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Abstract 

Incidence rate of cancer is estimated to increase by 40% in 2030. Furthermore, the development of resistance against 
currently available treatment strategies has contributed to the cancer-associated mortality. Scientists are now looking 
for the solutions that could help prevent the disease occurrence and could provide a pain-free treatment alternative 
for cancers. Therefore, efforts are now put to find a potent natural compound that could sever this purpose. Ursolic 
acid (UA), a triterpene acid, has potential to inhibit the tumor progression and induce sensitization to conventional 
treatment drugs has been documented. Though, UA is a hydrophobic compound therefore it is usually chemically 
modified to increase its bioavailability prior to administration. However, a thorough literature indicating its mecha‑
nism of action and limitations for its use at clinical level was not reviewed. Therefore, the current study was designed 
to highlight the potential mechanism of UA, its anti-cancer properties, and potential applications as therapeutic 
compound. This endeavour is a valuable contribution in understanding the hurdles preventing the translation of its 
potential at clinical level and provides foundations to design new studies that could help enhance its bioavailability 
and anti-cancer potential for various cancers.
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Introduction
Cancer is a major public health issue and the second lead-
ing cause of death worldwide [1]. According to the Global 
Cancer Incidence, Mortality, and Prevalence (GLO-
BOCAN) report, about 19.2 million new cases of can-
cer and approximately 9.9 million cancer related deaths 
were reported in 2020. The burden of cancer is increas-
ing and it has been estimated that by 2040 the number of 

cancer cases will reach up to 30 million [2]. Most treat-
ment options used for cancer are chemotherapy in com-
bination with surgical removal of cancer, radiation- and 
hormonal- therapy. The success of these strategies is lim-
ited by drug resistance, nonspecific targeting, and drug 
toxicity.

Researchers worldwide have been driven to evaluate 
the anticancer effect of biomolecules derived from natu-
ral sources due to the lack of effective chemo-preventive 
methods that are ideal for improving the therapeutic out-
comes during an anticancer treatment. Owing to their 
enhanced safety, phytochemicals obtained from natu-
ral sources have the potential to be effectively used as a 
potent therapeutic agents against cancers [3]. One such 
active compound is UA (UA, 3-β-hydroxy-urs-12-en-28-
oic acid) which is a triterpene acid commonly found in 
a variety of fruits, vegetables, and medicinal herbs [4, 5]. 
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UA has been documented to possess the antioxidant [6], 
antidiabetic [7], and anti-inflammatory [8]  properties. 
The anticancer potential of UA was also investigated in 
the studies conducted in the past decade [9]. Evidence 
showed that UA have the potential to promote cancer cell 
apoptosis [10], prevent angiogenesis [11, 12], and inhibit 
drug resistance [13].

Therefore, in current study, the detailed review of UA 
therapeutic potential in different cancers is provided that 
highlighted its role as chemo-preventive and treatment 
compound for the cancer. Similarly, the mechanism of 
action of UA in cancers is also brought to limelight that 
also facilitated in the identification of disease pathogen-
esis. This endeavour provided significant insight of UA 
potential for treatment of cancers in combination with 
conventional treatments.

General characterization of UA
Ursolic acid (UA), a common secondary metabolite, 
belongs to ursane-type pentacyclic triterpenoids, is 
found in the pomace, cork, flower, sprout, leaf, and bark 
of different medicinal plants [14]. UA was first extracted 
from apple waxes [15]. It’s percent composition var-
ies from specie-to-specie due to the variation in abun-
dance of the enzyme responsible for its synthesis [15]. 
It is a 3β-hydroxy-urs-12-en-28-oic acid with molecular 
formula C30H48O3, molecular weight 456.7  g/mol, and 
melting point of 283–285°C [16]. Owing to its low polar-
ity, UA is poorly soluble in water, however, it shows high 
solubility in alcoholic sodium hydroxide and glacial ace-
tic acid [17]. The biosynthesis of UA starts in plant cells 
by the folding and cyclization of squalene into (3S)-oxi-
dosqualene which can result in the formation of 80 dif-
ferent carbon backbones [18]. The enzyme oxidosqualene 
cyclase is responsible for the carbocation rearrangement 
which produces this biological variation of carbon skel-
etons. The (3S)-oxidosqualene is a common precursor, 
gets converted to dammarenyl ring, forming the fifth ring 
present in lupeol, a-amyrin, and b-amyrin skeletons after 
going through ring expansion. The a-amyrin represents 
the UA skeleton [19]. The synthetic process for UA is 
illustrated in Fig. 1.

Description of plant and plant sources
UA is a five-ring triterpenoid compound present in many 
botanical sources [20–23]. Family Lamiaceae is a well-
known source of triterpenes. The leaves Rosmarinus 
officinalis are known as the commercial source of UA and 
contains its contents up to 2.95%. Recently, UA has been 
detected in commercially available dry fruits and edible 
wild-mushrooms for the first time [24, 25]. Different 
sources of UA are enlisted in Table 1.

Cuticular wax on leaves and fruits are also tremendous 
source of UA which protect the fruits from herbivore and 
bacterial, and mechanical stress [25]. Leaves and fruits 
of argan plants are also an important reservoir of UA. 
The by-products of agriculture industrious can serve as 
an beneficial alternative sources of UA [36]. High con-
tents of UA can be found in fruits and peels of apples and 
persimmon fruits which are the waste products of juice 
industry. Further, several over-ripe fruits, such as cran-
berries, elderberries, bilberries, are also rich source of 
this triterpene acid [37].

UA has also been extracted from leftover of rosemary 
after carnosic acid extraction [38]. Moreover, the barks 
of eucalyptus trees can also be different source of UA 
[39]. The contents of UA in the plants can alter due to 
development stages of plant, environmental conditions, 
and seasonal variations. The contents of UA were found 
to be increased with the ripening in olive tree cultivars, 
and jujube plant [24]. Several different cultivars of grapes 
native to the northern European region have high con-
tents of UA along with other triterpenoic acids and the 
levels of UAs were higher in fully developed mature fruits 
with contents up to 34–49% [40].

Studies have showed that the contents UA from differ-
ent sources differ in a significant manner. For instance, 
the fruits and leaves of Vaccinium species have highest 
contents of free UA compared to the lower stems, roots 
and rhizomes, that contain bound form of UA [41]. Fur-
ther, the altered geographical location of sources also 
affects the levels of UA. As the outer bark of eucalyptus 
trees present in the Temperate and the Mediterranean 
regions have higher concentrations of UA compared to 
the Eucalyptus trees present in the tropical and sub-trop-
ical locations [24, 42].

Semi‑synthetic derivatives
The therapeutic potential of UA is hindered by its limited 
solubility, bioavailability, and fast metabolism. The poor 
solubility of UA in water results in low absorption, and 
short half-life of drug in the body. These obstacles limit 
the pharmacological applications of UA, and it has been 
placed in Class IV in biological drug classification sys-
tem [43]. Researches have made various alteration using 
synthetic and semisynthetic approaches in the structure 
of UA to enhance its solubility in water and improve its 
pharmacological effects especially its anticancer proper-
ties [44]. Most of the chemical alterations in UA back-
bone are focused on positions C-3, C12-C13, and C-28 
containing alcohol group, unsaturated double bond or 
alkene and carboxylic moiety respectively [45, 46]. Other 
groups of UA has also been modified which are cat-
egorized as miscellaneous modifications. Some of the 
recent studies involving the synthesis of UA derivatives 
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to enhance its anticancer potential are discussed below 
(Table 2).

Tian and his group studied the anticancer activities of 
UA derivatives containing diamine moieties at C-28 on 
three different human cancer cell lines using MTT assay. 
The nitrogen containing UA derivatives were primar-
ily synthesized by esterification at position C-28 using 
2-hydroxyacetic acid. This C-28 modification was then 
followed by amidation reaction using amines including 
piperazine, N-methylpiperazine, alkane-1, 6-diamines, 
alkane-1, 4-diamines and alkane-1, and 2-diamines. The 
study showed that the derivatives of UA bearing primary 
amines showed more antiproliferative activities than that 
of derivatives with secondary and tertiary amines [47].

UA derivatives bearing oxidazole, triazolone, and 
piperazone moieties were synthesized and their anti-
tumor potential was evaluated. The result revealed 

Fig. 1  Synthesis of ursolic acid. a The process of ursolic acid synthesis begins with the conversion of glucose into acetate. Acetate is eventually 
converted into acetyl-CoA and mevalonate. b Several intermediate metabolites are produced in the process, mediated by several enzymes. c 
Squalene epoxidase (SE) finally produces 2,3-oxidosqualene that is converted into d α-amyrin and β-amyrin. Enzyme 1aCYP716A40 then produce 
ursolic acid from α-amyrin

Table 1  Botanical sources of UA

Source References

O. sanctum [26, 27]

O. europaea [28]

O. vulgare [28]

R. officinalis [29]

S. angustifolia [30]

S. cordata [30]

S. chirata [30]

S. paniculata [30]

P. flos [31]

P. granatum [32]

C. songaricum [33]

L. camara [34]

S. nigra [35]



Page 4 of 15Zafar et al. Cancer Cell International          (2022) 22:399 

that compound 11b inhibited HIF1- α expression and 
enhanced antiproliferative activity by blocking the pro-
gression of cell cycle at G1 phase [48]. Similarly, another 
series of UA derivative containing an aminoguanidine 
moity were designed to inhibit HIF1-α expression. The 
compound 7b was found to be a promising HIF1-a inhib-
itor as it significantly inhibited the transcriptional activity 
of HIF1- α which was evaluated using luciferase reporter 
assay [49].

To enhance the bioavailability and anticancer activities, 
UA was chemically modified by Li et al. Using a nitrog-
enous heterocyclic scaffold and a privileged fragment 
at C-28, they synthesized a new derivative FZU3010. 
The results of Sulforhodimine B assay and flow cytom-
etry showed that FZU3010 inhibited proliferation and 
induced apoptosis in SUM149PT and HCC1937 cell lines 
[50].

To enhance the hydrophilicity of UA to increase its 
clinical utility a simple synthetic approach was used 
to synthesize a series of new ionic UA derivatives. The 
results revealed a higher water solubility and improved 
anticancer activities of these novel UA ionic derivatives 
[51].

A total of six novel derivatives were synthesized 
through inducing modifications at C-3 position of UA. 
The UA derivative bearing amine moity at position C-3 
showed the highest activity against leukemia cells. More-
over, the 2c showed high selectivity index for cancerous 
cells over normal cells. The mechanism of anticancer 
activities of 2c was studied and the results showed that 
the 2c derivative induces apoptosis through caspase 3, 
and 8; and causes cell cycle arrest. Furthermore, the syn-
ergistic effects of 2c and imatinib, which is a standard 
kinase inhibitor, was found when used in combination 
[52].

Shao et  al. attempted to modify UA at C-3 and C-28 
positions to synthesize a total of twenty-three deriva-
tives with improved anticancer activities. They first 
performed acetylation of UA, resulting in the forma-
tion of 3-O-acetylursolic which was further treated with 
bromo-diolefine to obtain fatty esters. They also synthe-
sized amides and ester derivatives of UA. The anticancer 
properties of UA derivatives were evaluated using MTT 

assay which revealed improved antiproliferative activities 
against the control group [53].

Wenfeng and colleagues prepared a series of UA deriv-
atives and compared their anticancer activities with UA. 
They found that UA232 a novel derivative of UA pos-
sesses significantly higher anticancer activities against 
A549 and H460 cells than that of UA. Further expres-
sion analysis and flow cytometry revealed that UA232 
induce G0/G1 phase arrest and apoptosis in lung cancer 
cell lines through endoplasmic reticulum mediated stress 
pathway [54]. Similarly, in a recent study UA232 inhibited 
proliferation and induced apoptosis in MCF-7 and HeLa 
cell lines. The observation of morphology of cells and 
western blot analysis revealed that UA232 also induce the 
biogenesis and membrane permeabilization of lysosomes 
[53].

Mechanism of antitumor action of UA
UA has been under study for its various therapeutic 
effects in multiple diseases particularly in various types of 
cancers [55]. Investigations have revealed that UA targets 
multiple tumorigenic pathways and inhibits the abnormal 
cellular proliferation as well as the cancer cell metasta-
sis in breast cancer (BC), colorectal cancer (CRC), ovar-
ian Cancer (OC), lungs cancer (LC), and prostate cancer 
(PC) [9]. Various studies have demonstrated that UA per-
forms its anti-cancer activity by targeting various cellular 
signalling pathways (Fig. 2).

MAPK pathway
In 2019, Jin et al. were successfully able to synthesize UA 
derivatives bearing moieties like thiadiazol, hydrazide, 
and oxadiazole and these compounds were studied on 
different cancer`s cell lines. One of the compounds, 4d 
was able to induce apoptosis in HeLa cells, and arrested 
the cell cycle at G0/G1 phase. Interestingly, this com-
pound was also found to inhibit the MAPK pathway, as 
it was directly inhibiting the MEK1 activity, consequen-
tially obstructing the RAS/RAF/MEK/ERK signal trans-
duction pathway [56]. In another study, the melanoma 
cells of human were treated with UA which resulted in 
the inhibition of cancer cell growth and proliferation. The 
study showed that UA resulted in significant diminution 

Table 2  List of UA derivates having anti-cancer activity

Derivatives Modification site Anticancer activity Cell line References

UA1-UA8 C-28 Antiproliferative activity MCF-7, Hela, and A549 [11]

UA11b, UA7b C-28 Cell cycle arrest, HIF1- α expression SMMC-7721 and HepG2 [12]

FZU3010 C-28 Proliferation inhibition, Induction of apoptosis SUM149PT, HCC1937 [14]

UA1a-2c C-3 Apoptosis, Cell cycle arrest VERO, HepG2 [16]

UA232 C-3, C-28 Induction of apoptosis A549, H460, MCF-7, HeLa [17, 18]
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in the expression of P38, and ERK proteins [57]. Effects of 
UA on MAPK signaling pathway in MG-63 cell showed 
that UA was significantly associated with induction of 
apoptosis by targeting ERK1/2 of MAPK pathway [58]. 
The anti-MAPK role of ursolic in BC was studied which 
showed that UA can inhibit the phosphorylation of RAF 
kinase, which are highly activated in BC, resulting in the 
inhibition of RAF/ERK pathway in the MCF-7 cell line 
[59]. In an In silico analysis, 113 protein targets of UA 
were identified and IL6, MAPK were the most prominent 
and major targeted pathways [60]. UA is also known to 
cause the inhibition of cell surface receptors including 
EGFR and other RTKs, that ultimately leads to the inac-
tivation of downstream MAPK pathway, by preventing 
subsequent phosphorylation [61].

NF‑KB pathway
UA can also effectively inhibit the proliferation and EMT 
in the gastric cancer cells via regulating the IKK/NF-KB 
pathway [62]. The study showed that when BGC cells 
were treated with UA, it resulted in decreased levels of 

IKK and NF-KB expression [63]. In 2015, Moser et  al., 
showed that UA was inducing apoptosis in thyroid car-
cinoma cells by significantly increasing the activity of 
caspases and also resulted in the inhibition of IKK com-
plex, ultimately resulting in NF-KB pathway activation 
[64]. UA was also found to have an inhibitory role on 
NF-KB pathway via the modification of IKKb residues 
[65]. Moreover, UA has also decreased carcinogenesis 
through the inhibition of IKBα and by phosphorylating 
and degrading IKK [66]. UA treatment of BC cell line 
significantly decreased the phosphorylated IKKβ, sug-
gesting that UA is an inhibitor of IKK/NF-KB pathway 
[59]. UA inhibit the cell cycle progression of the tumor 
cells by halting them at G0/G1 phase by inactivating the 
IKK/NF-KB pathway. It also inhibit the activation of pro-
inflammatory cytokines, resulting in inhibition of IKKα 
expression, leading towards phosphorylation inhibition 
of NF-KB [67].

Fig. 2  Mechanism of action of Ursolic acid in cancers. Ursolic acid targets numerous molecular players of different cell signaling cascades 
to promote its anti-cancer potential. It inhibits the activity of Akt, mToR, and ERK, and halts the receptor tyrosine kinase interaction with their 
respective ligands. It promotes the functioning of Bcl2, BAX, Cytochrome C, and KEAP1. It down-regulates the transcription of MMPs, PD-L1, and 
VEGF and up-regulates the expression of P27, P21, and Bcl2
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JAK/STAT pathway
UA plays an essential role in the inhibition of JAK/STAT 
pathway. This compound inhibits the activation of src 
and JAK kinases by suppressing the phosphorylation, 
preventing the STAT3 activation in prostate cancer cells. 
Furthermore, UA also inhibited the xenografted pros-
tate cancer in mouse model by inhibiting the activation 
of STAT3 [68]. UA also inhibits the colorectal cancer by 
inducing the apoptosis. Studies have showed that this 
compound can significantly lower the activation levels 
of JAK2 protein, which are anti-apoptotic in nature and 
further diminish the activation levels of STAT3 proteins, 
and further inhibiting their trans-localization towards 
the nucleus, thus preventing the transcriptional activa-
tion of anti-apoptotic genes in the colorectal cancer [69, 
70]. Molecular mechanism underlying the UA activ-
ity was found to be the inhibition of jak-stat pathway 
and downregulation of VEGF, PD-L1, and MMPs. UA 
attaches to EGFRs and decrease the number of phospho-
rylated EGFRs in cell which were responsible for activa-
tion of Jak/Stat pathway. Products from jak/stat pathway 
were responsible for the expression of VEGF, MMPs and 
PD-L1 all of which are mediator of cell proliferation, 
Angiogenesis, and metastasis [71]. In hepatocellular car-
cinoma, UA is associated with the phosphorylation inhi-
bition of JAK2 and STAT3. The study showed that that 
UA selectively inhibited the INF-a induced STAT3 in 
Hep3 cell line. UA also inhibited the activation of nuclear 
STAT. Furthermore, the treatment with UA also resulted 
in the elevated expression levels of pro-apoptotic genes, 
resulting in the suppression of tumor proliferation in 
in vivo settings [72]. UA is also affective against embry-
onic cancer stem cells. UA cause cell cycle arrest in 
ECSC increasing expression of P27 and P21 and decreas-
ing expression of CDK4 and Cyclin D1 and it also cause 
apoptosis using BAX, Cytochrome C, BCL-xL, and BCL2 
proteins. UA also increase the production of ROS that 
lead to DNA and cell damage [73].

PI3K/Akt/mTOR pathway
UA is also being used against ovarian cancer. In the cur-
rent investigation, UA was used to treat ovarian cancer 
cells, and the inhibitory effects were clearly seen. By sup-
pressing the activity of both PI3K and AKT molecules 
as well as their phosphorylated versions, UA blocked 
the PI3k/AKT pathway. Apoptosis and cell cycle arrest 
are caused by this as well as the elevated reactive oxy-
gen species [74]. In case of oesophageal cancer cells, 
the UA shows anti-tumor activity mainly by causing 
autophagy. UA treated cells show a higher number of 
LC3 and lower number of P62 both are autophagy media-
tors. The mTOR initiated PI3k/AKT pathway is crucial in 
the autophagy inhibition. UA downregulates mTOR as 

well as downstream pathway that leads to the initiation 
of autophagy. UA is also thought to increase the Reac-
tive oxygen species that also leads to autophagy [75]. UA 
treated cells indicated higher expression of LC3 that is an 
indicator of autophagy. Western blot analysis also indi-
cated the inhibition of mTOR signalling pathway that was 
inhibitor of autophagy ultimately leading to autophagy 
[76]. Another breast cancer study on inhibitory effects 
of UA targeted breast cancer stem like cells derived from 
MCF-7. This study also concluded a significant inhibi-
tion of growth of these BCS like cells in cell culture set-
tings. Moreover, western blot analysis indicated that UA 
resulted in the down regulation of p-PI3K, p-AKT, and 
p-ERK in BCS like cells in a dosage dependent manner 
[77].

Current medical applications—official treatment 
or traditional medicine
Antimicrobial role
Bacterial infections impose a huge risk on public health, 
including the development antibiotics resistant strains. 
Now public health officials are considering to use the 
naturally occurring products and their derivatives as 
the potential therapeutic options against the microbial 
pathogens [78]. Scientists have explored the antibacte-
rial properties of UA against methicillin resistant Staph-
ylococcus aureus (MRSA) [79]. Studies have shown that 
UA affected the translation, metabolism, and redox bal-
ance of the microbes, leading towards the microbial cell 
death. UA C-3 derivatives were shown to have increased 
microbicidal activity against Bacillus, Klebsiella, Escheri-
chia, Shigella species. Furthermore, when these deriva-
tives were combined with kanamycin, their antimicrobial 
activity was enhanced and their minimum inhibitory 
concentration was also reduced to 8 μg/mL from 128 μg/
mL [80].

Complexes of UA with metals such as copper, iron, 
zinc, antimony, and tin were shown to have antibacterial 
activity against both gram-positive and gram-negative 
microbes. The dimethyl tin derivative of UA was found 
to have excellent antibacterial activity with the MIC value 
of 8  μg/mL. However, the metal derivatives of copper 
and zinc did not demonstrated any activity in this regard 
[80–82]. In 2018, Zhao et al. extracted UA from leaves of 
Ilex hainanensis and form their derivatives to assess their 
activity against both gram-positive and gram-negative 
microbes, which showed that those compounds showed 
a significant levels of activity against gram-positive 
microbes, however their activity against gram-negative 
microbes was trivial [83]. The extracts of UA from dio-
spyros leaves were investigated for their antimicrobial 
activity where they were shown to inhibit the biofilm for-
mation by E. coli for 24 h at the concentration of 10 μg/
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mL [84]. In another study, two of the UA derivatives 
were shown to have high cytotoxic and cysticidal activ-
ity against Acanthamoeba spp. demonstrating the role as 
amoebicidal drug [85]. In the recent pandemic of Covid-
19, researchers have identified the potential therapeutic 
role of UA. It has been postulated that this compound 
can inhibit the protease of SARS-CoV-2, ultimately 
inhibiting its entry to the cells. Furthermore, UA dimin-
ishes oxidative stress and inflammatory response induced 
by the viral infection [86, 87].

Several modern studies have implied that the excessive 
use of antimicrobial agents, during and after the treat-
ment of cancer can also cause undesirable consequences. 
As it is now known that antimicrobial agents have 
adverse effect on human gut microbiota, which can per-
sist for massive period of time [88]. This can result in gut 
dysbacteriosis, causing disbalance between host and gut 
microbiome [89]. Therefore, antimicrobial agents do not 
only results in the disruption of gut microbiota, but also 
stimulate inflammatory responses and reduced immune 
response, that subsequently hampers the efficacy of the 
cancer treatment [90]. Though, the double-edged role of 
UA as antimicrobial agent in treatment of cancer patients 
has not yet been explored yet but such study can be con-
ducted in future to analyze the impacts of antimicro-
bial function of UA on cancer patients and to modify its 
properties to provide benefits to the cancer patients.

Neuroprotectant role
Inflammation in the neuron can lead towards serious 
neurological disorders which can dangerously impact an 
individual’s health. When any neurotoxin, pathogen or 
indigenous source cause the microglial cells to activate, it 
results in the activation of inflammatory response medi-
ated by prostaglandins, ROS, NO, cytokines, chemokines, 
ultimately leading towards neurodegenerative diseases 
[81, 91, 92]. Various studies have showed that UA can 
play an essential neuromodulatory function [93]. In 2019, 
study showed that when the Parkinson’s mouse models 
were treated with UA (25 mg/kg body weight) it resulted 
in the regression of inflammatory response by targeting 
the NF-κB pathway [94]. The antidepressant role of UA 
is under investigation. Studies have showed that anti-
oxidant activity of UA is essential for the treatment of 
depression [95]. Further in  vivo analysis have revealed 
that UA upregulate the expression of Nrf-2 and Prdx-2 
genes which have neuroprotective role and protect the 
nematode C. elegans from the injurious effects of reactive 
oxygen species [96].

UA extract from P. incarnata was shown to have a neu-
roprotective role Alzheimer’s disease which is charac-
terize by the accumulation of amyloid-β plagues. When 
Aβ-induced mice model were administered with UA 

(56  mg/kg), there was significant decrease in the accu-
mulation of the amyloid plagues with the improvement 
in performance of spatial memory [97]. In another study 
the neuroprotective role of UA was studied in C. elegens 
which showed that at the concentration of 100 μM, UA 
significantly inhibited the amyloid-β by augmenting the 
ubiquitin proteosome system which is essential for the 
maintenance of proteostasis [98]. Protective role of UA 
against oxidative neural injury have also been studied. 
The studies elucidated that when rat brain tissues were 
depleted of antioxidant enzyme system it resulted in 
increased oxidative stress. However, when brain tissues 
were treated with UA the levels and activities of antioxi-
dant enzymes became normal suggesting the neuropro-
tective potential of triterpene acid [93, 99].

Anti‑diabetic and anti‑obesity role
Increased global incidence of obesity and diabetes have 
inflicted a tremendous risk to the well-being of human. 
Diabetes mellitus is characterize by the deficiency and 
resistance to insulin, resulting in hyperglycemia, moreo-
ver obesity has a strong association with diabetes and 
insulin resistance [100–103]. This condition can lead 
towards various health conditions including cardiovas-
cular diseases, neuropathy, nephropathy, retinopathy 
[104–106]. Therefore, there is an urgent need to identify 
such natural products that can cure this disease [9, 107]. 
Studies have shown that UA can be a possible therapeu-
tic impact in reducing hyperglycemia and treating the 
diabetes-related problems in hyperglycemic mice mod-
els [108]. Moreover, the UA derivatives are also revealed 
to reduce the levels of tyrosine phosphatase, resulting in 
enhanced phosphorylation of insulin receptors, causing 
the absorption of glucose [109, 110]. In a recent study 
when the high-fat diet (HFD) and hyperglycemic mice 
were treated with UA (10 mg/kg) for 8 weeks, their blood 
glucose levels were significantly decreased. Moreover, 
the levels of their plasma insulin, blood triglyceride and 
cholesterol, and oxidative species were also alleviated. 
The UA was also found to have inhibitory role in Mapk-8, 
JNK, and insulin pathways and boosted the regeneration 
of insulin producing β-cells of pancreas [111].

The bioactive activity of UA extracts from asparagus 
wild was observed which showed that UA inhibit the 
activity of two key metabolic enzymes α-glucosidase 
and α-amylase which are involved in type II diabetes 
[112]. In a study with mice models, diabetes was induced 
through HFD and streptozotocin. Administration of UA 
was found to have a beneficial role diabetes-induced 
nephropathy [113]. Furthermore, in another study, 
when diabetes-mice models were treated with UA there 
was a downregulation of TNF-α, MMP-2 and improved 
the condition of cardiomyopathy [114]. Hence, various 
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studies have proved that treatment with UA is advanta-
geous for the treatment of diabetes and consequent prob-
lems in liver, kidney, muscles and heart [115].

Anti‑inflammatory role
Inflammation is a response of body against pathogenesis 
induced by any harmful agent or microbes to maintain 
tissue homeostasis. However, when the inflammatory 
response is prolonged and become chronic, it causes 
damage to the tissues and malfunctioning of the organs 
[116, 117]. Chronic inflammation then forms a baseline 
for various diseases including neurodegenerative disor-
ders, hepatic, renal, pulmonary, and cardiovascular dis-
eases. It is now known that inflammation is associated 
with increased cytokine activity and elevated levels of 
ROS, promoting cancer [9, 12]. The studies have shown 
that UA and its derivatives have tendency to diminish the 
levels of Tnf-α, NF-κB and other inflammatory proteins, 
lowering the inflammation and oxidative stress in cell 
lines infected with M. tuberculosis [37]. Zhou et al. inves-
tigated the role of UA extracted from Chinese traditional-
medicine plants on RAW264 7 cell and it was shown 
that UA reduced the expression of NF-κB, Tnf-α, Cox-2, 
decreased localization of NF-κB to nucleus, and inhab-
ited the production of NO [118]. UA has been also dis-
covered to play protective role in inflammation-induced 

acute kidney injury (AKI). In  vitro cell culture analy-
sis showed that UA significantly reduced the levels of 
inflammatory cytokines IL-6, IL-1β. Moreover, UA also 
inhibited the inflammatory pathway mediated by Tlr4/
Myd88 and directed the macrophages to autophagy by 
activation of LC3 B, and Beclin1 [119].

Further, the UA derivates (1,2,3-trizole) were designed 
and accessed for their anti-inflammatory activity. It was 
depicted that the compounds were inhibiting the Cox-1 
and Cox-2 enzymes and reducing the inflammation by 
the inhibition of prostaglandins biosynthesis [120, 121]. 
The inhibition of Cox-1, Cox-2, IL-1, and Tnf-α amelio-
rated the arthritis in animal models [122]. In 2020, Wang 
et al. analyzed the protective role of UA in inflammation 
of chondrocytes and relieve osteoarthritis (OA). UA was 
found to downregulate the expression of pro-inflamma-
tory cytokines, PTGS2, MMP13, NLRP3, and inhibit the 
NF-Κb/NLRP inflammasome, prevent the inflammation 
and degeneration of cartilage and ameliorate the osteoar-
thritis [123].

Scientific studies confirmed the anticancer properties
Numerous studies have confirmed the anticancer proper-
ties of UA in vitro. However, its mechanism of action var-
ies from cancer to cancer. The molecular players targeted 
by UA in different cancers is illustrated in Fig. 3.

Fig. 3  Different targets of ursolic acid in different cancers. Arrow pointing down indicates down-regulation or decrease in activity and arrow 
pointing up represents increased activity or up-regulation
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Breast cancer
UA (UA) shows potent anti-cancer properties against 
breast cancer (BC) cells by inducing apoptosis and 
autophagy, cell cycle and cell proliferation arrest and 
suppressing angiogenesis and metastasis. [12]. It was 
observed that UA induced autophagy in BC cell lines via 
endoplasmic reticulum stress by up-regulating myeloid 
cell leukemia sequence 1 and mitogen-activated pro-
tein kinase (MAPK) [12, 124]. The migratory property 
of BC cells was suppressed due to the administration of 
UA in addition to induction of apoptosis due to up-reg-
ulation in the glycogen synthase kinase activity followed 
by down-regulation of B-cell lymphoma 2. It was also 
observed that UA inhibited inflammation in BC cells by 
down-regulating NF-κB, thus halting further progression 
[37]. A synthetic derivative of UA, FZU3010 caused cell 
cycle arrest in BC cells at S and G0/G1 phase leading to 
programmed cell death [50].

The chemo-preventive effect of UA was also elucidated 
in metastatic BC cell lines through inactivation of Jun 
N-terminal kinase, Akt and mammalian target of rapa-
mycin phosphorylation and lowering NF-κB levels in the 
nucleus [50, 125]. In another study it was observed that 
Bcl-2 down-regulation and Bax up-regulation was caused 
by UA, resulting in release of cyt-c from mitochondrial 
membrane into cytoplasm. UA can cleave Caspase-9 and 
decreased mitochondrial membrane activity in a death 
receptor dependent manner [126]. The anti-cancer prop-
erties of UA have also been observed in some in  vivo 
models against BC cells. Modulation of Akt/mTOR sig-
nal pathway and induction of apoptosis was observed in 
post-menopausal mice injected with BC cells [12, 127]. In 
another study UA administered through folate-chitosan 
nanoparticles resulted in decreased MCF-7 xenograft in 
mice models [12, 128].

Colorectal cancer
Therapeutic potential of UA has also been studied in 
colorectal cancer (CRC) with positive results. STAT3 sig-
nal transduction pathway is involved in CRC progression 
and its inhibition has been linked with decreased cancer 
cell growth [129, 130]. UA inhibits STAT3 phosphoryla-
tion and reduces colon cancer-initiating cells’ viability. 
It was also observed that UA affected the tumor sphere 
forming ability thus halting tumor growth in CRC [12, 
130]. HT-29 colon cancer cell line growth was inhibited 
through the inhibition of EGFR/MAPK pathway in addi-
tion to down-regulation of Bcl-2 and activation of cas-
pase-3 and caspase-9 [100, 131]. In a recent study it was 
observed that UA enhanced the therapeutic activity of 
oxaliplatin in CRC cell lines through ROS-mediated inhi-
bition of drug resistance genes, inhibition of proliferation 
and induction of apoptosis [13].

Effect of UA on CRC cells in mice models revealed that 
UA reduced tumor volume without affect body weight of 
mice, which indicates its anti-tumor activity without tox-
icity to normal body cells. US also halted the expression 
of angiogenic factors such as vascular endothelial growth 
factor A and basic fibroblast growth factor in addition to 
suppression of sonic hedgehog (SHH), STAT3, Akt and 
p70S6K pathways [11, 12]. In another study the under-
lying mechanism of apoptosis induction by UA were 
analyzed and it was found that UA induced cleavage of 
PARP and caspase-3 in HCT116 and HT29 cell lines. It 
also halted the phosphorylation of JAK2 leading to inhi-
bition of nuclear localization of STAT3 [69]. It was also 
observed that UA administration to the HCT116 and 
HT29 cell lines up-regulated miR-4500, which is a known 
tumor suppressor in CRC via the inhibition of JAK/
STAT3 pathway [69, 132].

Prostate cancer
Impact of UA in prostate cancer (PCa) has also been 
explored and it has been seen in a recent study that UA 
promotes apoptosis in PCa via ROCK/PTEN pathway. 
Rho associated protein kinase (ROCK) interacts with 
microtubules and is essential for maintenance of epi-
thelial cell polarity [133]. UA inhibited ROCK protein 
expression and promotes the expression of cleaved ROCK 
expression in PCa cell lines. UA also promoted the PTEN 
up-regulation which also induces apoptosis in PCa cells 
[134, 135]. UV expressed cytotoxic effects against PC-3 
cell line by cleaving PARP, activating caspase-9 and cas-
pase-3, suppressing Bcl2, Mcl-1 and up-regulating Bax. 
It also lowered the expression of Wnt5α/β and β-catenin, 
and up-regulated the phosphorylation of glycogen syn-
thase kinase 3 β (GSK3β), leading to cell death [134, 136]. 
In a recent it was observed that UA slowed tumor growth 
in mice transplanted with VCaP PCa cells via metabolic 
remodeling and epigenetic methylation reprogram-
ming. Epigenetic reprogramming was achieved through 
up-regulation of mitochondrial metabolite S-Adenosyl 
methionine with increased UA administration, indicat-
ing its anti-cancer properties [137]. SETD7 (SET Domain 
Containing 7, Histone Lysine Methyltransferase) is 
involved in the maintenance of chromatin and contrls 
transcription of various genes. It is also involved in stabi-
lizing Nrf2 protein, which is involved in protection from 
DNA damage and genotoxicity [138]. In a recent study 
it was observed that UA induced SETD7 expression in 
PC-3 cells and induced anti-oxidant and DNA protective 
effects through the Nrf2/ARE signaling pathway [139].

Pancreatic and liver cancer
Rising chemoresistance rates for prostate cancer cases 
has exacerbated the need to find safer treatment options. 
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It was observed that UV induced anti-tumor effects 
trough increased ER stress and autophagy in pancreatic 
cancer cells. Levels of ER stress-related proteins such as 
CHOP, p-eIF2α, BiP, and Calpain1 were increased upon 
UA administration leading reduced cell viability. It was 
also seen that UA induced autophagy through ATG5/
LC3 II-dependent signaling. Administration of UA with 
Gemcitabine (GEM) increased cell death and improved 
chemo-sensitivity to GEM in pancreatic cancer cells 
[140]. Role of UA in improving drug resistance in pan-
creatic cells was evaluated in another recent study, which 
showed that treatment with UA significantly lowered the 
levels of receptor for advanced glycation end products 
(RAGE), nuclear factor kappa B p65 (NF-κB/p65), and 
multidrug resistance protein 1 (MDR1) in pancreatic 
cancer cells. These proteins are elevated in GEM resistant 
tumor cells. It was further observed that simultaneous 
treatment with UA and GEM significantly decreased the 
RAGE/NF-κB/MDR1 cascade and halted tumor growth 
[141].

In case of hepatocellular carcinoma (HCC), up-regu-
lated cholesterol and lipid metabolism promote tumor 
growth through stimulation of oncogenic signaling 
pathways [142]. Lowered cholesterol levels upon admin-
istration of UA in HCC cells was observed and it was 
proposed that this may be the mechanism of anti-cancer 
role of UA in HCC. It was observed that UA caused cell 
cycle arrest at the G0/G1 checkpoint due to insufficient 
cholesterol biosynthesis [105].

Metabolism of UA
In addition to having anti-cancerous properties, UA and 
its derivatives can also block G + and G– bacteria as well 
as a few viral actions [143]. UA has furthermore power-
ful diuretic, hypotensive, lipid-regulating, and hypoglyce-
mic actions, according to reports. Consequently, UA has 
various pharmacological effects. The isolation, extrac-
tion, identification, and pharmacological effects of UA 
have been the subject of several investigations recently. 
The pharmacokinetic behaviour of UA, particularly its 
absorption and metabolism, has not been the subject of 
many investigations. The processing of UA in vivo may be 
significantly influenced by drug-metabolizing enzymes 
and ATP-binding cassette transporters (ABC transport-
ers), such as P-glycoprotein (Pgp), multidrug resistance-
associated proteins (MRPs), and breast cancer-resistant 
protein (BCRP). According to a research, the predomi-
nant mechanism for UA absorption in the intestinal tract 
is passive transport, however Pgp may also be engaged in 
active efflux transport [144]. UA is most likely the P-gp 
substrate that is connected to the efflux of the drug trans-
porter. At the same time, a research employing human 
liver microsomes revealed that UA had inhibitory effects 

on CYP450 isoforms, suggesting that UA may be the sub-
strate of CYP450 [145]. Therefore, the metabolism of UA 
may include CYP450. The pregnane X receptor (PXR) is 
crucial in controlling the expression of a few metabolic 
enzymes and important drug transporters. PXR is cru-
cial to the pharmacokinetics and pharmacodynamics 
of medications [146]. Researchers looked at the PXR’s 
function in UA metabolism since ligands can specifically 
bind to it in various species. They discovered that Pgp, 
BCRP, and MRP2—three ABC drug transporters—were 
involved in the efflux of UA in the gut. The metabolism 
of UA involves both CYP3A4 and CYP2C9, and PXR-
RXR could considerably boost CYP2C9 expression in the 
Caco2 cell line [147].

Potential studies
UA is a naturally occurring substance that has been used 
in a variety of ways due to its biological properties and 
demonstrates its potential to be effective in the treatment 
and prevention of several diseases. As a result, in both 
cellular and animal models, the pharmacological effects 
of UA demonstrated anti-cancer, anti-diabetic, neuropro-
tective, and anti-inflammatory mechanisms. Despite the 
great advances that have been made in elucidating the 
role of UA in various pathologies and its pharmacological 
properties, there are still gaps in the research that need to 
be filled. UA is a multi-dimensional molecule that targets 
many different pathways within cells by regulating tran-
scription factors, protein kinases and metabolites etc. 
One of the major concerns regarding UA is its poor bio-
availability and low solubility and intestinal permeability 
despite its strong pharmacological properties [148]. UA is 
classified as BCS class IV compound according to Biop-
harmaceutical Classification System (BCS) and needs 
nanotechnology based drug delivery system [149]. The 
pharmacological properties of UA will be greatly altered 
depending upon the type and composition of the carrier 
nanoparticle including particle size, potential charges and 
biomimetic properties. In case of breast cancer UA nano-
particle delivery and its anti-cancer properties have been 
observed with positive results [150], however each type 
of cancer has its unique biological properties and various 
pathways are modulated. In vitro studies of various types 
of UA nanoparticle drug delivery systems are required to 
check their therapeutic potential, mechanisms of action, 
bioavailability, and cytotoxicity. In addition, in vivo mod-
els are required for the in depth analysis of the route of 
administration, dose and frequency of drug adminis-
tration to evaluate the physicochemical properties and 
pharmacokinetic profile of the drug.

By structurally altering the original UA skeleton, 
researchers have produced synthetic UA derivatives with 
improved medicinal benefits to overcome the problems 
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of poor bioavailability and intestinal uptake [151]. When 
compared to UA, these structurally changed molecules 
have improved therapeutic benefits. The C-2 position, 
-hydroxyl (C-3), and carboxylic moieties (C-28) of UA 
were the main locations for the change of its structure, 
according to several studies on pentacyclic triterpenoids. 
The majority of studies improved the chemical or physi-
cal activities of the UA molecule by altering the molecu-
lar structure of UA around the three spots [9]. However, 
hybridization of UA based compounds with known 
chemotherapeutic molecules to determine its bioavail-
ability and toxicology profile has not been done yet and 
can be explored in the future.

Conclusion
A natural compound, ursolic acid, can be isolated from 
several commonly consumed fruits and vegetables. Its 
ability to simultaneously target multiple signalling pro-
teins has capacitated it to be used as chemo preventive or 
therapeutic agent for cancers. It inhibits or promotes the 
activity of numerous proteins belonging to cell growth 
and cell apoptosis, respectively. Despite the availabil-
ity of the tons of data, there is a need to perform more 
proteomics-based research to understand its potential 
as therapeutic agent. Similarly, the impact of UA on the 
metabolism of a cancer cell must also be investigated. 
There is also a need to integrate nanotechnology to 
enhance the bioavailability and anti-cancer potential of 
UA. Studies at cell level has shown the promising out-
comes. Therefore, future investigations must be focused 
on evaluating its cytotoxicity in animal models and deter-
mining its pharmacological dose in different cancers. 
Through more investigations UA can be delineated as 
pain-free therapeutic option for cancers.
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