways. GA confirmed its apoptotic features in cervical cancer cells via vimentin 

cleavage (proteomics analysis) [93]. This was verified both in vitro (GA, 2 μM) and in vivo 
(GA, 2 mg/Kg mice) studies. The in vivo study shows 50% growth reduction over control 

groups. This biological growth inhibitory step occurs through an activation of p-38-MAPK 

→ HSP27 → vimentin cleavage → cytoskeleton dysfunction → cell death. Similarly, GA 

(0–6 μM) exhibited a dose-dependent proliferation inhibition against three human oral 

squamous cell carcinoma cell lines (Tca8113, TSCC and NT) in cell viability assay [94]. 
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The apoptotic behavior of these cells was confirmed due to the activation of NF-κB 

pathway.

Similarly, GA was shown to be prominent in inhibiting the growth of ovarian cancer cells in 
vitro and in vivo xenograft (SKOV-3) mouse model [95]. This activity was confirmed by 

regulation of p65, i.e, GA activated caspase 3 and 9 and lowers NF- κB p65 DNA binding. 

These effects were known for 0.8 to 3.2 μM of GA. In addition, GA happens to promote 

chemotherapy potential by introducing ROS-mediated apoptosis by JNK pathway in ovarian 

cancer cells [94].

Bromodomain- containing protein 4 (BRD4) exhibited oncogenic roles in various types of 

cancer including thyroid cancer. Higher BRD4 expression is linked to thyroid cancer tissues 

compared to its adjacent normal tissues. Interestingly, GA has been shown to decrease the 

expression of BRD4. The biological activity of GA acts against thyroid cancer cells in vitro 
and in vivo partly via downregulation of BRD4. These effects were also associated with pro- 

apoptotic activity [96]. All these findings imply that GA can be a prospective anti-cancer 

molecule for possible use as an alternative adjuvant therapeutic agent for cancer treatment.

3. Chemosensitization and synergistic actions of gambogic acid

Gambogic acid is known to have a chemo-sensitization effect on various cancer types by 

modulating different signaling pathway, such as, MAPK/ERK, PI3K/AKT and NF-κB. 

Therefore, GA has gained attention as an anti-cancer agent to be used for combination 

therapy. Table 3 document list of co-treatment of chemotherapeutic agent with GA resulting 

synergistic actions by suppressing multiple oncogenic pathways. Chemo-sensitization and 

synergistic actions of GA is considered to increase intracellular concentration of 

chemotherapy agent(s) in cancer cells as well as at the tumor site. It was noticed for 

doxorubicin, 5-FU, cisplatin, Imatinib, gefitinib, sunitinib, gemcitabine, irinotecan, 

paclitaxel, docetaxel, cabazitaxel, etc. For example, 1, 2, and 4 μM oxaliplatin treatment 

exhibited platinum levels of ~0.25, 0.45, 0.48 ng/107 cells, but in the presence of GA these 

levels increased to 0.45, 0.8, and 1.6 ng/107 cells [97]. It was about ~1.75 to 4-fold increase 

concentration of oxaliplatin. This effect was also dependent on time. With increase of time 

the ability to recruit more oxaliplatin in the presence of GA. This was verified by the 

increase of human copper transporter 1 whilst decrease in copper- transporting p- type 

adenosine triphosphatases 1 and copper- transporting p- type adenosine triphosphatases 2.

Gambogic acid with cisplatin combination treatment found deeper levels of the anti-cancer 

activity in cisplatin-resistant lung cancer (A549/DDP) cells [115]. This study was 

demonstrated that GA+cisplatin combination resulted in significant anti-growth activity by 

stimulating cell cycle arrest, apoptosis, and downregulation the LRP and MRP2 proteins in 

lung cancer cells. GA induces autophagy in A549 and NCI-H460 cells and ultimately causes 

cell death [58]. The induced autophagy suppresses Akt/mTOR signaling, thus enables a 

synergistic action with cisplatin and rapamycin. The significant effect of GA on TRAIL-

induced apoptosis in HT-29 cancer cells by the generation of ROS and activation of caspases 

(caspase-3, −8, −9) due to expression of CHOP, DR4 and DR5 [116]. GA and chloroquine 

combination treatment also induced the expression of LC3-II and Beclin-1 proteins while it 
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also help to declined expression of p62 in pancreatic cancer cells [101]. Further, GA can 

efficiently reduce the mitochondrial membrane potential and aggressive production of ROS 

caused by activation of autophagy and apoptosis. GA and chloroquine synergistically 

reduced tumor growth. In vivo superior co-treatment efficacy of GA (1 mg/kg) and DOX (10 

mg/kg) was noticed in a SKOV-3 xenograft mouse study [94]. This combination treatment 

(performed 15 mice per group) suppressed tumor growth to a markedly greater extent (~225 

mm3) than did treatment with either single agent, DOX (~265 mm3) or GA (~350 mm3) or 

control group mice (~360 mm3). There was no apparent weight loss in mice during this co-

treatment. This greater potential was achieved due to GA offered ROS-mediated apoptosis in 

cancer cells. GA demonstrated significant therapeutic benefit on paclitaxel (PTX)- resistant 

TNBC cells [117]. GA+PTX combination targets a sonic hedgehog signaling pathway. PTX-

resistant cells show sensitivity to this combination treatment by the inhibition of expression 

of SHH, GLI1 and PTCH1compared to PTX.

A combination administration of gefitinib, an EGFR tyrosine kinase (EGFR-TKI) inhibitor, 

and GA in NCI- H1975 xenografts mice study demonstrated a marked inhibition of ~70% in 

tumor growth compared to their parent free drug molecules [109]. This is an important 

outcome for NSCLC because EGFR-TKI inhibitors have been known to be widely used for 

NSCLC, but its acquired resistance is observed in 50% patients. The combined treatment 

showed an influence on downstream molecules of the PI3K and ERK pathways. The 

gefitinib+GA combination inhibits p- AKT, p- MEK1/2, and p- ERK1/2 (but there is no 

change in their total protein levels). There were only limited effects on these proteins found 

with either gefitinib or GA. Similarly, gemcitabine is an approved chemotherapy for lung 

and pancreatic cancer. Studies confirmed that the expression of Ribonucleotide reductase 

(RNR, the regulatory subunit RRM1 and catalytic subunit RRM2) enables poor gemcitabine 

therapeutic outcome. In fact, higher levels of RRM1 or RRM2 confirmed that it is associated 

with a poor prognosis. A study reported that GA+GEM combination showed a tumor 

inhibition rate of 72.9% compared to 49.8%, and 30.2% in GA and GEM treatment, 

respectively [18]. GA could efficiently inhibit RRM2 by reducing the activation of the 

MAPK/ERK/E2F1 pathway in pancreatic cancer cells PANC-1 and BxPC-3. Our data is also 

supporting that GA can efficiently reduce RRM2 and enhance GEM-induced apoptosis 

potential in NSCLC [118]. This combination effect was noticed as synergistic which was 

determined by combination index using Chou and Talalay method for different concentration 

ratio of GEM and GA in A549 and H1299 NSCLC [118]. GA can also interact with 

dihydrofolate reductase (DHFR) and it leads to a synergistic anti-cancer effect with 

methotrexate [119]. DHFR assays revealed GA can slightly inhibit DHFR activity but the 

affinity of the enzyme for dihydrofolate was significantly altered.

Radionuclide therapy is the primary adjuvant treatment for many cancers, but, systemic side 

effects perimeter for its multiple dosages in clinical setting. Apart from chemo-sensitization 

potential, GA also involved in sensitization for radiation treatments [74]. A series of in vitro 
experiments was able to prove that GA effectively inhibit cisplatin-resistant non-small cell 

lung cancer cells (A549/DDP) when combined with NaI131 radiosensitizer. GA can also 

significantly offer radio sensitization potential in cancer cells even under hypoxic 

environments [120]. GA and a radiation (X-ray radiation, 2–8 Gy) combination treatment in 

nasopharyngeal carcinoma cells promotes apoptosis due to G2/M-phase arrest and HIF-1α/
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cyclin B1/cdc2 pathway. Another investigation delineates its superior radio-sensitivity in 

esophageal cancer cell line, TE13 [121] in which it involved both autophagy (ROS 

generation) and apoptosis (Akt/mTOR inhibition) mechanisms.

4. Nanotechnology based strategies for delivery of GA

Gambogic acid exhibited anti-cancer potential in multiple in vitro and in vivo evaluations. 

Additionally, its application has been translated into human cancer treatments in China. 

However, its poor aqueous solubility, poor biodistribution, and multi-targeting capacity can 

introduce unavoidable systemic toxicity issues. To minimize such un-invited side effects and 

enhance its clinical translation, nanotechnology approaches can be helpful. Nanotechnology 

based delivery systems with therapeutic agents considered as “Nanomedicine”, are an 

innovative approach to common medicinal results, which is commonly employed to 

overcome the disadvantages of conventional drug molecules [122, 123]. The value of nano 

drugs expected to be developed by 2025 has been estimated at $350.8 billion according to a 

report released by Grand View Research, Inc. To date, over 75 nanomedicine formulations 

have been approved by the FDA, and they are currently being utilized in clinical practice 

[124, 125]. There are various types of carrier designs, which can be utilized in GA delivery 

that are listed below in the schematic representation and a number of investigations that are 

currently available in the literature as well (Figure 3). In general, various preparative 

approaches can be followed to achieve uniform nanoparticle distribution. This information 

can be referred to our previous reports [126–129]. Additionally, Kumar et al., [130] 

rationally presented number of advanced techniques, such as, solvent-antisolvent interaction, 

acoustic cavitation, mechanical milling, template-based, aerosol, electrospinning, 

supercritical fluid, and ice segregation induced assembly approaches to generate 

nanoparticles. The nanoparticle can broadly divide into two categories, namely, organic and 

inorganic nanoparticles. Forthcoming sections delineates how these nanoparticles helps to 

deliver gambogic acid specifically tumor cells.

Nanomedicine for cancer therapies have gained significant attention, as chemotherapeutic 

drugs loaded on nanocarriers have shown to 1) reduce the side effects of conventional 

chemotherapy via more efficient drug delivery to the tumor sites, 2) lower the dosage needed 

for administration, 3) reduce the possibility of acquiring drug resistance toward 

chemotherapeutic agents, 4) sustain release and ease of administration can minimize 

frequent clinical visits and the number of administrations in patients [123, 131, 132]. The 

rationale behind using NPs is based on their delivery approach, which increases 

accumulation at the tumor site via the enhanced permeation and retention (EPR) effect [133–

135]. NPs prolong circulation time and improve tolerability concerns by decreasing toxicity 

issues. These advantages relate to their appropriately designed size (~100–400 nm), which 

allows them to easily bypass the reticuloendothelial system (RES) yet take advantage of the 

EPR effect due to leaky tumor vasculature. Consequently, the pharmacokinetic, 

pharmacodynamic and bioavailability profiles of therapeutic agents encapsulated in NPs is 

favorably enhanced by expanding their half-life and blood circulation time. NPs allow the 

drug enough time to be in close contact with the tumor microenvironment to efficiently 

penetrate and accumulate in tumor tissues and release the drug cargo at the tumor site. [136, 

137]. Nanoparticles usually target cells through two main mechanisms: 1) Passive targeting; 

Hatami et al. Page 14

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



whereby nanoparticles are able to take advantage of the EPR effect and passively diffuse to 

the tumor site and accumulate in the tumor tissue due to enhanced circulation time, and 2) 

active targeting; whereby attaching specific affinity ligands to the nanoparticle surface 

facilitates its recognition by receptors on the cancer cell surface and assists its uptake by 

tumor cells via a receptor-mediated endocytosis mechanism [123, 132, 138].

4.1. Organic nanoparticles

4.1.1. Lipid and micelle-based nanocarriers—In general, nanomedicine for cancer 

therapy consists of a carrier vehicle and a drug. Some NPs may be conjugated with a 

targeting moiety as well. Most of lipid or micelle-based nanoparticles are often composed 

from phospholipids or block copolymers. These nanoparticles can facilitate encapsulation of 

hydrophobic or hydrophilic drug or combination of both due to their lipid/hydrophobic 

polymer and hydrophilic/aqueous layers, respectively. Various parameters influence its 

structure and stability and loading efficiency of drugs in lipid structures [139–141]. 

Liposomal drug delivery systems are well established and FDA-approved nanoplatforms to 

deliver various drugs. A simple polyethylene glycol (PEG) conjugation on liposome system 

can significantly enhance the bio-compatibility, the EPR effect, and tumor accumulation. 

The PEGylation method also improve aqueous solubility of GA [142]. A positively charged 

PEGylated liposomal formulation of GA (GAL) can lead to spherical particle size of 107.3 ± 

10.6 nm. This GAL formulation was able to inhibit growth of cancer cells (MDA-MB-231, 

Hep G2 and MIA PaCa-2 cells, IC50 values of ~3.2, ~4.06, and ~5.29 μM, respectively) 

compared to free GA. The improved potency was confirmed in TNBC xenograft tumors. 

GAL formulation showed >50% reduction in tumor volume and 1.7-fold lower in tumor 

weights. Further, this formulation proved its superior inhibition of cancer cell growth by the 

increased expression of p53 and Bax, and reduced expression of bcl-2, cyclin D1, surviving, 

and CD31 compared to free GA. This study also advised that GA nanoformulation could 

inhibit angiogenesis in TNBC. Similarly, GA grafted low molecular weight heparin (GA-

LMWH) can form instantaneous self-assemblies which leads to the formation of stable 

micelle nanoparticles in aqueous solution that can efficiently increase GA solubility and 

activity at the tumor site [143]. This formulation was established to be liver targeting for 

HCC treatment. In the experimental procedure, a 27.5% substitution on heparin with the GA 

lead micelles with mean particle size of ~190 nm was observed. The area under the curve 

(AUC) and mean retention time of GA-LMWH treatment represented a significantly higher 

level in liver than in plasma, heart, spleen, lung, and kidney. Its liver targeting efficiency was 

~51.57% compared to free GA ~24.30% indicating 2.1-times higher targeting. Liposomal 

drug delivery of GA and retinoic acid (RA) (weight ratio of GA to RA = 1:2, GRL) revealed 

synergistic combination index and enhanced in vivo anti-tumor efficacy in 4T1 cell line and 

xenograft models [105].

Liu group [144] developed a series of DSPE–PEG2000 lipid-based nanocarriers with GA 

and cell penetrating peptides (cRGD and RGERPPR). These formulations show unique 

small particle size range from 20 to 26 nm. GA’s activity was more pronounced when two 

cell penetrating peptides combined on lipid nanoparticles in MDA-MB-231 tumors. The 

RGE peptide mediated delivery of GA showed superior inhibition of tumor growth 83.3% 

compared to cRGD (66.67%), RGE/cRGD (65.00%), and free GA (45%). This effect is 
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superior than cisplatin treatment (73.33%). More importantly, RGE peptide modified lipid-

GA formulation did not show any signs of systemic toxicity in vital organs. This group also 

applied GA loaded lipids with monomeric and dimeric c(RGD) tumor targeting peptides 

(c(RGDfK) and E-[c(RGDfK)2]) for treating highly metastatic breast tumors [145]. A LyP-1 

peptide-modified low-molecular-weight heparin-quercetin conjugate formulation was 

developed for co-delivery of GA to induce combinatorial chemo and angiostatic therapy to 

reverse drug resistance phenomenon in BC treatments [102]. This approach can provide 

significant outcome in metastatic BCs.

Monomethyl poly(ethylene glycol)-block-poly(ε-caprolactone) (MPEG-b-PCL) copolymer 

was capable of encapsulate GA molecules with high encapsulation efficiency (92.1±0.3%) 

without compromising its nanostructure (29±2 nm) [146]. This polymer micelle system 

provides sustained long term drug release, superior dispersity, cellular uptake, enhanced 

apoptosis, and superior tumor targeting potential. GA-loaded mixed polymeric micelles 

[PEG-poly(L-histidine)-PLGA) and D-α-tocopheryl polyethylene glycol 1000 (TPGS)] was 

also shown to overcome drug resistance in cancer cells which promotes its value for 

effective clinical translation in cancer therapeutics [147].

4.1.2. Polymer-based nanoparticles—Polymeric NPs are often constructed from bio-

degradable and bio-compatible polymers either from synthetic or natural origin. The most 

frequently used biodegradable synthetic polymers are poly(lactide), poly(caprolactam), 

poly(lactide-co-glycolide) copolymer, poly(acrylates). On the other hand, chitosan, alginate, 

albumin, and biomacromolecules are among other natural polymers. Majority of polymeric 

nanoparticles which falls in this category consists of polymersomes, polyplexes, polymer 

hybrid systems, and protein nanoparticles. Two main strategies, the “top-down” approach 

(the dispersion of preformed polymers) and the “bottom-up” approach (polymerization of 

monomers) are being used to produce and prepare polymeric NPs. Various methods, such as, 

solvent evaporation, micro-emulsion, mini-emulsion, surfactant-free emulsion, 

nanoprecipitation, salting-out, dialysis, fluid technology, and interfacial polymerization can 

produce desired nanoparticles.

Poly(D,L-lactide) (PDLLA) was able to produce uniform polymer NPs with different size 

range, ~70 nm, ~186 nm, ~358 nm, and 7.6 μm (GA-P1 to GA-P4) using an electrospray 

technique [148]. This approach offered high entrapment efficiencies of GA, 82–90%. These 

NPs can increase up to 1.78-times in the liver compared to GA solution indicating its use for 

HCC therapy. Gambogic acid was identified as a noncompetitive ligand specific to the 

transferrin receptor, a receptor that is present on various cancer conditions. PLGA NPs has 

been conjugated with GA to prove its non-competitive affinity to TfR in cell/cell-free 

systems [149]. Ex vivo and in vivo study exhibited superior transport of PLGA-GA through 

intestinal barrier. At the same time GA lead PLGA NPs to reach higher serum and brain 

levels while minimal levels in liver concentration. In a formulation of PLGA NPs, an 

optimal molar ratio of GA/docetaxel was encapsulated to achieve enhanced cellular 

apoptosis and the downregulation of P-gp expression [150]. The co-delivery using PLGA 

NPs are feasible and holds possible therapeutic implications to treat multidrug-resistant 

tumors.
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A hyaluronic acid-g-glutamic acid based precision medicine has been created for successful 

targeted delivery of GA in HCC xenograft mouse model [151]. In this construction, 

hyaluronic acid was chosen with a disulfide bond linker (hyaluronic acid-all-trans retinoid 

acid, HA-SS-ATRA) which can be grafted at different rates (Fx, 60 or 100%). These 

nanostructures are considered as a novel reduction-activated charge-conversional core-shell 

NPs. The strongest reduction-responsive drug release with tumor penetrating formulation 

was optimized for therapeutic delivery. A drastic growth reduction was achieved with this 

formulation, i.e., 150 mm3 compared to more than 3500 mm3. A layer-by-layer construction 

approach from protamine, hyaluronic acid, and lecithin resulted a self-assembly nanoparticle 

formulation which was used to load GA. A rapid HA detachment can occur via a “proton 

sponge” effect in the presence of hyaluronidase-rich tumor microenvironment [152]. This 

has been seen in tumor targeting in A549 xenograft tumors and exhibited superior anti-

cancer potential.

A new nanoparticle concept was proposed to generate N-octyl-N-arginine-chitosan (OACS) 

for oral delivery of GA [153]. The selection of arginine was based on its complexation 

capacity with GA and its guanidyl groups which can promote the gastrointestinal uptake of 

drugs by transient opening of the tight junctions. Chitosan accounts for the increasing 

solubility of drugs and for increasing the transepithelial absorption. To achieve an optimized 

GA-OACS formulation with higher GA loading with superior absorption capacity, four 

different preparative methods (direct addition, emulsion solvent evaporation, dialysis, and 

thin-film rehydration) and orthogonal designs were utilized. [153] However, a superior 

construct was achieved by evaluating their absorption parameters in duodenum, jejunum, 

ileum, and colon for effective oral GA delivery for colorectal cancer. The extension of this 

work was also reported to examine pharmacokinetics and biodistribution in rats [154]. This 

data showed 1.5-fold and 2.0-fold increased for GA-OACS formulation in AUC and 

elimination half-life compared with GA–arginine, respectively. Moreover, GA-OACS 

formulation end up primarily in liver as seen reduced levels in kidney and heart.

4.1.3. Inclusion complex- and pluronic polymer-based nanoparticles—The 

inclusion complexes are often formed by a series of host-guest molecule(s) complexation 

and forms supramolecular nanostructures. Among many of these nanocarriers, cyclodextrins 

(CDs) are widely used to form inclusion complexes/self-assemblies with a number of 

hydrophilic/hydrophobic drug moieties. Ji el al., [155] developed a well-defined 

biodegradable β-cyclodextrin grafted hyaluronic acid (HA) (HA-g-CD), phenylalanine-

based poly(ester amide)s nanostructures with special arrangement of gambogic acid 

molecules. This unique nanostructure with HA enables for targeted delivery of GA to tumor 

cells by targeting CD44 receptors that are present on tumor cells present in patients with 

cancer. This formulation also exhibited enhanced cytotoxic and apoptosis potential in MDA-

MB-435/MDR melanoma cells compared to free GA. Further, inclusion complexes of GA 

demonstrated repressed matrix metalloproteinase activities, implying potential tumor 

metastasis characteristics.

The pluronic F-68, poly(oxyethylene)-b-poly(oxypropylene) copolymer (MW 8350) was 

covalently linked with linoleic acid (LA) by esterification reaction to obtain F68-LA, which 

was efficient to form nano-spheres that can encapsulate GA by the film hydration method 
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[156]. This approach offers to the formulation: particle size (159.3 ± 2.2 nm), polydispersity 

index (0.076), negative zeta potential (- 23.2 mV), and GA loading (8.4% w/w) with loading 

efficiency (92%). F68-LA/GA nano-spheres exhibited similar inhibition of cell growth but 

outperformed inducing apoptosis in Annexin-V-PI and caspase 3/7 activity assays. A 

structurally fine-tuned 30 nm nanoarchitectures of vitamin E-based PEG-dendrimer self-

assemblies were developed to obtain higher GA loading capacity (3:10 drug/

nanoformulation, w/w). Although in vitro cytotoxicity test shows similar activity for both 

free GA and this novel GA-self-assemblies, but achieved better anti-tumor effects compared 

to GA in HT-29 tumor xenograft mouse model [157]. In general, poloxamers and D-α-

Tocopheryl polyethylene glycol 1000 succinate (TPGS) has inherent P-gp inhibition 

characteristic. Moreover, their mixed micelles can increase therapeutic delivery of GA 2.9-

times in NCI-ADR-RES cells which induce significant toxicity [158].

4.1.4. Biomimetic nanoparticles—Biomimetic nanoparticles often referred to as a 

combination of synthetic nanocarriers that are cloaked with cellular bio membranes. These 

nanoparticles in specific are targeted as a method of delivery for anti-cancerous agents. This 

method offers improved flexibility, functionality, and targetability. The major advance of 

these biomimetic NPs includes an efficient escape from immune infiltration/evasion, 

prolonged circulation time, and accumulation at the tumor sites. Among many cellular 

cloaked biomimetic NPs, red blood cell (RBC) membrane derived particles shown promising 

effects in in vivo. A strategically designed nanoparticle formulation that combined with 

PLGA parent core (preserve GA) with RBC-membranes. This formulation not only render 

GA’s antitumor activity against colorectal tumor cells but exhibits enhanced 

biocompatibility and passive targeting while offering limited side effects [159]. Similar 

concept was also applied for an optimal targeting for colorectal cancer with high EGFR 

expression [160]. In this method, bispecific recombinant protein anti-EGFR-iRGD (contains 

tumor penetrating peptide, RGD peptide and EGFR single-domain antibody, sdAb) was 

decorated on GA containing PLGA-RBC-membrane biomimetic NPs which can introduce 

long-term tumor inhibition as well as safer antitumor efficacy than free GA. ABI 007, a 

human serum albumin-bound paclitaxel nanoparticle formulation called, Nab-paclitaxel 

technology (Abraxane®)) was approved by the US Food and Drug Administration (FDA) in 

2005. A recent study followed Nab™ technology to produce human serum albumin (HSA)-

GA NPs by simple HSA aqueous solution and GA organic solution mixing under sonication 

condition and solvent evaporation process [161]. All HSA-GA NPs generated in various 

organic solvent systems produced particle size <200 nm. The GA release profile is very slow 

under pH 7.4 in sodium dodecyl sulphate solution. It is important to note that tumor growth 

inhibition of HSA-GA NPs (2 mg/kg) in A549-bearing mice was 69.53 ± 5.23% which can 

be highly comparable with cabazitaxel (2 mg/kg), 65.86 ± 4.69%.

4.1.5. Dendrimers—Dendrimers are a class of nanocarriers with broad functional 

properties, ranging from drug delivery to nanodevice. For drug delivery applications, they 

can either entrap the drug via noncovalent interactions (formulation approach), or covalently 

couple with drugs (nano-construct approach). Dendrimers consist of multiple branches, 

providing enough surfaces for drug conjugations. They have been used frequently for 

platinum-drug delivery, and have been able to increase solubility and loading payload and 
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also decrease the toxicity and selective penetration of the drug in tumor tissue, leading to 

improvement in anti-cancer efficacy [162, 163]. A delivery through dendrimer is also a 

useful strategy [157]. This telodendrimer system composed of linear polyethylene glycol, 

dendritic oligomer of cholic acid, and vitamin E which self-assembled into ~ 30 nm stable 

cylindrical/spherical nanoparticles These dendrimers were preferentially accumulated into 

tumor tissue and deliver GA in HT-29 human colon cancer xenografts.

4.2. Inorganic nanoparticles

Another category of the nanocarriers, such as, metal-based NPs, silica, carbon nanotubes, 

and quantum dots, are designed for biomedical application focusing on diagnostic studies, 

for instance, discrimination of the histological aspects of cancer cells and healthy cells. 

Magnetic nanoparticles falls under this category and generally shown the encouraging 

properties for cancer therapy [129]. Magnetic nanoparticles, particularly, super paramagnetic 

nanoparticles (Fe3O4) exhibits excellent biocompatibility and cellular internalization, 

magnetic resonance, and magnetic hyperthermia characteristics enables several human 

medicine applications including cancer. Fe3O4 NPs combined with GA co-treatment 

facilitated GA-induced apoptosis in LOVO cells through PI3K/Akt/Bad pathway [164]. This 

combination study advices a higher anti-cancer potential may be expected when GA in 

encapsulated in Fe3O4 and in this regards further investigations are warranted. Through the 

magnetic Fe3O4 NPs it was possible to deliver GA more efficiently into Capan-1 pancreatic 

cancer cells and achieve synergistic anticancer activity by reducing protein expression of 

Bcl2 and enhancing the activation or levels of Bax, caspase 9, and caspase 3 [165]. 

Similarly, magnetic nanoparticle based-GA formulation can suppress Panc-1 pancreatic 

cancer cell proliferation and stops cell migration activity [166]. These effects were achieved 

due to decreased expression of ETS1 and its downstream target genes (cyclin D1, uPA, and 

VEGF). A hybrid magnetic NPs system composed of a reducible hexadecanol-modified 

chitosan oligosaccharide polymer micelle (CSO-SS-Hex) that is decorated with hyaluronic 

acid layers and grafted sheddable PEG-PLL (sPEG) copolymers in which iron oxide NPs 

and GA was encapsulated [167]. This nanoconstruct exhibited a superior targeting tumor by 

targeting CD44 receptors and prompt delivery of theranostics into tumors. Under external 

magnetic field, it produces enhanced cellular targeting and selective tumor cell killing. This 

formulation promotes a tumor-targeted delivery of therapeutics with redox/pH dual-

responsivity which have superior implications in chemo and hyperthermia therapy for solid 

tumors.

Graphene and single-walled carbon nanotubes were utilized in number biomedical 

applications. An earlier attempt presented feasibility of GA loading and delivery to cancer 

cells [168]. GA-nanocomplex showed greater anti-proliferative apoptosis potential in breast 

and pancreatic cancer cells compared to free GA. These superior activity of GA-

nanoassemblies was assessed through a). lactate dehydrogenase release, b). mitochondrial 

membrane depolarization, c). mitochondria dehydrogenase activity, d). intracellular lipid 

content, e). DNA fragmentation, and f). membrane permeability/caspase activities.

Quantum dots are larger representation for semiconductor nanomaterials. These 

nanomaterials widely being used for labeling of cells, imaging cells and organs, targeted 

Hatami et al. Page 19

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



drug delivery purpose, and photodynamic therapies due to their unique optical properties. 

Cadmium tellurium (CdTe) are commonly used in biological cell labelling and drug delivery 

applications. Cysteamine (Cys), a positively-charged amine can be used to modify CdTe 

QDs that can efficiently be used for both labeling of cancer cells and drug delivery of 

GA[169]. These quantum dots exhibited a dose- and time-dependent anti-proliferation 

activity against HepG2 liver cancer cells. This nanosystem showed IC50 values of 1.35, 

0.28, and 0.15 μM for 24, 48, and 78 hrs treatments, respectively. The GA in Cy-CdTe QDs 

could not affect the fluorescence potential for cell labeling and imaging. This system can 

also be extended for dual drug loading, GA and daunorubicin for efficient treatment of 

malignant lymphoma [170]. Such nanosystem not only provides a built in imaging and drug 

delivery characteristics but introduces a minimized drug resistance in cancer cells, which is a 

promising strategy in cancer treatment.

4.3. Multi-functional nanoparticles

Recent developments in nanomedicine and their unique applications are motivated in a big 

part for the development of multifunctional nanoparticles [171]. The major goal of multi-

functional nanoparticles [172, 173] includes 1) early and accurate detection/diagnosis of 

disease, 2) enabling precise targeting of therapeutic agents, 3) Integrating multiple 

components or introducing physico-chemical responsive advantage in the treatment 

modality, and 4) no additional complications or side effects.

A new multi-component PLGA NPs system composed of chemo-/anti-angiogenesis and 

immunoadjuvant therapy [174] has promising advantage over other projects in the fight 

against cancer. For this, a complex NPs system was created using a PLGA-based core−shell 

nanoparticle loaded with GA, heparin (HP), and the immunoadjuvant cytosine-phosphate-

guanine oligonucleotide (CpG ODN). Compared to CpG and GH (GA+HP) NPs treatment, 

GHC (GA+HP+CpG ODN) NPs treated group mice shown livers absence of tumor margins 

with no significant weight loss of mice. Additionally, the survival of mice was increased 

from 14 days to 30 days. This could be achieved due to the assistance of GA and HP, and 

CpG in GHC NPs which effectively upregulate cytotoxic T cell, promote helper T cell 

differentiation, and induce Th1 immune responses compared to single CpG ODN. Albumin-

based tumor microenvironment-responsive “smarticles” were developed by self-assembly 

process. This system is composed of HSA, gambogic acid [as a heat shock protein 90 

(HSP90)-inhibitor], and photothermal/cyanine dye (dc-IR825) as a way to achieve imaging, 

photo-thermal and anti-cancer therapy actions [175]. This system displays a pH-responsive 

tumor accumulation (at pH 6.8 tumor vs pH 7.4 normal physiological condition), which 

shows a release of theranostic molecules enabling synergistic actions of chemo/photo 

thermal therapy. Another construction was based on hyaluronic acid grafted with gambogic 

acid molecules (HA-g-GA) with reactive oxygen species sensitive attachment. This 

amphipathic prodrug was encapsulated with photosensitizer chlorin e6 (Ce6) to achieve 

complementary photodynamic therapy along with chemotherapy [176]. This formulation 

efficiently depleted intracellular glutathione and induced ROS and enhanced the 

photodynamic therapy potential in the cells. In addition, a multi-functional delivery system 

with LyP-1 peptide-modified low-molecular-weight heparin-quercetin conjugate (PLQ) is 

highly efficient to deliver a combination of chemotherapy and angiostatic therapy agents 
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[102]. LyP-1 peptide drive these nanoparticles specifically to breast cancer cells. This 

composite formulation was able to disrupt the lymphatic formation of tumor and inhibited 

the P-glycoprotein (P-gp) expression enabling reversing the drug resistance and preventing 

metastasis of cancer cells.

5. Future Perspective of GA delivery

The overall elements of this review suggest that GA-based nanomedicine is efficient in 

targeting tumors, capable to inhibit tumor growth, metastasis, angiogenesis, and reverse drug 

resistance (Figure 4).

It is important to consider the use of already FDA approved nanotechnology carriers for 

delivering GA which enables easy ways of conducting clinical trials and a step closure for 

translation in clinic usage. Most of the nanoparticle developed for GA delivery are in the 

form of suspensions that can be administered orally or parenterally. Often such type of 

nanoparticle formulations requires sterile preparations and highly stable formulations. Like 

Bayer® fast relief pain medication (Aspirin™, acetylsalicylic acid, microparticles that are 

on average 10 percent of the size of particles found in previous Aspirin™ tablets) 

development of GA nanoparticles in tablet form can provide easy access for administration 

and patient compliance. Such formulation may open favorable viewpoints for efficient 

delivery of GA as an adjuvant molecule in cancer treatments.

6. Conclusions

Over the past two decades implications of natural compounds has been multi-fold in cancer 

research. Gambogic acid is a promising natural molecule involved in multiple targets in 

cancer progression, invasion, metastasis, and angiogenesis. This review provides systematic 

elucidation of its ability of selective apoptosis induction in cancer cells. This molecule 

affects a great number of oncotargets and offer synergistic actions with chemotherapy and 

radiation therapies. GA has potential to reduce the numbers of cancer-associated deaths and 

introduce pain free medication for prolonged lives of patients. This review also recognized 

efficient ways to deliver GA using nanoparticles for enhanced solubility, bioavailability, 

adsorption and tumor imaging and targeting. Together, this work advices GA is a shining 

compound which can be translated for cancer therapy as a nanomedicine.
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Figure 1. 
Graphical representation of significant implications of “gambogic acid” in medicinal field. 

A. Chemical structure of gambogic acid. B. Area plot graphical illustration of scientific 

literature relevant to gambogic acid for general and cancer specific studies that are obtained 

using PubMed of National Center for Biotechnology Information, U.S. National Library of 

Medicine (http://www.ncbi.nlm.nih.gov/pubmed/) over a period of 2004–2019 (search was 

conducted April 2020). C. Pei chart patrician of studies related to gambogic acid for the 

treatment of various types of cancers (breast, lung, liver, melanoma, prostate, cervical, head 
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and neck, glioma, ovarian, renal, and oral cancers). Data was collected based on gambogic 

acid involved in studies directly or indirectly using PubMed link employing key words: 

“gambogic acid” for general application, “gambogic acid and cancer” for cancer application 

in Figure B, and “gambogic acid and respective cancer” for Figure C. There were no 

exclusion criteria applied for this search.
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Figure 2. 
Various molecular targets of gambogic acid in cancer cells [15].
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Figure 3. 
GA-based nanomedicine in the literature. A) Literature support GA-based nanoparticle 

formulation for cancer and all general medical applications. PubMed data was retrieved in 

April 2020. Data was collected based on gambogic acid involved in studies directly or 

indirectly using PubMed link with key words: “gambogic acid and nanoparticles” for 

general application and “gambogic acid and nanoparticles and cancer” for cancer application 

in Figure A. There were no exclusion criteria applied for this search. B) Schematic 

representation of different types of nanoparticles that been used to generate gambogic acid-
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based nanoparticles. All structures are hypothetical, color, scale, and morphologies are not to 

measure. These structures represent to liposome, lipid, polymeric micelle, polymeric, self-

assembly, protein, metal, iron oxide, biomimetic, and dendrimer-based nanoparticles.
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Figure 4. 
Schematic representation of review concept of GA nanomedicine for improved therapeutic 

benefit in cancer treatment. This describes possible implications of GA/GA-nanoparticles to 

inhibit cell proliferation, angiogenesis, metastasis, chemosensitization, and radiation 

sensitization in cancer cells while restoring healthy cell function.
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Table 1.

Published review article details of gambogic acid in cancer and its inhibitory roles in cancer associated 

pathways

Title and author Review article details pertained

Therapeutic potential of gambogic acid, a caged xanthone, to 
target cancer. Banik K et al., 2018 [15]

This review provides information related to the molecular mechanisms 
underlying the targets of GA and as a pertinent candidate for cancer drug.

Gambogic Acid and Its Role in Chronic Diseases. Pandey 
MK et al., 2016 [24]

Kokum (one of the major active components is gambogic acid) a spice derived 
from the fruit of the Garcinia hanburyi tree. This chapter discusses the sources, 
chemical components, mechanism of action, and disease targets of the kokum 
spice.

Molecular targets of gambogic acid in cancer: recent trends 
and advancements. Kashyap D et al., 2016 [10]

This work uncovers the bio-therapeutic potential of GA along with the 
possible mechanistic interactions with cellular targets.

New targets for the antitumor activity of gambogic acid in 
hematologic malignancies. Yang LJ, Chen Y. 2013 [25]

This review focuses on the new mechanisms of GA inhibits proliferation and 
induces apoptosis in malignant hematological cells.

Gambogic acid is a novel anti-cancer agent that inhibits cell 
proliferation, angiogenesis and metastasis. Wang X, Chen W. 
2012 [8]

In this review recapitulates the functional effects of GA on apoptosis and the 
prevention of angiogenesis and metastasis.

Natural products against hematological malignancies and 
identification of their targets. Xu Y, et al., 2015 [26]

This article outlines various discoveries of natural compounds (adenanthin, 
oridonin, gambogic acid and wogonoside) and their targets with activity in 
hematological malignancies.

Progress in Research of the Structural Optimization of 
Natural Product-Like Garcinia Caged Xanthones. Wang Y-Y, 
et al., 2014 [27]

This review provides GA-based pharmacophore for efficient design, structural 
optimization, and SAR for achieving potent anticancer activity.

Fighting Fire With Fire: Poisonous Chinese Herbal Medicine 
for Cancer Therapy. Wang S, et al., 2012 [28]

This review aimed at documenting poisonous Chinese herbal medicine to 
exploit as potential anticancer molecules appropriate safety and molecular 
mechanism exploration.

Prenylated Caged Xanthones: Chemistry and Biology. 
Anantachoke N, et al., 2012 [29]

Over 120 caged xanthones of (Garcinia, Cratoxylum, and Dascymaschalon) 
have been documented for their biological activities against cancer, HIV-1, 
bacterial, inflammatory, and neutropenia.

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2021 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hatami et al. Page 39

Table 2.

Published review article details of gambogic acid and its associated molecules in cancer and other 

therapeutics.

Title and author Review article details pertained

Xanthones and Cancer: from Natural Sources to Mechanisms of 
Action. Klein- Júnior LC et al., 2020 [30]

This review documents both natural and synthetic sources of xanthones 
(including GA) and reporting their mechanisms of action for the anti-
cancer effects.

Naturally occurring anti-cancer compounds: shining from 
Chinese herbal medicine. Luo H et al., 2019 [11]

This provides a detailed perspective on the mechanism of action for 
therapy and immunomodulation.

Natural Plants Compounds as Modulators of Epithelial-to-
Mesenchymal Transition. Avila-Carrasco L et al., 2019 [31]

This article presents set of natural plant compounds and their influence on 
epithelial-to-mesenchymal transition related pathways.

Long non-coding RNAs are emerging targets of phytochemicals 
for cancer and other chronic diseases. Mishra S et al., 2019 [32]

This work introduces the modulation of lncRNAs by various 
phytochemicals in cancer and other chronic diseases.

Integrin as a Molecular Target for Anticancer Approaches in 
Lung Cancer. Aksorn N & Chanvorachote P. 2019 [33]

This work was aimed to help in the understanding of key natural molecules 
for developing anti-cancer drugs.

Anticancer activity and underlying mechanism of neogambogic 
acid. Sun R et al., 2018 [34]

This work underlines the anti-tumor potential of neogambogic acid (similar 
chemical structure as GA).

Targeting oncogenic transcription factors by polyphenols: A 
novel approach for cancer therapy. Rajagopal C et al., 2018 [35]

This work summarizes multi-targeting capacity of natural compounds and 
their feasible application in cancer therapy.

Naturally occurring anti-cancer agents targeting EZH2. 
Shahabipour F et al., 2017 [36]

This review documents some important pathways of naturally occurring 
anti-cancer agents.

The role of p53 in cancer drug resistance and targeted 
chemotherapy. Hientz K et al., 2017 [37]

This work presents the role of p53-MDM2 signaling axis and how to tackle 
cancerous indexes with natural agents.

Cancer cell signaling pathways targeted by spice-derived 
nutraceuticals. Sung B et al., [38]

This article revealed various transcription and growth factors, and 
inflammatory mechanism modulation by these spice-derived nutraceutical 
agents.

Dietary Nutraceuticals as Backbone for Bone Health. Pandey 
MK, et al., 2018 [39]

This work discussed various inexpensive nutraceuticals (including GA) 
how they can modulate cell signaling pathways and reverse or slow down 
osteoporosis.

Chemical and Biological Research on Herbal Medicines Rich in 
Xanthones. Ruan J, et al., 2017 [40]

This research presents various xanthones (including Garcinia) based plant 
resources for achieving useful bioactivity and the structure-activity 
relationships in the drug research and development.

Caged Garcinia Xanthones: Development Since 1937. Han Q-B, 
et al., 2009 [41]

Caged xanthones of bioactive components derived from the garcinia family 
(~ 100 compounds) were characterized, tested for biological, mechanism 
of action, and anticancer drug development.

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2021 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hatami et al. Page 40

Table 3.

Sensitization and synergistic actions of gambogic acid with various anti-cancer agents in various cancer types.

Chemotherapy agent Cancer type Combination type Mechanism of action Reference

Docetaxel Breast Cancer Sensitization Inhibiting P-gp, post translational proteasome [98]

Docetaxel Gastric cancer - Survivin inhibition [99]

Docetaxel Gastric cancer Synergistic β-tubulin III, tau and Survivin [100]

Chloroquine Pancreatic cancer Synergistic Accumulation of reactive oxygen species [101]

Heparin- quercetin Breast cancer Synergistic Inhibiting P-gp [102]

Cisplatin NSCLC Synergistic Downregulating MRP2 and LRP expression [103]

5-Fluorouracil Colorectal cancer Synergistic P53, Survivin and thymidylate synthase (TS) [74]

Retinoic acid chlorochalcone Osteosarcoma Synergistic Increased apoptosis [104]

Retinoic acid Breast cancer Synergistic Apoptosis [105]

Vorinostat Neuroblastoma Synergistic JNK-IRE1-mTORC1 [106]

Imatinib Myeloid leukemia Synergistic Proteasome Inhibition [107]

Irinotecan Liver cancer Synergistic ERK/p38 MAPK activation [108]

Gefitinib NSCLC Synergistic ERK and p38 MAPK activation [109]

Tandutinib Meningiomas - Suppressed the PDGFRβ tyrosine phosphorylation [110]

Doxorubicin Breast cancer Sensitization Inhibiting P-gp & Survivin [19]

Doxorubicin Ovarian cancer Sensitization Accumulation of ROS [94]

Gemcitabine Pancreatic cancer Sensitization Downregulation RRM2 [18]

Methyl jasmonate Bladder cancer Sensitization Downregulation of EZH2 [111]

Verapamil Epithelial cancer Synergistic Proteasome inhibition [112]

Celastrol Oral carcinoma Synergistic NF-κB inhibition [113]

Sunitinib Renal cancer Synergistic NF-κB inhibition [114]
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