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Ursodeoxycholic acid (UDCA), a natural, hydrophilic nontoxic 
bile acid, is clinically effective for treating cholestatic and 
chronic liver diseases. We investigated the chronic effects of 
UDCA on age-related lipid homeostasis and underlying molec-
ular mechanisms. Twenty-week-old C57BL/6 male and female 
mice were fed a diet with or without 0.3% UDCA supple-
mentation for 25 weeks. UDCA significantly reduced weight 
gain, adiposity, hepatic triglyceride, and hepatic cholesterol 
without incidental hepatic injury. UDCA-mediated hepatic tri-
glyceride reduction was associated with downregulated hep-
atic expression of peroxisome proliferator-activated receptor-, 
and of other genes involved in lipogenesis (Chrebp, Acaca, 
Fasn, Scd1, and Me1) and fatty acid uptake (Ldlr, Cd36). The 
inflammatory cytokines Tnfa, Ccl2, and Il6 were significantly 
decreased in liver and/or white adipose tissues of UDCA-fed 
mice. These data suggest that UDCA exerts beneficial effects 
on age-related metabolic disorders by lowering the hepatic lip-
id accumulation, while concurrently reducing hepatocyte and 
adipocyte susceptibility to inflammatory stimuli. [BMB Reports 
2016; 49(2): 105-110]

INTRODUCTION

Bile acids are cholesterol-derived bioactive amphipathic mole-
cules that play essential roles in many processes required for 
the maintenance of a healthy lifespan (1). In addition to their 
classical role as endogenous detergents that regulate bile flow 
and facilitate intestinal absorption of lipids, nutrients, and lip-
id-soluble vitamins (2), bile acids are also metabolically active 
signaling molecules that modulate their own levels, and also 

regulate triglyceride, cholesterol, glucose, and energy meta-
bolism. Bile acid composition changes as mice age, and several 
bile acids are increased in the serum of long-lived mouse strains 
that exhibit attenuated pro-aging pathway signaling (3, 4).

Ursodeoxycholic acid (UDCA) is a natural, hydrophilic bile 
acid that is used to treat various hepatic and digestive diseases, 
including cholestasis and primary biliary cirrhosis (5, 6). Oral 
UDCA administration increases the UDCA levels in serum and 
bile by competitively inhibiting the ileal absorption of natural, 
toxic endogenous bile salts (7, 8). The main mode of action of 
UDCA is likely via displacement of endogenous hepatotoxic 
bile salts to increase the contribution of non-toxic hydrophilic 
bile acids in the total bile acid pool. In liver disease, UDCA 
provides a clinical benefit by mediating the hepatocyte cyto-
protection, choleresis, and immunomodulatory functions. The 
cytoprotective effect of UDCA partly results from the in-
hibition of cell apoptosis (9). UDCA also reduces the mi-
tochondrial membrane permeability and the release of hydro-
lytic enzymes from damaged hepatocytes, and improves cell 
resistance to reactive oxygen species (10, 11). Recently, UDCA 
was reported to improve hepatic steatosis and insulin sensi-
tivity by inducing the excretion of hepatic lipids, inhibiting 
hepatic long-chain free fatty acid uptake, and suppressing the 
miR-34a/SIRT1/p53 pathway in obese mice (12-14). All these 
effects support the hypothesis that UDCA could be a useful 
molecule for preventing age-related obesity, steatosis, and 
inflammation.

We investigated the influence of UDCA on age-related accu-
mulation of body fat, and the molecular mechanisms involved 
in the anti-obesity effects of UDCA in the liver and white adi-
pose tissue. The results of the present study provide a basis for 
considering UDCA administration as a therapeutic strategy for 
treating age-related obesity.

RESULTS

UDCA decreases weight gain and fat accumulation
To determine whether UDCA affects age-related body fat accu-
mulation, adult male and female mice were fed a diet with or 
without 0.3% UDCA for 25 weeks, with body weight moni-
tored weekly (Fig. 1A). Body weight gain was similar in Control 
and UDCA-fed mice until 8 weeks, and thereafter tended to 
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Fig. 1. Ursodeoxycholic acid decreases age-related weight gain and 
fat accumulation. Male and female mice were fed diets with or 
without 0.3% UDCA for 25 weeks, starting at 20-week-old. (A) 
Body weight was monitored weekly. (B) At the end of the experi-
ment, lean mass and fat mass were measured. *P ＜ 0.05 vs 
Controls; **P ＜ 0.01 vs Controls. (C) After Control or UDCA 
feeding for 21 weeks, food and water intake were measured in 
metabolic cages. (D) At the end of the experiment, body, liver, 
and gonadal fat weights were measured. n = 3 mice/group for 
males, and 6 mice/group for females. Results are expressed as the 
mean ± SEM. Statistical analysis was performed by the two-way 
analysis of variance, using gender and drug as factors. A significant 
interaction was observed between gender and drug, demonstrating 
that the difference of gender results in altered response to UDCA. 
Bars with different letters are significantly different, P ＜ 0.05.

Fig. 2. Ursodeoxycholic acid changes plasma and liver parameters 
and is not hepatotoxic. (A) Plasma ALT, AST, and lipid profiles (B) 
Liver triglyceride (TG) and cholesterol. Results are expressed as 
the mean±SEM. Statistical analysis was performed by the two-way 
analysis of variance, using gender and drug as factors. No signifi-
cant differences among groups were observed for ALT and AST. 
A statistical difference due to gender (but not drug) was evident 
for total cholesterol and LDL cholesterol. For the remaining para-
meters, a significant interaction was observed between gender and 
drug, demonstrating that the difference of gender results in altered 
response to UDCA. Bars with different letters are significantly dif-
ferent, P ＜ 0.05. (C) Hematoxylin and eosin staining of liver sec-
tions show reduced hepatic adiposity after UDCA treatment in 
both male and female mice. n = 3 mice/group for males, and 6 
mice/group for females. 

decrease in the UDCA-fed mice. The difference in body 
weight between Control and UDCA-fed mice was significant 
after 15 weeks in females (P ＜ 0.05). Although UDCA also 
slowed weight gain in male mice after 13 weeks, this differ-
ence did not achieve statistical significance (p=0.06-0.07). 
The decreased body weight in female mice by UDCA was 
mainly due to decreased total body fat (↓17%) and not lean 
body mass (↑9%) (Fig. 1B). To rule out reduced food intake 
causing declining body weight gain, we monitored food and 
water intake in metabolism cages. Food intake did not de-
crease in UDCA-fed mice, but was slightly increased in male 
UDCA-fed mice (Fig. 1C). Water intake also showed a similar 
trend of increased drinking by UDCA mice vs Controls (Fig. 
1C). Next, we removed and weighed the livers and white adi-
pose tissue (gonadal fat). Liver and gonadal adipose weights 
were decreased by UDCA treatment in both genders, but to 
differing extents. Male mice showed significantly reduced liver 
mass (↓26%), whereas female mice showed significantly de-
creased white adipose tissue mass (↓20%) by UDCA feeding. 
These results indicate that UDCA ameliorates age-related body 
weight gain and adiposity. 

UDCA changes plasma or liver parameters and is not 
hepatotoxic
To characterize the impact of UDCA on metabolic parameters, 
we examined the liver and plasma TG and cholesterol levels 
(Fig. 2). Plasma TG and total cholesterol levels were both sig-
nificantly 1.9-fold higher in male vs female Control mice (Fig. 
2A). However, neither parameter was altered by UDCA treat-
ment, except for the increased plasma TG in male UDCA vs 
Control mice.

Liver TG levels were also significantly 1.9-fold higher in 
male vs female Control mice (Fig. 2B). UDCA feeding signifi-
cantly decreased the liver TG by ≈31% and ≈61% in male 
and female mice, respectively, resulting in similar final abso-
lute levels. UDCA also decreased the hepatic total cholesterol 
levels by ≈30% in female mice, although no decreased hep-
atic cholesterol levels were observed in male mice (Fig. 2B). In 
accordance with these results, H&E staining revealed de-
creased lipid droplets in liver sections from UDCA vs Control 
mice of both genders (Fig. 2C). We examined the plasma ALT 
and AST levels as indicators of liver-injury status (Fig. 2A). 
Neither ALT nor AST levels were significantly changed by 
UDCA, in either gender in mice. Taken together, these results 
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Fig. 3. Ursodeoxycholic acid modulates lipid homeostasis gene ex-
pression in the liver. (A) Hepatic mRNA levels of genes involved 
in lipogenesis and lipid uptake were measured by quantitative re-
al-time PCR. All mRNA levels were normalized to large ribosomal 
protein Rplp0 expression. n = 3 mice/group for males, and 6 
mice/group for females. Results are expressed as the mean ±
SEM. Statistical analysis was performed by the two-way analysis of 
variance, using gender and drug as factors. No significant differ-
ences among groups were observed for Srebp-1c. For the remain-
ing genes, a significant interaction was observed between gender 
and drug, demonstrating that the difference of gender results in al-
tered response to UDCA. Bars with different letters are sig-
nificantly different, P ＜ 0.05. (B) Protein levels of hepatic perox-
isome proliferator-activated receptor gamma (PPARG) were meas-
ured by western blotting.

indicate that chronic UDCA administration significantly lowers 
liver lipid accumulation and is not hepatotoxic.

UDCA affects transcription of hepatic genes associated with 
lipid homeostasis
To understand the molecular mechanisms underlying the lipid 
phenotypes observed in UDCA-fed mice, we analyzed the 
mRNA expression levels of several genes associated with lipid 
homeostasis in the liver (Fig. 3). Hepatic lipid homeostasis is 
tightly regulated by balanced lipid synthesis (lipogenesis), ca-
tabolism (fatty acid oxidation), and secretion. The transcription 
factors responsible for lipid synthesis include PPARG, sterol 
regulatory element binding protein 1c (SREBP-1c), and carbo-
hydrate response element binding protein (ChREBP). UDCA 
significantly reduced Pparg mRNA expression in both male 
and female mouse livers (Fig. 3A). This was reflected at the 
protein level, whereby UDCA significantly reduced the liver 
expression of PPARG-1, but not -2, in both male and female 
mice (Fig. 3B). UDCA showed gender-specific effects on two 
transcription factors, Srebp-1c and Chrebp, which are respon-
sible for insulin- and glucose-induced lipogenic gene ex-
pression, respectively (15). UDCA tended to repress Srebp1c 

mRNA expression in male mice, and significantly reduced ex-
pression of the ChREBP isoforms Chrebp-a and Chrebp-b in fe-
male mice (Fig. 3A). Expression of primary lipogenic enzyme 
targets of these transcription factors, including acetyl-CoA car-
boxylase alpha (Acaca), fatty acid synthase (Fasn), malic en-
zyme 1, NADP(+)-dependent, cytosolic (Me1), and stearoyl- 
Coenzye A desaturase 1 (Scd1), was significantly decreased by 
UDCA-feeding in female, but not male, mice (Fig. 3A). The 
mRNA expression of genes involved in fatty acid oxidation, in-
cluding PPAR alpha (Ppara) and PPAR beta/delta (Pparb/d), 
and their target genes such as carnitine palmitoyltransferase 1a 
(Cpt1a), Cpt1b, and Cpt2, were not significantly altered by 
UDCA in mice of either gender (not shown). Next, we de-
termined the expression of genes involved in lipid secretion 
and uptake. Gene expression of the microsomal triglyceride 
transfer protein (Mttp), a key regulator in the assembly and se-
cretion of chylomicrons and very low-density lipoprotein in 
the intestine and liver, was increased in the livers of UDCA-fed 
male mice, but not in the livers of female mice (Fig. 3A). This 
result correlated with increased plasma TG levels observed in 
UCDA-fed male, but not female mouse livers (Fig. 2A). The 
mRNA levels of the free fatty acid uptake transporter CD36 
molecule (Cd36), known to be associated with hepatic steatosis, 
and low-density lipoprotein receptor (Ldlr), were decreased in 
the livers of UDCA-fed female, but not male, mice (Fig. 3A). 

UDCA downregulates inflammatory gene expression in liver 
and adipose tissues 
We examined whether UDCA positively influences age-related 
inflammatory status, because bile acids reportedly have pro-
found anti-inflammatory properties against liver injury induced 
by a high-fat diet (16). We examined inflammatory and anti-in-
flammatory cytokine expression in liver and adipose tissues. 
Hepatic expression of the key inflammatory cytokine, tumor 
necrosis factor-alpha (Tnfa) was significantly decreased in male 
mice by UDCA (Fig. 4A). Although not statistically significant, 
UDCA decreased Tnfa mRNA levels in female mouse livers to 
≈48% of the Control values. Chemokine (C-C motif) ligand 2 
(Ccl2) was significantly decreased in both genders by UDCA. 
However, anti-inflammatory cytokine Cd163 expression was 
significantly increased by UDCA in female, but not male, 
mouse livers.

In adipose tissue, UDCA administration tended to decrease 
mRNA levels of Tnfa and Ccl2 in both genders. Cd163 ex-
pression was significantly increased by UDCA administration 
in the adipose tissues of female, but not male, mice (Fig. 4B). 
Inflammatory cytokine levels, such as interleukin-1-beta (Il1b) 
and interleukin 6 (Il6), were not changed by UDCA in female 
mouse adipose tissues. In male mouse adipose tissues, how-
ever, Il1b tended to decrease, and Il6 was significantly de-
creased by UDCA. Adiponectin is an adipokine with well-es-
tablished anti-atherogenic, anti-inflammatory, and insulin-sen-
sitizing properties (17). Adiponectin (Adipoq) gene expression 
was increased in UDCA-fed male, but not female, mouse adi-
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Fig. 4. Ursodeoxycholic acid downregulates inflammatory gene ex-
pression in liver and adipose tissues. mRNA levels of inflamma-
tory genes from (A) liver and (B) white adipose tissues were 
measured by quantitative real-time PCR. All mRNA levels were 
normalized to large ribosomal protein Rplp0 expression. n = 3 
mice/group for males, and 6 mice/group for females. Results are 
expressed as the mean ± SEM. Statistical analysis was performed 
by two-way analysis of variance using gender and drug as factors. 
A statistical difference due to drug (but not gender) was evident 
for Ccl2 in liver. For the remaining genes, a significant interaction 
was observed between gender and drug, demonstrating that the 
difference of gender results in altered response to UDCA. Bars 
with different letters are significantly different, P ＜ 0.05.

pose tissue (Fig. 4B). Leptin (Lep) mRNA tended to be de-
creased by UDCA in adipose tissue of both genders, although 
this change did not achieve statistical significance.

DISCUSSION

UDCA is effective in treating cholestasis and chronic liver 
diseases. High-dose UDCA effectively improves ALT, serum 
fibrosis markers, and other relevant metabolic parameters (18, 
19). Animal models of nonalcoholic fatty liver disease have 
shown that UDCA ameliorates insulin sensitivity, and liver 
steatosis and inflammation (16, 20). Most previous studies on 
the potential beneficial effects of UDCA on glucose and lipid 
metabolism were performed in metabolic disease models of 
obesity and fatty liver (12, 21, 22). Therefore, we undertook to 
evaluate the chronic effects of UDCA on normal physiology in 
both male and female mice.

UDCA was fed to adult (20-week-old) mice until 45 weeks 
of age (old adult), to model human adults who self-administer 
oral UDCA as a health supplement. The present study demon-
strates that chronic UDCA administration protects against age- 

related weight gain, adiposity, and inflammation. Protection 
against hepatic fat accumulation in UDCA-fed mice was asso-
ciated with significant downregulation of genes involved in 
hepatic lipid synthesis (PPARG, Chrebp-a/-b, Acaca, Fasn, 
Me1, and Scd1) and lipid uptake (Cd36 and Ldlr). Moreover 
chronic UDCA administration decreased inflammatory cyto-
kines such as Tnfa and Ccl2, while increasing anti-inflam-
matory cytokine Cd163 expression in the liver and white adi-
pose tissue. Interesting findings from the present study show 
gender-specific regulation of lipogenesis and inflammation by 
UDCA in old-adult mice.

As previously shown (23), plasma TG and cholesterol levels 
were higher in male as compared to female mice. Although a 
UDCA-phospholipid conjugate reportedly reduces elevated se-
rum TG and cholesterol in the nonalcoholic fatty liver and 
steatohepatitis disease models, unmodified UDCA had no ef-
fect on serum TG and cholesterol (16). In accordance with 
those results, we failed to detect an inhibitory effect of UDCA 
on plasma TG and cholesterol in both genders; rather, male 
mice conversely showed slightly increased plasma TG levels 
after UDCA administration. Therefore, different UDCA for-
mulations should be evaluated for better therapeutic efficacy 
in improving plasma lipid profiles. 

UDCA significantly reduced hepatic TG and cholesterol 
content in a gender-dependent manner. Hepatic TG levels 
were decreased by UDCA in both genders, but hepatic choles-
terol levels were only decreased in female mice. Of note, the 
basal hepatic TG levels were higher in male vs female mice, 
whereas basal hepatic cholesterol levels were higher in 
females. Interestingly, plasma insulin and glucose levels were 
decreased by UDCA, suggesting improved insulin sensitivity 
(data not shown). An inverse relationship between hepatic TG 
and insulin sensitivity has been reported (24); therefore, it is 
reasonable to suggest that UDCA improved hepatic insulin re-
sistance by decreasing levels of hepatic lipids. However, fur-
ther experiments to specifically define UDCA effects on age-re-
lated insulin resistance are needed.

Consistent with decreased hepatic TG and cholesterol, a ma-
jor effect of UDCA on lipid metabolism was the decreasing 
hepatic lipid synthesis and lipid uptake in a gender-specific 
manner. In female, but not male, mice, decreased hepatic TG 
was associated with reduced expression of important lipo-
genesis genes, such as Chrebp, Acaca, Fasn, and Scd1. In male 
mice, lipogenesis-related gene expression was unchanged, but 
genes involved in hepatic lipid uptake and secretion were 
changed by UDCA. Therefore, the effects of UDCA on lipid 
metabolism are gender-dependent, and associated with re-
duced hepatic TG. The effects of UDCA on fatty acid oxidation 
remain controversial; fatty acid oxidation was increased by 
UDCA in obese Zucker rats, but remained unchanged in lean 
rats and high-fat diet-fed mice (20, 25). In our study, the ex-
pression of genes involved in fatty acid oxidation remained un-
changed by UDCA (data not shown). Therefore, we speculate 
that UDCA decreases the hepatic TG by inhibiting two path-
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ways: ChREBP-medicated lipogenesis and PPARG-mediated 
lipid uptake/secretion. 

Chronic inflammation is a pathological characteristic of ag-
ing, and increased inflammatory cytokines, such as IL-6, IL-1, 
and TNF, are linked to many age-related disorders (26). 
Chronic inflammation is also associated with insulin resistance 
(27). Production of inflammatory cytokines is stimulated by ac-
tivated NFB and JNK pathways. Phosphorylated NFB and 
IB levels were not changed in livers of mice of either gender 
by UDCA, but hepatic phospho-JNK was decreased in UDCA- 
fed mice of both genders (data not shown). This observation 
suggests that chronic UDCA administration suppresses age-re-
lated inflammatory responses. 

In summary, this study provides evidence that chronic UDCA 
administration can improve age-related obesity and insulin 
resistance. The underlying molecular mechanisms for these ef-
fects may include reduced hepatic lipogenesis and decreased 
inflammatory responses. These findings support the beneficial 
effects of UDCA in preventing and treating age-related chronic 
metabolic diseases, such as insulin resistance and type-2 dia-
betes.

MATERIALS AND METHODS

Animals
Animal studies were performed in accordance with protocols 
approved by the Institutional Animal Care and Use Committee 
(IACUC) of the Lee Gil Ya Cancer and Diabetes Institute, 
Gachon University. Male and female C57BL/6 mice 
(12-weeks-old) were purchased from Orientbio (Gyeonggi 
Province, Korea). Mice were maintained on a normal diet 
(PicoLabⓇ Rodent Diet 20, Orientbio) under a 12-h light/dark 
cycle until age 20 weeks, and then were fed either a control for-
mulation (D12450B; Research Diets, Inc., New Brunswick, NJ), 
or one supplemented with 0.3% (w/w) UDCA (Sigma-Aldrich, 
St. Louis, MO) for 25 weeks, until sacrifice. Body composition 
was assessed by 1H-magnetic resonance spectroscopy (BioSpin, 
Bruker, Billerica, MA). After control or UDCA feeding for 21 
weeks, mice were housed individually in metabolic cages for a 
4-day period, and food and water intake was measured during 
the last 2-day period. At the 25-week experimental endpoint, 
mice were euthanized at the beginning of the light cycle and 
weighed. Blood samples were collected via the hepatic portal 
vein, and plasma was obtained by centrifugation at 300 × g 
for 15 min at 4oC. Livers and gonadal fats were removed, 
weighed, and either snap-frozen in liquid nitrogen, or were for-
malin-fixed. Liver and plasma samples were stored at −80oC 
until RNA isolation or biochemical analysis. 

Biochemical analysis
Plasma ALT, AST, TG, and total cholesterol levels were de-
termined by automated analysis (Model AU-480; Olympus, 
Tokyo, Japan). Liver TG and cholesterol profiles were de-
termined using a Cleantech TG-S kit (Asan Pharmacy, Inc., 

Seoul, Korea) and Cholesterol/Cholesteryl Ester Quantitation 
Kit (BioVision, Inc., Milpitas, CA), respectively. 

Histological staining
Freshly-isolated liver and gonadal fat samples were fixed in 
neutral-buffered formalin and embedded in paraffin blocks; 
sections were stained with hematoxylin and eosin (H&E).

RNA isolation and quantitative real-time polymerase chain 
reaction (qRT-PCR)
Total RNA was isolated from mouse liver and gonadal fat us-
ing RNAiso Plus (Takara, Shiga, Japan). Purified total RNA was 
treated with RNase-free DNase (Roche, Penzberg, Germany), 
and reverse-transcribed using a QuantiTectⓇ Reverse Trans-
cription Kit (Qiagen, Hilden, Germany). Gene-specific primers 
(Supplementary Table S1) were designed using Primer Express 
Software (PerkinElmer Life Sciences, Waltham, MA), and vali-
dated by analysis of template titration and dissociation curves. 
Quantitative gene expression analyses were performed on a 
7900HT Fast Real-Time PCR System (Life Technologies, 
Carlsbad, CA) using SYBRⓇ Premix Ex TaqTM II, ROX Plus 
(Takara). Expression levels were calculatd by the comparative 
C method using ribosomal protein, large, P0 (Rplp0) as the in-
variant control.

Immunoblot analysis
Total protein was isolated from mouse liver using PRO-PREP 
Protein Extraction Solution (Intron Biotechnology, Daejeon, 
Korea) supplemented with phosphatase inhibitors. Immunoblot 
analysis used the following antibodies: anti-peroxisome pro-
liferator-activated receptor gamma (PPARG) was from Santa 
Cruz Biotechnology (Santa Cruz, CA), and anti-glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) was from Millipore Inc., 
(Billerica, MA).

Statistical analysis
Data were expressed as the mean ± standard error of the 
mean (SEM). Statistical analysis was performed using SPSS 
(v.17.0; SPSS/IBM Inc., Chicago, IL). When we compared treat-
ment group to control, we used the Mann-Whitney U test. In 
that case, we used * or ** to show statistical difference (*, P 
＜ 0.05; **, P ＜ 0.01). However, when we compared two 
factors, gender and drug, we used the Kruskal-Wallis test. If a 
significant interaction was evident, group comparisons with 
the Mann-Whitney U test were performed. Different letters de-
note groups that are significantly different (P ＜ 0.05). 
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