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Ursolic acid ameliorates adipose tissue insulin resistance
in aged rats via activating the Akt-glucose transporter 4
signaling pathway and inhibiting inflammation
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Abstract. Ageing often results in insulin resistance (IR) and
chronic inflammation, and adipose is one of the tissues in
which inflammation and IR occur earliest during this process.
The present study investigated the effect and underlying mech-
anisms of ursolic acid (UA) on adipose IR and inflammation
in ageing rats. Specific pathogen-free male Sprague-Dawley
rats were randomly divided into 4 groups: i) Young normal
(young); ii) untreated ageing (aged); and groups supple-
mented with UA either iii) low-UA 10 mg/kg (UA-L) or
iv) high-50 mg/kg (UA-H). Animals in the UA-treated groups
received 10 or 50 mg/kg UA (suspended in 5% Gum Arabic
solution). The rats in the corresponding aged group and
young groups received vehicle (5% Gum Arabic) alone. All
rats were intragastrically treated once daily by oral gavage
for 7 weeks. The day before the experiment terminated, over-
night fasting blood (~700 ul) was collected and plasma was
prepared to measure biochemical indicators; western blotting
was performed to analyze the expression of insulin signaling
proteins [(insulin receptor substrate 1 (IRS-1), phosphorylated
(p)-IRS-1, PI3K, glucose transporter 4 (GLUT4), Akt and
p-Akt)] and inflammatory factors (NF-«xB, IL-6 and IL-1§)
in the epididymis white adipose tissue (eWAT). The results
revealed that treatment with UA-H decreased eWAT weight,
the ratio of eWAT weight/body weight, fasted insulin and
triglyceride levels, the homeostasis model assessment of insulin
resistance and adipose tissue insulin resistance index in ageing
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rats, indicating the amelioration of systemic and adipose tissue
IR, compared with the aged group. Mechanistically, UA-H
administration upregulated p-protein kinase B, the ratio of
p-Akt to protein kinase B and total and cellular membrane
GLUTH4 protein levels in eWAT of ageing rats. Conversely, UA
inhibited the increase in NF-kB expression and proinflamma-
tory cytokines IL-6 and IL-13. However, these alterations were
not observed in the rats of the aged group. Taken together, the
findings of the present study indicated that UA may amelio-
rate adipose IR, which is associated with activation of the
Akt-GLUTH4 signaling pathway and inhibition of inflammation
in ageing rats. These data provide a basis for the development
of effective and safe drugs or functional substances, such as
UA, for the prevention and treatment of metabolic diseases.

Introduction

The ageing of the population is a global phenomenon. The
World Health Organization (WHO) reported that the number
of people over the age of 65 will exceed the number of children
under the age of 5 by 2020 (1). Ageing is a major risk factor
for the development of metabolic disorders, such as insulin
resistance (IR) and obesity (2,3).

IR is a decrease in the ability of insulin to maintain normal
blood glucose levels, meaning that a certain concentration
of insulin will not produce the desired physiological effect,
and the response of tissues, such as liver tissue, adipose tissue
and skeletal muscle, to insulin decreases. Glucose toxicity is
a significant cause of IR (4). In the IR state, the uptake and
utilization of glucose by peripheral tissues, including liver
tissue, adipose tissue and skeletal muscle) is significantly
decreased (5,6). Adipose tissue is considered to be one of the
major peripheral tissues that develops IR (7,8). In particular,
white adipose tissue serves an active role in IR by secreting
inflammatory factors, including tumor necrosis factor-a
(TNF-a), interleukin (IL)-6 and monocyte chemotactic protein
(MCP)1 (9). Pro-inflammatory cytokines, particularly TNF-a,
could enhance the serine phosphorylation of insulin receptor
substrate-1 (IRS-1), which induced insulin resistance (10).
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The PI3K/Akt pathway serves a crucial role in insulin
signaling and insulin-mediated glucose metabolism path-
ways (11-13). In addition, the PI3K/Akt pathway is the primary
signal transduction pathway downstream of the insulin
receptor, which is closely associated with the development of
diabetes and decreased insulin sensitivity (14). In adipocytes,
activated PI3K and Akt promote translocation and fusion of
glucose transporter 4 (GLUT4)-containing vesicles to the
membrane, increasing GLUT4 transporter protein and glucose
uptake at the membrane surface (15,16). Hence, impairment of
PI3K/Akt signaling pathways may be the underlying mecha-
nism associated with IR.

Ursolic acid (UA) is a triterpenoid compound widely found
in natural plants, such as crataegus pinnatifida Bunge and
Sfructus mume. UA has gained attention due to its varied effects
including anti-inflammatory, antioxidant, anticarcinogenic,
antimicrobial, antiviral and hepatoprotective actions (17,18).
Previous studies have confirmed that UA can increase insulin
sensitivity, improve glucose and lipid metabolism disorders,
and hence alleviate the role of metabolic syndrome in high-fat
diet-induced non-alcoholic fatty liver disease rats (19,20).
Our previous study has also demonstrated that a mixture
of malus domestica and rosmarinus officinalis extract
(rich in UA) improved IR induced by high fructose in rats (21).
However, to the best of our knowledge there has been no study
yet that has investigated the effects and underlying mecha-
nisms of UA on age-associated IR.

In the present study, the effect of UA on adipose tissue
IR was investigated in ageing rats. To explore its potential
mechanism, IRS-1/PI3K/Akt signaling pathway and inflam-
matory factors (NF-xB, IL-6, IL-1f) in epididymis white
adipose tissue (eWAT) were examined. The results provided
a molecular pharmacological basis for UA to prevent and treat
metabolic diseases.

Materials and methods

Animals. Male young (3-month; body weight, 210+20 g) and
old (22-month; body weight, 550+20 g) Sprague-Dawley rats
[Laboratory animal certificate number, SCXK (Chongqing)
2018-0003] were supplied by the Laboratory Animal Centre
of Chongqing Medical University (Chongqing, China). The
rats were housed in a temperature-controlled facility at 21+1°C
under a 12/12-h light/dark cycle and a relative humidity of
55+5% in a specific pathogen-free facility with free access to
water and food. All animal experiments were performed in
accordance with the institutional and national guidelines and
regulations, and approved by the Animal Ethics Committee of
Chongging Medical University.

Reagents. The following reagents were used in the present
study. Ursolic acid (donated by Pharmafood Institute; Kyoto,
Japan), arabic gum (cat. no. MCO0124B1013J; Shanghai
Shenggong Biology Engineering Technology Service,
Ltd.), isoflurane (cat. no. 217180801; Shenzhen Rui Wode
Life Technology Co., Ltd.), Triglyceride Reagent kit (TG;
cat. no. 2017040017; Zhejiang Dongpu Diagnostic Products
Co.,Ltd.), Glucose Reagent kit (cat. no. 20171004147; Shanghai
Rongsheng Biological Pharmaceutical Co.,Ltd.),non-esterified
fatty acid (NEFA) Reagent kit (cat. no. AR083; Fujifilm

Wako Pure Chemical Corporation), Insulin Reagent kit
(cat. no. 13SERI049; Morinaga Institute of Biological Science,
Inc.) and RIPA buffer (Strong; cat. no. POO13B; Beyotime
Institute of Biotechnology).

Experimental protocol. Following 1 week of adaptable feeding,
25 ageing model rats were divided initially into 3 groups:
i) Untreated ageing group (aged; n=9); ii) group supplemented
with low UA 10 mg/kg (UA-L; n=_8); and iii) high 50 mg/kg
(UA-H; n=8) (21-23). A total of 8 young rats were randomly
selected as the young untreated group (young). Animals in
the UA-treated groups received UA suspended in 5% arabic
gum solution and administered via oral gavage once daily
for 7 weeks. The rats in the corresponding untreated aged
and young groups received vehicle (5% arabic gum) alone
for 7 weeks. All rats had free access to a standard diet. The
consumed goods and body weight of the animals was measured
every 2 days and the behavior of the rats was monitored. The
study was scheduled for 7 weeks. The day before the experi-
ment was terminated, the rats were deprived of food, but still
had free access to water overnight (14 h). Subsequently, all the
animals were weighed, anesthetized with inhaled isoflurane
at a concentration of 3-4% and sacrificed via prompt cervical
dislocation. Death was confirmed in the animals by the disap-
pearance of breathing and heartbeat. Subsequently, eWAT
were collected and weighed and immediately frozen in liquid
nitrogen and stored at -80°C until further use.

Biochemical determination. The day before the experiment
was terminated, all rats were deprived of food, but still had
free access to water for 14 h. Blood samples (~700 ul) were
collected via retro-orbital venous puncture under isoflurane
anesthesia, then plasma was extracted by centrifugation
at 1,200 x g for 15 min at 4°C for determination of concen-
trations of glucose. All the kits were used according to the
manufacturer's instructions.

Detection of homeostasis model assessment of insulin
resistance (HOMA-IR) and adipose tissue insulin resistance
(Adipo-IR) indices. The following formulae were used to
determine HOMA-IR and the Adipo-IR indices: HOMA-IR
index=[fasted insulin level (mIU/ml) x fasted glucose level
(mM)]/22.5 (24); Adipo-IR=fasted insulin (mmol/l) x fasted
NEFA (pmol/l) (25-29).

Western blotting. Total, plasma and membrane protein
was prepared from eWAT using the Minute™ Plasma
Membrane Protein Isolation kit (cat. no. SM-005 Minute™
Plasma Membrane Protein Isolation kit (cat. no. SM-005;
Invent Biotechnologies, Inc.) according to the manu-
facturer's instructions. The epididymal adipose tissue
was homogenized with RIPA buffer supplemented with
a 1:100 dilution of protease and phosphatase inhibitors
(PMSF) (cat. no. P8340 and cat. no. P5726, respectively;
Sigma-Aldrich; Merck KGaA). The protein concentration
was determined using a bicinchoninic acid (BCA) protein
concentration assay kit (Enhanced; cat. no. PO010S; Beyotime
Institute of Biotechnology). Proteins (25 ug) were separated
via 8% SDS-PAGE under reducing conditions and transferred
to PVDF membranes (GE Healthcare). Membranes were
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Figure 1. General characteristics of rats included in the present study. (A) Food (chow) intake, (B) body weight, (C) body weight gain, (D) epididymal fat weight
and (E) ratio of epididymal fat weight/body weight in rats. Treatment groups were: Young (untreated, n=8), aged (untreated, n=9), treated with 10 mg/kg UA
(UA-L, n=8) or 50 mg/kg UA (UA-H, n=9) for 7 weeks. All animals had free access to a standard diet. "P<0.05 compared with aged group. UA, ursolic acid;

UA-L, low ursolic acid; UA-H, high ursolic acid.

incubated in blocking buffer (5% skimmed milk) for 2 h at room
temperature and immunoblotted with the following primary
antibodies for 14 h at 4°C: Rabbit polyclonal anti-IRS-1 anti-
body (1:1,000; cat. no. TA312859; Origene Technologies, Inc.),
rabbit polyclonal anti-phosphorylated(p)-IRS-15%7 antibody
(1:1,000; cat. no. TA325573; Origene Technologies, Inc.), rabbit
monoclonal anti-Akt antibody (1:1,000; cat. no. ab179463;
Abcam), rabbit monoclonal anti-p-Akt>*” antibody (1:1,000;
cat.n0.4060; Cell Signaling Technology, Inc.), rabbit polyclonal
PI3K antibody (1:6,000; cat. no. 2225185; EMD Millipore), rat
monoclonal GLUT4 antibody (1:1,000; cat. no. 10613; Santa
Cruz Biotechnology, Inc.), rabbit polyclonal NF-«B antibody
(1:2,000; cat. no. abl6502; Abcam), rabbit polyclonal IL-1$
antibody (1:1,000; cat. no. ab9722; Abcam), rat monoclonal
IL-6 antibody (1:1,000; cat. no. ab9324; Abcam), and rabbit
polyclonal anti-sodium/potassium-transporting ATPase subunit
alpha-1 (ATP-1al) antibody (1:1,000; cat. no. TA326844;
Origene Technologies, Inc.). Polyclonal rabbit GAPDH anti-
body (1:25,000; cat. no. sc-AP0063; Bioworld Technology,
Inc.) was used as a loading control to normalize the signal that
was obtained. Subsequent to washing (4 times, 10 min/time)
with TBS-0.1% Tween 20 (TBST), horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG secondary antibody
(1:5,000; cat. no. BA1054; Boster Biological Technology) or goat
anti-mouse IgG secondary antibody (1:5,000; cat. no. BA1050;
Boster Biological Technology) diluted in phosphate buffered
saline were applied to the membrane, followed by incubation for
1.5 h at room temperature. After washing 4 times with TBST
solution for 10 min each time, the immunoreactive bands were
visualized via autoradiography and the density was evaluated
using ImageJ v.1.43 (National Institutes of Health). Levels in
young rats were arbitrarily assigned a value of 1.

Statistical analysis. Allresults are expressed as the mean + SEM.
At least eight biological replicates were performed. Data were
analyzed using StatView software v.5.0 (SAS Institute, Inc.).
Data were analyzed by one-way ANOVA followed by the post
hoc Student Newman-Keuls and Bonferroni tests to determine
differences between groups. P<0.05 was considered to indicate
a statistically significant difference.

Results

Characteristics of rats. The chow intake and body weight
of the rats were measured every 2 days. Body weight, food
intake, eWAT weight and the ratio of eWAT weight/body
weight significantly increased, while body weight gain
decreased in the aged group compared with the young normal
group (Fig. 1A-E). Treatment with UA-H decreased the
weight of eWAT and the ratio of eWAT weight/body weight
(Fig. 1D and E); however, UA-L did not (Fig. 1D and E). UA
administration did not significantly alter other parameters
(Fig. 1A-C). Therefore, the aged rat model has been initially
established, and UA may improve the phenomenon of fat accu-
mulation in the epididymis of the aged rats.

Effect of UA on glucose and lipid metabolism disorders in ageing
rats. At the end of the experiment, blood was collected from the
rats after overnight fasting. As indicated in Fig. 2, aged rats had
increased fasting plasma TG, glucose and insulin concentra-
tions, compared with young rats (Fig. 2A-C). Treatment with
UA-H partially reversed the increase in plasma TG and insulin
concentration (Fig. 2A and C) but had no effect on glucose
concentrations (Fig. 2B). In addition, compared with young rats,
the HOMA-IR index and Adipo-IR index increased ~2 fold in
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Figure 2. Effect of UA on glucose and lipid metabolism disorders in aged rats. (A) Plasma TG concentration, (B) fasted plasma glucose, (C) fasted plasma
insulin, (D) HOMA-IR index, (E) plasma NEFA concentration and (F) adipo-IR index in rats. Treatment groups were: Young (untreated, n=8), aged (untreated,
n=9), treated with 10 mg/kg UA (UA-L, n=8) or 50 mg/kg UA (UA-H, n=9) for 7 weeks. All animals had free access to a standard diet. ‘P<0.05 compared
with aged group. TG, triglyceride; UA-L, low ursolic acid; UA-H, high ursolic acid; HOMA-IR, the homeostasis model assessment of insulin resistance;

NEFA, non-esterified fatty acid; Adipo-IR, adipose tissue insulin resistance.

ageing rats (Fig. 2D and F), indicating increase of systemic and
adipose tissue IR with ageing. Oral administration of UA-H
reversed the increase in the HOMA-IR index and Adipo-IR
index (Fig. 2D and F), but the UA-L group demonstrated minor
changes (Fig. 2D and F). Plasma NEFA had no significant differ-
ences between all the rat groups tested (Fig. 2E). Taken together,
these results suggested that treatment with UA-H improves
metabolic effects compared with UA-L treatment.

Effect of UA on the IRS-1/PI3K/Akt signaling pathway in
eWAT of ageing rats. Subsequently, the effect of UA on insulin
signaling pathways was further investigated in the UA-H
group. Western blotting was used to investigate the adipose
tissue proteins of the epididymis of rats in each group. The
expression of IRS-1, p-IRS-1 (ser307) and p-Akt (serd73),
and the ratio of p-Akt (ser473) to Akt were all significantly
decreased in the eWAT of ageing rats, compared with young
normal rats (Fig. 3A). Treatment with UA-H significantly
reversed all these changes, except for the ratio of p-IRS-1
(ser307) to IRS-1 protein (Fig. 3A). In addition, the expres-
sion of PI3K and Akt did not differ between the young, aged
and UA-H groups (Fig. 3A and B). The aforementioned results
indicated that UA ameliorated eWAT IR in ageing rats, which
was associated with the Akt signaling pathway.

Effect of UA on GLUT4 translocation in eWAT of ageing rats.
Membrane proteins and total proteins were extracted and
detected via western blotting. GLUT4 total protein expression
was significantly decreased in eWAT of aged rats compared
with the young normal group (Fig. 4A). Treatment with UA-H
significantly upregulated GLUT4 expression in the aged rats

(Fig. 4A). Due to GLUT4 primarily exerting its effects in the
plasma membrane, the impact of UA on GLUT4 on the plasma
membrane and cytoplasmic Glut4 in eWAT of ageing rats
was evaluated. As expected, UA-H significantly inhibited the
decrease of GLUT4 on the plasma membrane and cytoplasmic
Glut4 in the adipocytes of ageing rats (Fig. 4B and C). These
results indicated that ageing may result in impaired glucose
transport and UA may regulate the translocation of GLUT4 to
facilitate glucose intake in eWAT.

Effect of UA on inflammation in eWAT of ageing rats. Western
blotting results revealed that the protein expression of NF-kB
and proinflammatory cytokines IL-6 and IL-1$ were higher
in aged rats compared with young normal rats (Fig. 5A-D).
Treatment with UA-H significantly decreased these factors
(Fig. 5A-D) indicating that UA may alleviate age-related
adipose tissue inflammatory.

Discussion

During ageing, the body's metabolic changes are closely
associated with several prevalent medical conditions, such as
obesity, IR, type 2 diabetes, cardiovascular diseases, such as
hyperlipidemia and coronary atherosclerosis, and neurodegen-
erative disorders, such as Alzheimer's disease and Parkinson's
disease (30). Of these, IR is the common pathophysiological
basis and risk factor of multiple metabolic diseases, which is
the premise of the present study (31,32). HOMA-IR is a simple
and useful indicator in the assessment of IR in epidemiological
studies (33) and is widely used for the determination of glucose
and insulin levels to reflect systemic IR (34). Adipo-IR is often
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Figure 3. Effect of UA on IRS-1/PI3K/Akt signaling pathway in eWAT of aged rats. (A) Expression of IRS-1, p-IRS-1 (Ser307), p-IRS-1 (Ser307)/IRS-1,
Akt, p-Akt (Serd73) and p-Akt (Serd73)/Akt protein levels. (B) PI3K protein levels. Treatment groups were: Young (untreated, n=8), aged (untreated, n=9),
treated with 10 mg/kg UA (UA-L, n=8) or 50 mg/kg UA (UA-H, n=9) for 7 weeks. All animals had free access to a standard diet. "'P<0.05 compared with
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Figure 4. Effect of UA on Glut4 translocation in eWAT of aged rats. Protein expression of (A) T-Glut4 protein levels, (B) C-Glut4 protein levels and (C) M-Glut4
protein levels in eWAT of rats. Treatment groups were: Young (untreated, n=8), aged (untreated, n=9), treated with 10 mg/kg UA (UA-L, n=8) or 50 mg/kg UA
(UA-H, n=9) for 7 weeks. All animals had free access to a standard diet. "P<0.05 compared with aged group. UA-H, high ursolic acid; eWAT, epididymis white
adipose tissue; T-Glut4, Glut4 total protein; C-Glut4, cytoplasmic Glut4; M-Glut4, Glut4 on the plasma membrane; GLUT4, glucose transporter 4.

used as an effective indicator to measure insulin sensitivity
in adipose tissue (35). It has been reported that adipose tissue
is a tissue type in which inflammation and IR are estab-
lished particularly early during ageing (36). Epididymal fat
is a representative visceral adipose tissue, which influences
metabolic processes due to its active secretion of cytokines

(visfatin, adiponectin) and chemokines (C-C motif chemo-
kine 2, IL-8), and is widely used in metabolic studies (37).
In the present study, compared with young rats, the aged
rats had significantly higher eWAT weight, plasma glucose,
insulin, TG concentration, HOMA-IR index and Adipo-IR,
which indicated ageing-associated adipose tissue IR. It
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Figure 5. Effect of UA on inflammatory markers in eWAT of aged rats. (A) Representative images of western blot analysis of NF-«kB, IL-6 and IL-1f in eWAT.
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with 10 mg/kg UA (UA-L, n=8) or 50 mg/kg UA (UA-H, n=9) for 7 weeks. All animals had free access to a standard diet. "P<0.05 compared with aged group.
UA-H, high ursolic acid; eWAT, epididymis white adipose tissue; NF-kB, nuclear factor kB; IL, interleukin.

has been reported that UA regulates the ageing process via
enhancement of metabolic sensor protein levels (including
sirtuin 1, sirtuin 6 and proliferator-activated receptor gamma
coactivator-1B) (38). Previous studies have demonstrated that
dietary UA improves health and life span in male Drosophila
melanogaster (39), and exerts an antiaging effect by promoting
mice skeletal muscle rejuvenation in C57BL/6 (40). Notably,
in the present study, UA treatment significantly decreased the
aforementioned parameters (eWAT weight, plasma glucose,
insulin, TG concentration, HOMA-IR index and Adipo-IR) in
aged rats. The findings of the present study suggested that UA
may improve ageing-related adipose tissue IR; however, the
possible mechanism for this needs further verification.

The key mechanism of IR is hypothesized to be the distur-
bance of the insulin signaling pathway (41). In addition, the
PI3K/Akt signaling pathway serves an important role in the
metabolic function of insulin, which regulates the absorption
and metabolism of glucose (42,43). In addition, in adipocytes,
IR has been attributed to post-insulin receptor defects, making
IRS-1 and Akt appropriate candidates to study insulin pathway
alterations (44).Ser307in IRS-1 hasbeenrevealed as amolecular
indicator of IR, when the serine residues of IRS-1 are phos-
phorylated in response to stimuli (TNF-a, insulin) (45). There
is a progressive decline of insulin-stimulated phosphorylation
associated with ageing, such as insulin-induced IR and IRS-1
phosphorylation (46). Similarly, the findings of the present study
demonstrated that the expression of IRS-1 and p-IRS-1(ser307)
was inhibited in eWAT of ageing rats compared with the young

normal group. In the present study, oral administration of UA
reversed these changes, but it did not alter the ratio of p-IRS-1
(ser307)/IRS-1. IRS-1 couples insulin receptor signaling to a
PI3K-dependent pathway and activated PI3K regulates insulin
metabolism primarily via IRS-1 (47). Other molecules down-
stream of PI3K, such as Akt/mTOR and Akt/NF-xB, are also
altered (46). Akt is a key protein located downstream of PI3K,
which stimulates the GLUT4 transmembrane receptor to trans-
port glucose, accelerating glycometabolism (48). Several studies
have suggested that ageing deteriorates both systemic insulin
sensitivity in aged ovariectomized female rats (49,50), and
GLUTH4 total expression levels in aged female rats (51,52) in the
cerebral cortex. In addition, in adipose tissue of transgenic mice,
insulin-stimulated transport of glucose was primarily medi-
ated by GLUT4 (51). Under the stimulation of insulin, GLUT4
promoted the translocation of glucose to the cell membrane,
promoting glucose uptake and metabolism in 3T3-L1 adipo-
cytes (53). Hence, the decrease in GLUT4 activity associated
with ageing may result in a barrier to glucose uptake from fat
and result in a decrease in insulin sensitivity. Similarly, the find-
ings of the present study revealed that the protein expression
of IRS-1 (ser307)/p-IRS-1, p-Akt (Ser473)/Akt, and both total
GLUT4 and cellular membrane GLUT4 were inhibited in eWAT
of aged rats compared with the young normal group, indicating
the age-related impairment of the IRS-1-PI3K-Akt/GLUT4
pathway. In the present study, although UA had no effect on
p-IRS-1 (ser307)/IRS-1, PI3K and total Akt, it significantly
reversed the decrease in the ratio of p-Akt (Ser473)/Akt and the
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level of GLUT4 on the plasma membrane of adipocytes. The
findings of the present study suggested that UA may improve
adipose tissue insulin sensitivity to facilitate glucose uptake
and metabolism, which is associated with Akt activation and
GLUT4 membrane translocation.

Although, all tissues exhibit signs of inflammation and IR
with ageing, epididymal fat is the first to develop age-associated
signs of inflammation and IR of the white fat tissues (35).
Chronic systemic inflammation without apparent infection
in elderly humans is often referred to as the ‘inflammageing’
phenotype and is primarily characterized by elevated levels
of pro-inflammatory cytokines (IL-6, TNF-a) (54-59). The
present study demonstrated that the levels of pro-inflammatory
cytokines IL-6 and IL-1f are significantly elevated in the eWAT
of ageing rats compared with the young normal group. Previous
studies have demonstrated that NF-kB serves an important role
in obesity-related inflammation, by activating the production of
pro-inflammatory factors, such as activator protein-1, TNF-a
and IL-6 (60-63). In addition, it has been reported that in mice
with diabetes-induced nephropathy, UA alleviated the levels of
pro-inflammatory factors TNF-a, IL-1p3, IL-6 and IL-8 (64).
Concordantly, the present study revealed that UA significantly
decreased expression levels of pro-inflammatory factors, such
as IL-6 and IL-1p in the eWAT of aged rats compared with aged
group, which may be associated with UA regulation of NF-xB
signaling. It has been demonstrated that the insulin receptor
signaling pathway and inflammatory cytokines (TNF-a, IL-1§,
IL-6) ross-talk with each other (65). Hence, the amelioration of
insulin sensitivity induced by UA may be associated with inhib-
iting proinflammatory factor release in adipose tissue of aged
rats. The limitation of the present study is that in vitro experi-
ments were not performed. Future work will verify the current
conclusions through in vitro cell experiments.

In conclusion, the present study demonstrated that UA had
favorable effects on hyperinsulinemia, hypertriglyceridemia and
pro-inflammatory cytokine expression in eWAT of aged rats,
indicating that UA may improve age-related IR and inflamma-
tion in adipose tissue. The findings of the present study indicated
that UA has potential as a therapeutic agent for IR and metabolic
syndromes associated with ageing, and provides a basis for the
development of effective and safe drugs or functional foods for
the prevention and treatment of metabolic diseases, including
hypertension, coronary heart disease and obesity.
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