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INTRODUCTION
Plants are important regulators of ecosystems and can affect 

various biological functions [1]. Various plant-derived biologically 
active products are effective for the treatment of a wide spectrum 
of diseases, including cancer [2], diabetes [3], obesity [4], cardio-
vascular diseases (CVDs) [5], brain disease [6], liver disease [7], 
and sarcopenia [8,9]. Ursolic acid (UA) is a compound that has 
such therapeutic effects [10]. However, the precise mechanisms of 
its beneficial effects are not completely known.

UA is isolated from the leaves of various plants (rosemary, mar-
joram, lavender, thyme, and organum), fruits (apple fruit peel), 
f lowers, and berries [11]. UA mediates some pharmacological 
processes and modulates several signaling pathways to prevent 
the development of chronic diseases [12,13]; it exhibits anti-
inflammatory [14], anti-oxidant [15], anti-carcinogenic [16], anti-

obesity [17], anti-diabetic [18], cardioprotective [19], neuroprotec-
tive [20], hepatoprotective [21], anti-skeletal muscle atrophy [22], 
and thermogenic effects [8]. The mechanisms by which UA exerts 
these beneficial effects may involve regulation of the following: 
nuclear factor-kappa B (NF-kB) and apoptotic signaling in cancer 
cells, insulin signaling in adipose tissue, the expression of mark-
ers of cardiac damage in the heart, inflammation and the level 
of anti-oxidants in the brain, metabolic signaling and the level of 
oxidants in the liver, and atrophy signaling and metabolic signal-
ing in skeletal muscles.  

With this review, we attempt to outline the effect of therapeu-
tic potential of UA, which includes its effects on cancer, obesity/
diabetes, CVDs, brain diseases, and liver diseases. In addition, 
its beneficial effects in the prevention of sarcopenia and the im-
provement of exercise capacity are described to elaborate its pos-
sible role as an exercise mimetic.
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ABSTRACT Ursolic acid (UA) is a natural triterpene compound found in various fruits 
and vegetables. There is a growing interest in UA because of its beneficial effects, 
which include anti-inflammatory, anti-oxidant, anti-apoptotic, and anti-carcinogenic 
effects. It exerts these effects in various tissues and organs: by suppressing nuclear 
factor-kappa B signaling in cancer cells, improving insulin signaling in adipose tis-
sues, reducing the expression of markers of cardiac damage in the heart, decreas-
ing inflammation and increasing the level of anti-oxidants in the brain, reducing 
apoptotic signaling and the level of oxidants in the liver, and reducing atrophy and 
increasing the expression levels of adenosine monophosphate-activated protein ki-
nase and irisin in skeletal muscles. Moreover, UA can be used as an alternative medi-
cine for the treatment and prevention of cancer, obesity/diabetes, cardiovascular 
disease, brain disease, liver disease, and muscle wasting (sarcopenia). In this review, 
we have summarized recent data on the beneficial effects and possible uses of UA in 
health and disease managements.
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STRUCTURE OF UA
UA (3β-3-hydroxy-urs-12-ene-28-oic-acid) is a pentacyclic trit-

erpenoid (Fig. 1), which has the chemical formula of C30H48O3 and 
a molecular mass of 456.71 g/mol [23]. UA is soluble in hot glacial 
acetic acid and alcoholic sodium hydroxide [23]. It is biosynthe-
sized mainly from the dammarenyl cation through the folding 
and cyclization of squalene, which forms the fifth ring of UA 
through ring extension and the formation of an extra ring. There 
are three oxygen atoms in the compound, which activate double 
or triple neutral ligands and the donation of electron pairs to the 
transition metal atom [23].

Fig. 1. Structure of ursolic acid.

Table 1. Effects of UA on cancer in health and disease

Disease type Subject Dose/Duration of UA Results Reference

Skin cancer 12-O-tetra 
   decanoylphorbol-13-
   acetate-induced mouse 
   on skin tumor

0.1, 0.3, 1, or 2 μM 
   for 20 weeks

↓ Tumors per mouse Huang et al. [24] 
   1994

Colon cancer HCT116, HT29, and 
   Caco2 cancer cells and 
   male athymic nu/nu 
   mice (4 weeks old)

20 μM for 8 hours
   and daily 250 mg/kg 
   in oral for 4 weeks

↓ �NF-kB, Bcl-xL, Bcl-2, and cyclin  
D1 protein levels

↓ �MMP-9, VEGF, and ICAM-1  
protein levels

↓ Ki67, CD31, STAT3, and EGFR
↑ p53 and p21 mRNA expression

Prasad et al. [25]
   2012

Breast cancer MCF-7, MDA-MB-231, 
   and SK-BR-3 cancer 
   cells 

20 μM for 24 hours ↓ HK2, PKM2, ATP, and lactate
↓ �pERK1/2, and depolarization of  

mitochondrial membrane potential
↑ Nitric oxide and ATM 

Lewinska et al. [26]
   2017 

Bladder cancer T24 cancer cells 100 and 200 μg/ml 
   for 24 hours

↑ Caspase 3 activity
↑ AMPK activation
↑ JNK activation

Zhen et al. [32]
   2012

Cervical cancer TC-1 and HeLa cancer 
   cells and xenograft 
   tumor models

10, 20, and 30 μM 
   for 5 days 
0, 25 and 50 mg/kg 
   for 10 weeks

↓ Cell proliferation 
↑ �Autophagy mediated PI3K  

signaling pathway
↓ Volume of tumor size

Leng et al. [35]
   2013

Pancreas cancer MIA, PaCa-2, and PANC-1 
   cancer cells and 
   xenograft tumor models

15, 30, 45, and 60 μM 
   for 24 h
100 and 200 mg/kg 
   for 20 days

↓ Tumor size and weight
↑ �Cleavage caspase-3 mRNA  

expression
↑ Caspase 3, 8, and 9 activity
↑ Cytochrome c release

Li et al. [36]
   2012

Ovarian cancer SK-OV-3 human ovarian 
   cancer cells

20 μM for 24 h ↑ Caspase 3 and 9 protein levels
↑ �phosphorylation of GSK-3β  

protein level
↑ β-catenin degradation

Song et al. [37]
   2012

Liver cancer HepG2, Hep3B, Huh7, 
   and HA22T cancer cells

2, 4 or 8 μM/L 
   for 48 h

↓ �Cell adhesion, ICAM-1 level and  
VEGF release

↓ Mitochondrial membrane potential
↓ Na+–K+-ATPase activity
↑ Caspase 3 and 8 activity

Yan et al. [38]
   2010

↓, Decrease; ↑, Increase; NF-kB, nuclear factor-kappa B; Bcl-xL, B-cell lymphoma-extra large; Bcl-2, B-cell lymphoma 2; MMP-9, matrix 
metalloproteinase; VEGF, vascular endothelial growth factor; ICAM-1, intercellular adhesion molecule-1; CD31, cluster of differentiation 
31; STAT3, signal transducer and activator of transcription 3; EGFR, epidermal growth factor receptor; HK2, hexokinase 2; PKM2, 
pyruvate kinase muscle isozyme m2; ATP, adenosine triphosphate; ERK, extracellular signal-regulated kinase; AMPK, AMP-activated 
protein kinase; JNK, c-Jun N-terminal kinase; ATM, ataxia-telangiectasia mutated; PI3K, phosphoinositide 3-kinase.
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ANTI-CANCER EFFECTS OF UA 
UA exerts a potent substance with in vitro and in vivo anti-

cancer effects (Table 1). Numerous studies have investigated the 
beneficial effects of UA on cancer cell metabolism in both rodents 
and humans. The mechanisms underlying the anti-cancer effect 
of UA are reported to be inhibition of tumorigenesis [24] and can-
cer cell proliferation [25], modulation of apoptosis [26], preven-
tion of cell cycle arrest [27], and promotion of autophagy [28,29]. 

Recent trends in studies on UA have indicated the beneficial 
effects of the compound on autophagy and apoptosis in human 
breast cancer cell lines. Lewinska et al. [26] report that 20 µM UA 
inhibits Akt activation and promotes autophagy and apoptosis in 
breast cancer cells. It also decreases phospho-extracellular signal-
regulated kinase 1/2 level and mitochondrial membrane depolar-
ization potential. Interestingly, it is reported that UA induces acti-
vation of Akt, increases oxidative system, and decreases the levels 
of adenosine triphosphate (ATP), lactate, and glycolytic enzymes, 
such as hexokinase 2 and pyruvate kinase in breast cancer cells 
[30,31]. In addition, it decreases ATP production and activates ad-
enosine monophosphate-activated protein kinase (AMPK), which 
results in inhibition of proliferation in T24 bladder cancer cells 
[32] and induces autophagy in U87MG glioma cells [33]. UA may 
be a potent regulator of AMPK, which inhibits of glycolysis and 
tumor growth in vivo [31]. Xavier et al. [34] demonstrated that 
UA promotes autophagy in HCT15 colorectal and TC-1 cervical 
cancer cells [35]. In addition, it inhibits apoptosis and cell prolif-
eration in human pancreatic cancer cells [36] and ovarian cancer 
cells [37]. Yan et al. [38] reported that UA induces pro-apoptotic 
signaling in human liver cancer cell lines such as HepG2, Hep3B, 
Huh7, and HA22T cell lines, which are widely used to assess 
apoptotic mechanism of action in cancer research [39,40]. They 
demonstrated that UA exerts significantly improved pro-apoptot-
ic effects by increasing the levels of caspase-3 and caspase-8, and 
DNA fragmentation in human liver cancer cells. Additionally, UA 
decreases Na+–K+-ATPase activity and mitochondrial membrane 
potential, indicating mitochondrial dysfunction in these cancer 
cells. 

ANTI-OBESITY/ANTI-DIABETIC EFFECTS 
OF UA

An increase in the incidence of obesity and diabetes has height-
ened the need for a treatment against these conditions; the effects 
of UA are summarized in Table 2. Key effects of UA are inhibi-
tion of pancreatic α-amylase activity and reduction of blood 
glucose level in vivo and vitro [41,42]. Early work by Ramirez et 
al. [43] have evaluated the effects of UA on body weight and glu-
cose tolerance in metabolic syndrome patients who received 150 
mg of UA per day before breakfast for 12 weeks. Reductions in 
body weight, body mass index, waist circumference, and fasting 

blood glucose level were observed in the patients, which suggests 
that it significantly improves insulin sensitivity. Chu et al. [44] 
have also demonstrated that 0.5% UA-supplemented diet caused 
an decreases body weight, free fatty acids, and β-oxidation via 
uncoupling protein 3/AMPK-dependent pathways in high fat diet 
(HFD)-induced obese rats after six weeks of treatment. Similarly, 
mice treated with 0.14% UA-supplemented diet for six weeks 
exhibited a decrease in body weight gain and glucose intolerance 
[45]. Furthermore, Li et al. [41] demonstrated that UA (0.125, 0.25, 
and 0.5%) decreased body weight gain and insulin resistance in 
HFD-induced obese mice by improving hepatic lipid accumula-
tion and antioxidant enzyme levels. It is also reported that 80 µM 
UA reduces triglyceride (TG) and cholesterol levels by increasing 
fatty acid oxidation and decreasing fatty acid synthesis in hepato-
cytes, suggesting that the upregulation of peroxisome prolifera-
tor-activated receptor alpha (PPAR-α) expression is possibly criti-
cal for the beneficial effect of UA [46]. Accordingly, UA treatment 
(50 and 200 mg/kg) decreases body weight, fat mass, TG level, 
plasma leptin concentration, and lipid accumulation and increas-
es in high-density lipoprotein (HDL)-cholesterol, brown adipose 
tissue, insulin sensitivity, fatty acid uptake, and β-oxidation in 
HFD-induced obese rats, indicating that it increases energy ex-
penditure [47]. Similar result was obtained by Jang et al. [48], who 
showed that UA (0.05%) inhibits glucose intolerance and insulin 
resistance by preserving pancreatic β-cells in diabetic mice. 

The mechanisms underlying these effects of UA were investi-
gated by Kunkel et al. [45], who studied that the beneficial effects 
of 0.14% UA supplementation in HFD-induced obese rats are due 
to an increase in Akt phosphorylation and an improvement in 
glucose uptake by skeletal muscles. In a similar, diabetic models 
treated with UA (1 µg/ml) did not develop insulin resistance and 
exhibited normal glucose transporter type 4 translocation and 
insulin receptors via Akt activation, suggesting that UA is a key 
regulator of glucose levels in diabetes [42]. Additionally, it was 
confirmed that 2.5-10 µM UA increases the levels of adipocyte 
transcription factors such as PPARγ, sterol regulatory factor- 
binding protein 1c transcription (SREBP-1c), fatty acid-synthase 
and fatty acid binding protein 4 (FABP4) in 3T3-L1 cells. These 
results suggest that the regulation of AMPK levels by inhibiting 
liver enzyme B1 is crucial for the treatment of obesity. Therefore, 
these findings highlight the importance of UA in the treatment of 
obesity and diabetes.

EFFECTS OF UA ON CARDIOVASCULAR 
DISEASE

CVDs are the major contributors to mortality and morbidity in 
the worldwide [49]. It includes coronary artery disease, myocar-
dial infraction, stroke, heart failure, atherosclerosis, hypertensive 
heart disease, peripheral artery disease, and cardiomyopathy [49]. 
CVDs decrease quality of life and increases social and economic 
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costs [50]. The effects of UA in CVDs are summarized in Table 3. 
In the first study, Somava et al. [51] have demonstrated that treat-
ment with UA (40 mg/kg) is associated with a lower the heart 
rate, which indicates an alleviation of CVD risk both in vitro and 
in vivo. In addition, Pozo et al. [52] reported that the intraperito-
neal administration of UA (2 and 6 mg/kg) for 10 days neointimal 
hyperplasia (80%) by inhibiting luminal stenosis in a rat model 
of vascular injury. UA also potently inhibits proliferating cell 
nuclear antigen expression in injured artery cells. Furthermore, 
Senthil et al. [19] have reported that UA (60 mg/kg) reduces lipid 
peroxide level by scavenging free radicals, improves lipid profiles, 
and decreases the serum levels of membrane-bound proteins 
after 7 days of treatment. UA contributes to the restoration of 

cardioprotective enzyme activity to its normal level in rats, which 
suggests that it protects against myocardial ischemia. Similarly, 
previous findings have shown that UA is able to restore cardiac 
enzymes and blood constituents to their normal levels. It has an 
anti-apoptotic effects in cardiac muscle cells [53,54]. The effects 
of UA on lipid peroxidation and antioxidant capacity in alcoholic 
cardiomyopathy are also reported [55]. Saravanan and Pugalendi 
[55] have suggested that treatment with UA (20 mg/kg/day) for 
30 days promotes the activities of free radical-scavenging antioxi-
dant enzymes. It improves the activities of glutathione, ascorbic 
acid, and α-tocopherol levels [55]. Furthermore, Lv et al. [56] 
demonstrated that UA administration markedly inhibits the pro-
liferation of human umbilical vein endothelial cells induced by 

Table 2. Effects of UA on obesity or diabetes in health and disease

Disease type Subject Dose/Duration of UA Results Reference

Metabolic 
   syndrome

Diagnostics of metabolic    
   syndrome patients

Orally 150 mg/kg 
   for 12 weeks

↓ �Body weight, BMI, and waist  
circumference

↓ Fasting glucose

Ramírez-Rodríguez 
   et al. [43] 
   2017

Obesity High fat diet-induced obese 
   rat model and rat L6 and 
   mouse C2C12 skeletal 
   muscle cells

0.5% UA for 6 weeks
   and 20 and 40 μM 
   for 4 hours

↓ Body weight
↓ FFA and TG contents in skeletal muscle
↑ Energy expenditure
↑ AMPK, CD 26, ACC, CPT, and UCP3 

Chu et al. [44]
   2015

Obesity High fat diet-induced 
   obese mice model

0.14 or 0.27% 
   for 6 weeks

↑ �Akt, grip strength, skeletal muscle  
mass, and mean fiber diameter

↑ Energy expenditure
↑ Run distance and UCP1
↓ �Resting heart rate, body weight, fat 

mass, and blood glucose
↓ Liver weight, liver TG, and Liver ACC
↓ AST and ALT in plasma 

Kunkel et al. [45]
   2012

Obesity High fat diet-induced 
   Sprague-Dawley rats

0.125, 0.25, and 0.5% 
   for 6 weeks

↓ TG, FFA, weight in liver
↓ Body weight and fat mass
↓ Insulin and leptin
↓ TNF-α and MDA
↑ CAT and GSH-PX

Li et al. [41]
   2014

Obesity High fat diet-induced 
   female Swiss mice

1 and 2% for 9 weeks ↓ Body weight
↓ Plasma glucose
↓ Plasma triglyceride
↓ Pancreatic lipase

Kazmi et al. [91]
   2013

Obesity High fat diet-induced 
   Sprague-Dawley rats

250 mg/kg for 8 weeks ↓ Body weight
↓ Plasma cholesterol
↓ Plasma leptin
↑ Plasma adiponectin

Zhang et al. [92] 
   2016

Diabetes 3T3-L1 adipocytes 1 μg/ml 
   for 10 min

1 μg/ml for 10 min ↑ GLUT 4, insulin receptor, and Akt
↑ Glycogen synthase kinase-3β 

Jung et al. [42] 
   2007

Diabetes Streptozotocin-injected 
   male ICR mice

0.5 g/kg for 4 weeks ↓ Glucose and TNF-α
↑ �Insulin (plasma, pancreatic)  

plasma C-peptide

Jang et al. [48]
   2009

Diabetes Streptozotocin-injected 
   male mice

200 mg/kg per day 
   for 6 weeks

↓ Fasting blood glucose
↓ PPAR γ and aP2
↓ Adipocyte dysfunction
↑ Bone formation

Yu et al. [18]
   2015

↓, Decrease; ↑, Increase; BMI, body mass index; AMPK, AMP-activated protein kinase; CD, cluster of differentiation 26; ACC, Acetyl-
CoA carboxylase; CPT, Carnitine palmitoyltransferase, UCP, Uncoupling protein; Akt, Protein kinase B; TG, triglyceride; FFA, free fatty 
acid; TNF, tumor necrosis factor; AST, aspartate aminotransferase; ALT, alanine transaminase; MDA, malondialdehyde; CAT, catalase; 
GSH-PX, phospholipid hydroperoxide glutathione peroxidase; GLUT4, glucose transporter 4; PPAR γ, peroxisome proliferator-activated 
receptor gamma; aP2, activating protein 2.
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interleukin 6 (IL-6) and C-reactive protein (CRP), suggesting that 
it inhibits atherosclerosis related parameters in a dose-dependent 
manner. 

EFFECTS OF UA ON BRAIN
Mild to severe defects in the nervous system typically result 

due to oxidative stress and excitotoxicity [10]. An imbalance in 
cellular homeostasis may permanently reduce cognitive function 
and cause brain damage [57], resulting in various brain diseases 
[58,59]. The effects of UA on brain diseases are summarized in 
Table 4. UA inhibits oxidative stress [60] and excitotoxicity [61], 
suggesting that it may play a protective role in various brain dis-
eases induced by oxidative stress and excitotoxicity. In addition, 
UA suppresses apoptotic signaling [60] and exerts anti-inflam-
matory effects in the brain [62,63]. 

Shih et al. [61] reported that UA significantly reduces free 
radical levels in rat neuronal cultures. In addition, it attenuates 
reactive oxygen species (ROS) levels in the brain [60,63,64]. For 
example, Zhang et al. [60] found that UA increases the levels of 
antioxidant components, such as glutathione (GSH)/oxidized 
glutathione (GSSH) ratio, catalase (CAT) activity, and superoxide 
dismutase (SOD) activity in a rat model of subarachnoid hemor-
rhage. Lu et al. [63] showed that UA increases the levels of anti-
oxidant enzymes, such as SOD, CAT, glutathione reductase (GR), 
and glutathione peroxidase (GPx). A similar work by Lu et al. [64] 

revealed that UA reduces ROS levels in D-galactose-treated mice. 
Moreover, it reduces the neuronal expression of pro-apoptotic 
factors, such as caspase-3 mRNA, caspase-9 mRNA, and reduces 
DNA fragmentation in a rat model of subarachnoid hemorrhage 
[60]. Specifically, Huang et al. [62] have reported that UA inhibits 
the activity of matrix metalloproteinase-9 (MMP-9), which is a 
potential cause of various cancers, in C6 glioma cells [65]. This 
occurs because UA could suppress the NF-kB-dependent path-
ways that are activated by tumor necrosis factor-alpha (TNF-α) or 
interleukin 1 beta (IL-1β). Similar results were obtained by Wang 
et al. [20], who revealed the association between UA and MMP-
2/-9 expression in a rat model of cerebral ischemia and reperfu-
sion injury. In this study, the activities of MMP-2 and MMP-9 
were suppressed by UA administration. In addition, the protein 
levels of peroxisome proliferator-activated receptors (PPARs), 
particularly PPARγ, which is an effective neuroprotective agents, 
were elevated following UA administration to rats with cerebral 
ischemia and reperfusion injury. This demonstrates that UA has 
a protective effect against various inflammatory conditions of the 
brain.

EFFECTS OF UA ON LIVER DISEASE
The liver is an important organ in the body, responsible for 

hormone production, xenobiotics detoxification, enzymatic 
digestion, and the decomposition of red blood cells [10]. It has a 

Table 3. Effects of UA on cardiovascular system in health and disease

Disease type Subject Dose/
Duration of UA Results Reference

Ischemia-reperfusion 
   dysrhythmia

CaCl2-induced 
   arrhythmia in rats

40 mg/kg 
   for 20 min

↓ HR and MAP
↓ �Inotropic (QRS Complex) and romotropic 

(PQ interval)

Somova et al. [51]
   2004

Atherosclerosis Vascular injury model 
   in rat carotid artery

2 and 6 mg/kg 
   for 10 days

↓ Neointimal formation in the rat carotid
↓ Expression of PCNA

Pozo et al. [52]
   2006

Myocardial ischemia Isoproterenol-induced 
   myocardial ischemia in rats

60 mg/kg 
   for 7 days

↓ TBARS
↑ �SOD, CAT, GPx, GST, GR, GSH, vitamin 

C and E

Senthil et al. [19]
   2007

Myocardial ischemia Isoproterenol-induced 
   myocardial ischemia in rats

40 mg/kg 
   for 7 days

↓ CK and CK-MB 
↓ LDH-1 and 2
↓ DNA damage

Radhiga et al. [48]
    2012

Myocardial infarction Isoproterenol hydrochloride-
   injected Wistar rats

40 mg/kg 
   for 9 days

↓ cTnT and cTnI in serum
↓ TBARS, HP, and CD in plasma
↑ Vitamin C and E in plasma
↑ SOD, GST, and GR in erythrocyte
↓ �TBARS, HP, CD, cytochrome C, 

caspase-3, -8 and caspase-9, TNF-α, and 
Fas in heart

↑ �Vitamin C, E, GSH, SOD, CAT, GPx, 
GST, and GR in heart

Radhiga et al. [54]
   2012

↓, Decrease; ↑, Increase; HR, heart rate; MAP, mean arterial pressure; PCNA, proliferating cell nuclear antigen; TBARS, thiobarbituric 
reactive substances; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; GST, glutathione S-transferase; GST, 
glutathione-S-transferase; GR, glutathione reductase; GSH, glutathione; CK, creatine kinase; CK-MB, creatine kinase-myocardial band; 
LDH, lactate dehydrogenease; cTnT, cardiac troponins T; cTnI, cardiac troponin I; HP, lipid hydroperoxides; CD, conjugated dienes; 
TNF-α, tumor necrosis factor-α; Fas, fatty acid synthase.
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unique regeneration system, which can regenerate it up to 25% of 
its original mass; however, the liver is vulnerable to various dis-
eases because of its various functions and strategic location [10]. 
As summarized in Table 5. Many studies have demonstrated that 
UA protects against several liver diseases, such as fatty liver dis-
ease [45], liver fibrosis [66], carcinoma [67], and liver cancer [38]. 

It is well known that the liver plays a pivotal role in the regu-
lation of systemic lipid homeostasis [21]. HFD-induced obese 
models and non-alcoholic fatty liver disease cause abnormal lipid 

homeostasis, which can result in various complications. However, 
UA can attenuate HFD-induced fatty liver diseases, hepatocel-
lular steatosis, and hepatic TG content [45]. In this study, plasma 
aspartate transaminase (AST) and alanine transaminase (ALT) 
levels, which are biomarkers of liver diseases, were also decreased 
by UA treatment, indicating that UA attenuates hepatocyte injury. 
Sundaresan et al. [21] found that UA down-regulated the mRNA 
expression of lipogenesis-related factors, such as acetyl-CoA car-
boxylase, and fatty acid synthase, but up-regulated the mRNA 

Table 4. Effects of UA on brain in health and disease

Disease type Subject Dose/Duration of UA Results Reference

IL-1β or TNF-α-
   induced C6 
   glioma invasion

Rat C6 glioma cells 5, 10, and 20 μM 
   for 24 hours

↓ MMP-9 activity by IL-1β or TNF-α 
↓ IκBα activity by IL-1β or TNF-α
↓ IκB kinase activity by IL-1β or TNF-α
↓ NF-κB activity 

Huang et al. 
   [62] 2009

D-Galactose-induced 
   neurodegenerative 
   changes

Male kunming 
   strain mice

10 mg/kg 
   for 8 weeks

↓ AGEs level
↓ ROS level
↓ Carbonyl protein level
↓ �Number of CD11b-stained cells, GFAP-

stained cells, and RAGE-positive cells 
↓ �COX-2, iNOS, IL-1β, IL-6, and TNF-α 

protein levels

Lu et al. 
   [63] 2010

Domoic acid-induced 
   cognitive deficits

Male ICR mice 100 mg/kg 
   for 3 weeks

↑p-Akt
↑ p-FOXO1
↑ HO-1
↑ Complex I-V
↑ Electron transport chain activity
↑ ATP and APR 

Wu et al. 
   [93] 2013

Adrenocorticotrophic 
   hormone-producing 
   pituitary adenoma

AtT20 cells 
   (mouse 
   corticotrophic 
   tumor cell line)

10, 20, and 40 μM 
   for 24 hours

↓ POMC mRNA expression
↓ ACTH protein level
↓ ACTH release
↑ p‑JNK/JNK protein level

Gong et al. 
   [94] 2014

Subarachnoid
   hemorrhage
   (SAH)

Male Sprague Dawley 
   experimental 
   SAH rat model

25 and 50 mg/kg 
   at 0.5, 24, and 
   47 hours 
   after SAH

↑ Neurological score
↓ BBB permeability (EB content)
↑ Cerebral vasospasm
↓ MDA
↑ �GSH/GSSH ratio, catalase activity, and 

SOD activity
↓ Caspase-3, -9 mRNA expression
↓ Apoptotic index

Zhang et al. 
   [60] 2014

Parkinson’s disease Male Swiss 
   albino mice

5, 25, and 50 mg/kg 
   for 21 days

↑ Hanging time
↑ Rotarod test
↓ Narrow beam walking test
↓ Nitrite level
↑ Dopamine
↑ Acidhomovanilic acid

Rai et al. 
   [95] 2016

Cerebral ischemia
   and reperfusion 
   injury

Male Sprague 
   Dawley rats

5, 10, and 20 mg/kg 
   at 0.5, 24, 
   and 47 hours 
   after reperfusion

↓ Infarct volume
↓ Neurological deficit score
↑ Number of intact neuron 
↑ PPARγ protein level
↓ MMP-2 and -9 protein levels

Wang et al. 
   [20] 2016

↓, Decrease; ↑, Increase; =, No change; MMP-9, Matrix metalloproteinase-9; BBB, blood-brain barrier; IL-1β, interleukin-1 beta; TNF-α, 
tumor necrosis factor-alpha; COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; MMP-2, matrix metalloproteinase-2; 
IκBα, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha; IL-6, interleukin-6; AGEs, advanced glycation 
end products; ROS, reactive oxygen species; GFAP, glial fibrillary acidic protein; RAGE, receptor for advanced glycation end-products; 
FoxO1, Forkhead box protein O1; HO-1, heme oxygenase; ATP, adenosine triphosphate; POMC, pro-opio melanocortin; JNK, c‑Jun 
N‑terminal kinase; APR, ATP production rate; ACTH, adrenocorticotrophic hormone; MDA, malondialdehyde; GSH, glutathione; GSSH, 
oxidized glutathione; SOD, superoxide dismutase; PPAR, peroxisome proliferator-activated receptors; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells; p-Akt, phosphorylated protein kinase B.
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expression of fatty acid oxidation-related factors, such as carnitine 
palmitoyltransferase-1 and acyl-CoA oxidase, in a mouse model 
of hepatic lipid metabolism. Furthermore, UA markedly attenu-
ated hepatic steatosis in a rat model of non-alcoholic fatty liver 
disease by activating PPAR-α, which is a key regulator of hepatic 
lipid metabolism. It also activated the PPAR-α regulated signal-
ing pathway at both protein and mRNA levels [68,69]. In addi-

tion, it reduced the serum levels of inflammatory markers, such 
as TNF-α, chemokine ligand 2/monocyte chemotactic protein-1, 
IL-6, and oxidative stress markers, such as SOD, malondialde-
hyde, CAT, and GPx [41].

Excessive deposition of extracellular matrix components in the 
liver can cause liver fibrosis, which could be ultimately induces 
liver cirrhosis [70]. Ma et al. [66] demonstrated that carbon-tetra-

Table 5. Effects of UA on liver in health and disease

Disease type Subject Dose/Duration of UA Results Reference

Human 
   liver cancer

Human normal liver cell 
   line (L-02 cell) 
   and cancer cell lines 
   (HepG2, Hep3B, 
   Huh7, HA22T cells)

2, 4, and 8 μM 
   for 48 hours

↑ DNA fragmentation
↓ Mitochondrial membrane potential
↓ Na+-K+-ATPase activity
↑ Caspase-3 and -8 activity
↓ Cell adhesion, ICAM-1, and VEGF level 

Yan et al. [38] 
   2010

Fatty 
   liver disease

C57BL/6 mice 0.14, 0.27% of 
   HFD for 6 weeks

↓ Liver weight 
↓ Liver triglycerides
↓ �Plasma aspartate aminotransferase (AST) 

and alanine aminotransferase (ALT)
↓ Liver ACC protein level 

Kunkel et al. [45] 
   2012

Hepatocellular 
   carcinoma

Liver cancer cells
(HepG2 and Hep3B)

7.5,15, and 30 μM 
   for 24 hours

↑ Apoptotic portion
↑ Cleaved capase-3 protein level
↑ p-AMPKα (Thr 172) protein level
↑ GSK 3β (Ser9) protein level
↓ �p-AKT (Ser 473) and p-mTOR (Ser 2448) 

protein levels 

Son et al. [71] 
   2013

Hepatic lipid 
   accumulation

Male C57BL/6J mice 5 mg/kg 
   for 5 weeks

↓ SREBP-1c, ACC, FAS mRNA expression 
↑ CPT-1 and ACO mRNA expression
↑ �PPAR-α mRNA expression and protein 

level
↓ �Micro- and macro-vesicular steatosis and 

inflammatory cell infiltration
↓ Lipid disposition

Sundaresan
 et al. [21] 
   2014

Hepatic steatosis
   and non-alcoholic 
   fatty liver disease

Male Sprague-
   Dawley rats

0.125, 0.25, 
   and 0.5% of 
   HFD for 6 weeks

↓ Liver triglycerides and free fatty acid
↓ Fat/body ratio 
↑ PPAR-α protein and mRNA level 
↑ CPT-1 protein level
↓ FAT/CD36 protein level
↓ DGAT1, FAS and SREBP1 protein levels

Li et al. [41] 
   2014

Liver fibrosis Male ICR mice 25 and 50 mg/kg 
   for 6 weeks

↓ Hepatic fibrosis
↓ ROS and TBARS level 
↑ �T-SOD, CAT, GPx activity, and GSH level
↑ �Nrf 2 (Nucleus/cytosol), HO-1,  

and GST protein levels
↓ Cleaved caspase-3 protein level
↑ Bcl-2/Bax ratio 

Ma et al. [66] 
   2016

Hepatocellular 
   carcinoma

Human HCC cell lines 
   (HepG2, Bel-7402, 
   QGY- 7703, HMCC97L, 
   HMCC97H cells)

5, 15, 20, 25, 
   and 30 μM 
   for 24 hours

↑ �p-p38 MAPK (Thr180/Tyr182) protein 
level

↑ �IGFBP1 mRNA expression and protein 
level

↑ FOXO3 α protein level
↓ Tumor weight and volume

Yang et al. [67] 
   2016

↓, Decrease; ↑, Increase; =, No change; ICAM-1, intracellular adhesion molecule; VEGF, vascular endothelial growth factor; ACC, acetyl-
CoA carboxylase; ACO, acyl-CoA oxidase; AMPK, AMP-activated protein kinase; GSK 3β, glycogen synthase kinase 3 beta; SREBP, sterol 
regulatory element-binding protein; FAS, fatty acid synthase; CPT-1, carnitine palmitoyltransferase 1; DGAT1, diacylglycerol 
acyltransferase 1; TBARS, thiobarbituric acid reactive substances; GST, glutathione S-transferase; Nrf2, nuclear factor E2-related factor 2; 
HFD, high-fat diet; IGFBP 1, insulin-like growth factor (IGF) binding protein 1; p-Akt, phosphorylated protein kinase B; p-mTOR, 
phosphorylated mammalian target of rapamycin; PPAR, peroxisome proliferator-activated receptors; FAT, fatty acid translocase; CD36, 
cluster of differentiation 36; T-SOD, total superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; GSH, glutathione; HO-1, 
heme oxygenase; p-p38 MAPK, phosphorylated p38 mitogen-activated protein kinases; FOXO3, forkhead box O3; Bax, bcl-2-like 
protein 4; Bcl-2, B-cell lymphoma 2.
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chloride-induced liver fibrosis is attenuated by UA via a nuclear 
factor E2-related factor 2/antioxidant responsive element pathway 
in the rodents liver. This finding suggest that UA can be a potent 
protective agent against liver fibrosis. Son et al. [71] reported 
that UA may induce apoptosis of HepG2 hepatocellular carci-
noma cells through AMPK and glycogen synthase kinase-3 beta 
(GSK-3β) pathway. The authors also indicated that UA increase 
apoptotic portion and the level of cleaved caspase-3 protein, 
p-AMPKα (Thr 172), and GSK-3β (Ser9) in HepG2 cells. More-
over, Yang et al. [67] reported that UA suppresses the proliferation 
of hepatocellular carcinoma cells via p38 the mitogen-activated 
protein kinases (p38-MAPK)-mediated activation of the gene 
expression of insulin-like growth factor (IGF) binding protein 
1 (IGFBP1). In addition, it increased the expression of forkhead 
box O3 (FOXO3a). These suggest that IGFBP1 and FOXO3a can 
potentially be therapeutic interventions in the management of 
hepatocellular carcinoma. 

EFFECTS OF UA ON SARCOPENIA
The skeletal muscles accounts for approximately 40-50% of the 

total body mass. They are major regulator energy catabolism and 
postprandial glucose disposal [72,73], and are essential for whole 
body metabolism and locomotion [74,75]. Sarcopenia, which is 
defined as the loss of skeletal muscle mass and skeletal muscle 
function, can be induced by various conditions, especially aging 
[76,77]. Aging-induced sarcopenia hinders locomotion, which 
causes immobility and falls [78,79], resulting a behavior disabili-
ties in the elderly [80,81]. Effects of UA on sarcopenia and exercise 
capacity were outlined in Table 6. UA stimulates skeletal muscle 
synthesis [9] and increases the strength of the skeletal muscle 
[45] via various signaling pathways, which suggest that it may be 
useful in the prevention of sarcopenia. The direct effects of UA 
on sarcopenia have not been exclusively studied; however, several 
similar studies on the effects of UA on age-related skeletal muscle 
dysfunction have been carried out [82,83]. 

Ebert et al. [83] reported that UA may be a therapeutic inter-
vention against aging-induced muscle atrophy and dysfunction, 
and demonstrated that UA significantly improves skeletal muscle 
mass and grip strength in a rodents. A similar study conducted 
by Bakhtiari et al. [82] revealed that UA increases the number of 
satellite cells and activates myoglobin expression in aged mice, 
suggesting that it positively modulates skeletal muscle turnover 
by stimulating protein synthesis and suppressing atrophy fac-
tors. Kunkel et al. [9] have reported that UA ameliorates skeletal 
muscle atrophy by inhibiting of muscle-atrophy-related pathways. 
These include the muscle ring-finger protein-1 (MuRF-1) and 
atrogin-1 pathways, which are pivotal mediators of protein deg-
radation in skeletal muscles. It was also demonstrated that UA 
increases skeletal muscle hypertrophy by increasing of insulin-
like growth factor-1 (IGF-1) secretion. A similar investigations 

showed that UA increases skeletal muscle mass and strength [45]. 
Jeong et al. [84] also demonstrated that treatment with UA for 
12 weeks improves skeletal muscle strength and skeletal muscle 
mass in a dose-dependent manner through the upregulation of 
Akt/mammalian target of rapamycin (mTOR) signaling and the 
downregulation of skeletal muscle atrophy parameters such as 
atrogin-1 and MuRF-1.

EFFECTS OF UA ON EXERCISE CAPACITY
Recently, it has been reported that UA improves exercise capac-

ity via various molecular pathways in vitro and in vivo (Table 6). 
UA supplementation improves exercise capacity and decreases 
resting heart rate [2]. It has been found that intraperitoneal treat-
ment with UA for seven days increases expression of sirtuin-1 
and peroxisome proliferator-activated receptor-γ coactivator-1α 
(PGC-1α) in the skeletal muscles of aged rodents [82], revealing 
that UA may enhance physical performance.

In the above mentioned reports, UA treatment improves exer-
cise capacity under various disease and non-disease conditions in 
rodents and humans [84-90]. Ogasawara et al. [85] found that UA 
supplementation stimulates the expression of ribosomal protein 
S6 kinase beta-1, and mammalian target of rapamycin complex 1 
in rats after treatment with UA, which led to skeletal muscle syn-
thesis and hypertrophy. Moreover, Jeong et al. [84] showed that 
UA treatment for 12 weeks improves physical performance in a 
dose-dependent manner (75, 150, and 300 mg/kg), as indicated 
by an enhancement in exercise time and distance in mice. In this 
study, increased skeletal muscle strength and decreased fatigue-
related parameters, such as lactate, lactate dehydrogenase (LDH), 
aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), and creatinine. Recently, 
Chen et al. [86] also revealed that UA stimulates mitochon-
drial biogenesis by activating of AMPK and PGC-1α signaling 
in C2C12 myotubes, leading to improved exercise endurance. 
Bang et al. [87,88] reported that UA supplementation increases 
resistance exercise capacity in men by significantly increasing 
the levels of IGF-1, irisin, and maximal muscle strength (peak 
torque) measured by a dynamometer, suggesting that UA medi-
ated increase in irisin level may be useful to enhance the maximal 
skeletal muscle strength during resistance exercise [87]. They also 
reported that UA inhibits skeletal muscle damage markers, such 
as B-type natriuretic peptide (BNP), creatine kinase (CK), CK–
myocardial band (CK-MB), LDH, cortisol, and myoglobin levels 
[88]. 

However, two recent studies [89,90] have been argued indicated 
that UA has no effect on exercise capacity. Cho et al. [89] showed 
that the supplementation with loquat leaf extract containing UA 
for 12 weeks does not enhance skeletal muscle strength, mass, 
and function in healthy subjects; only right-handgrip strength in 
female subjects treated with loquat leaf extract was significantly 
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Table. 6. Effects of UA on sarcopenia and exercise capacity

Disease type Subject Dose/Duration of UA Results Reference

Aging Male C57BL/6 
   mice 

200 mg/kg 
   (twice a day 
   for 7 days)

↑ SIRT1 and PGC-1α mRNA expression 
↑ Pax7 gene/fiber
↑ Myoglobin & type IIa fiber

Bakhtiari 
   et al. 
   [82] 2015

Aging Male C57BL/6 
   mice

0.27% of 
   standard chow 
   for 8 weeks

↑ Skeletal muscle mass (~9%) 
↑ Type IIb muscle fiber diameter
↑ Grip strength (~12%)
↑ Specific force (~30%)
↓ 4E-BP1 protein level

Ebert et al. 
   [83] 2015

HFD-induced 
   obesity and 
   insulin 
   resistance

Male C57BL/6 
   mice

0.14% of HFD
   for 6 weeks
   and 0.27% 
   of HFD 
   for 17 weeks

↑ Skeletal muscle p-Akt/Akt protein level
↑ Hk2 and Vegfa mRNA level
↑ Grip strength
↑ Quadriceps and triceps mass
↑ Muscle fiber diameter 
↑ Running distance 
↓ Resting heart rate

Kunkel et al. 
   [45] 2012 

None Male Sprague-
   Dawley rats 

250 mg/kg 
   for 11 weeks 
   (after resistance 
   exercise)

↑ Akt (Thr308) protein level
↑ PRAS40 (Thr246) protein level
↑ �p70S6K (Thr389) and rpS6 (Ser240/244)  

protein levels

Ogasawara 
   et al. [85]
   2013 

Aging C2C12 Cell 
   and male 
   C57BL/6 mice 

10 μM (7 consecutive 
   days) and 200 mg/kg 
   (twice a day for 7 days)

↑ SIRT1 and PGC-1α mRNA levels 
↑ Pax7 gene/Fiber
↑ Myoglobin & type IIa fiber

Bakhtiari 
   et al. [82] 
   2015

None C2C12 Cell
   and male 
   C57BL/6N 
   mice 

10 and 50 μg/ml 
   for 18 h (4-5 days) 
   and 75, 150, 
   and 300 mg/kg 
   for 12 weeks 

↑ AMPK, IGF-1, Akt mRNA expression 
↓ Atrogin-1, MuRF1 protein and mRNA expression 
↑ Exercise time and running distance 
= Body weight and weight gain rate
↓ �Fatigue serum levels (lactate, LDH, iPO,  

AST, ALT, ALP)
↑ Grip strength and muscle hypertrophy

Jeong et al. 
   [84] 2015 

None C2C12 myotubes
   and male 
   ICR mice

1, 2, and 5 μM 
   for 2 days
   and 80 
   and 240 mg/kg
   for 3 weeks 

↑ Mitochondrial ATP generation capacity
↑ p-AMPK/total-AMPK protein level
↑ Nuclear PGC-1 level
↑ mTFA expression
↑ Mitochondrial citrate synthase activity
↑ UCP 3 and COX mRNA expression
↑ Swimming duration in mice 

Chen et al. 
   [86] 2017

None Human
   and male 
   C57BL/6 mice 

200 mg/kg 
   (twice a day for 7 days)
   in human and 0.27% 
   of Standard chow
   for 5-7 weeks 
   in mouse

↓ Fasting blood glucose level
↓ �Atrogin-1, MuRF1, and ZFAND5  

mRNA expression
↑ Insulin/ IGF-1
↑ Muscle weight and muscle fiber size
↑ Grip strength 

Kunkel et al. 
   [9] 2011

Healthy adults Korean healthy 
   men

   450 mg/day 
   for 8 weeks

↑ IGF-1 concentration
↑ Irisin concentration
↑ Maximal muscle strength (extension, flexion)

Bang et al. 
   [87] 2014

Healthy adults Korean healthy 
   adults

Loquat leaf extract 
   102 mg/day 
   for 12 weeks

= Muscle strength 
↑ Right hand-grip strength for female
= Muscle mass
= Physical performance

Cho et al. 
   [89] 2016 

Healthy adults Resistance-trained 
   healthy men

   3 g 
   after exercise

= Akt/mTOR1 protein levels
= Insulin concentration
= IGF-1 concentration

Church et al. 
   [90]  2016 

Healthy adults Healthy males 450 mg/day 
   for 8 weeks

↓ �Muscle damage markers  
(BNP, cortisol, CK-MB, CK, myoglobin, and LDH) 

Bang et al. 
   [88] 2017 

↓, Decrease; ↑, Increase; =, No change; 4E-BP1, eukaryotic initiation factor 4-binding protein 1; ADP, Adenosine diphosphate; ATP, 
Adenosine triphosphate; PAX7, paired box protein 7; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; SIRT-1, 
sirtuin-1; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMPK, AMP-activated protein kinase; AST, aspartate 
aminotransferase; BNP, B-type natriuretic peptide; CK, creatin kinase; CK-MB, creatin kinase-myocardial band; COX, cytochrome c 
oxidase; HFD, high fat diet; Hk2, hexokinase-2; IGF-1, insulin growth factor-1; iPO, inorganic phosphate; LDH, lactate dehydrogenase; 
MuRF1, muscle ring finger 1; mTFA, mitochondrial transcription factor A; PGC-1, peroxisome proliferator-activated receptor-γ coactivator 
1; PRAS40, proline-rich Akt substrate of 40 kDa; SIRT1, sirtuin1; UCP 3, uncoupling protein 3; Vegfa, vascular endothelial growth 
factor-A; ZFAND5, zine finger AN1-type domain 5; p-Akt, phosphorylated protein kinase B; p70S6K, p70-s6 kinase 1; rpS6, ribosomal 
protein S6.
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increased compared with that in placebo-treated female subjects. 
In addition, Church et al. [90] demonstrated that UA supplemen-
tation does not affect Akt/mTOR1 signaling and IGF-1 level fol-
lowing resistance exercise in resistance-trained men. 

Taken together, there are several reports on dealing with the 

positive effects of UA in rodents and humans, which suggest that 
UA may be an important therapeutic agent for improving exercise 
capacity. However, more studies should be conducted to verify the 
effects of UA on exercise capacity.

Fig. 2. Role of UA in various organs. UA supplementation or treatment can provide positive health outcomes via diverse molecular signaling and 
mechanisms under various diseases in multiple organs such as cancer cells, adipose tissue, heart, blood vessel, brain, liver, and skeletal muscle. NF-
kB, nuclear factor-kappa B; cyclin D1; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor; ICAM-1, intercellular adhesion mol-
ecule-1; CD31, cluster of differentiation 31; STAT3, signal transducer and activator of transcription 3; EGFR, epidermal growth factor receptor; AMPK, 
AMP-activated protein kinase; JNK, c-Jun N-terminal kinase; GLUT 4, glucose transporter 4; GSK-3β, glycogen synthase kinase 3 beta; HR, heart rate; 
MAP, mean arterial pressure; TBARS, thiobarbituric reactive substances; CK, creatine kinase; CK-MB, creatine kinase-myocardial band; LDH, lactate de-
hydrogenease; cTnT, cardiac troponins T; cTnI, cardiac troponin I; HP, lipid hydroperoxides; CD, conjugated dienes; TNF-α, tumor necrosis factor-α; Fas, 
fatty acid synthase; COX-2, cyclooxygenase; iNOS, inducible nitric oxide synthase; IL-1β, interleukin-1 beta; IL-6, interleukin-6; GSH, glutathione; GSSH, 
oxidized glutathione; SOD, superoxide dismutase; PPAR, peroxisome proliferator-activated receptors; AST, aspartate aminotransferase; ALT, alanine 
transaminase; SREBP, sterol regulatory element-binding protein; ACC, acetyl-coA carboxylase; FAS, fatty acid synthase; ROS, reactive oxygen species; 
PPAR-α, peroxisome proliferator-activated receptor alpha; CPT-1, carnitine palmitoyltransferase 1; MuRF1, muscle ring-finger protein-1; SIRT-1, sir-
tuin-1 and PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; IGF-1, insulin-like growth factor-1.
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CONCLUSION
UA is a preventive and therapeutic intervention against various 

chronic diseases including cancer, metabolic syndrome, CVDs, 
brain disease, liver disease, and sarcopenia (Fig. 2). Although nu-
merous findings suggest that UA improves exercise capacity and 
has beneficial effects on cardiopulmonary endurance and muscle 
strength, which indicates that it might be useful as an exercise 
mimetic, more investigations are needed to further elucidate how 
UA improves exercise capacity. Additionally, the cellular and 
molecular mechanisms underlying the effects of UA in various 
diseases must be further studied to implement UA as an exercise 
mimetics. 
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