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ABSTRACT: An insidious increase in the incidence of obesity, insulin resistance, and hyperlipidemia has led to an epidemic of
type 2 diabetes worldwide. Tinospora crispa (T. crispa) is a familiar plant traditionally used in herbal medicine for diabetes;
however, the major active ingredients of this plant are still unclear. In this study, we identified the therapeutic effects of
borapetoside E, a small molecule extracted from T. crispa, in high-fat-diet (HFD)-induced obesity in mice. The therapeutic effects
of borapetoside E in HFD-induced obese mice were assessed physiologically, histologically, and biochemically following
intraperitoneal injection. Furthermore, we analyzed the expression of glucose and lipid metabolism-related genes and proteins in
borapetoside E-treated obese mice. Compared with vehicle-treated mice, borapetoside E markedly improved hyperglycemia,
insulin resistance, hepatic steatosis, hyperlipidemia, and oxygen consumption in obese mice, and the effects were comparable to
or better than the drug metformin. In addition, borapetoside E suppressed the expression of sterol regulatory element binding
proteins (SREBPs) and their downstream target genes related to lipid synthesis in the liver and adipose tissue. Borapetoside E
showed beneficial effects in vivo, demonstrating that borapetoside E may be a potential therapy for the treatment of diet-induced
type 2 diabetes and related metabolic syndromes.

In 2013, the International Diabetes Federation estimated that
381.8 million adults have diabetes worldwide.1,2 This

number is projected to increase to about 592 million by
2035.3 Obesity is the most common cause for this increase in
the number of type 2 diabetes patients4 and is characterized by
hyperglycemia, hyperlipidemia, insulin resistance, and hepatic
steatosis.5 These metabolic diseases are important causes of
morbidity, mortality, and healthcare expenditures worldwide.6,7

Therefore, in addition to exercise and dietary interventions,
antidiabetes agents for the treatment of hyperglycemia, lipid

metabolism, and insulin resistance are needed for preventing
and treating type 2 diabetes.8

The transcription factor sterol regulatory element binding
protein (SREBP) plays a central role in the regulation of
triglyceride, cholesterol, and fatty acid homeostasis.9 The three
SREBP isoforms, SREBP-1c, SREBP-1a, and SREBP-2, have
different roles in lipid synthesis.10 SREBP-1c primarily
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stimulates fatty acid synthesis and SREBP-2 regulates
cholesterol synthesis, whereas SREBP-1a activity has been
found to be involved in both.9,11 SREBP activation is essential
for the development of diet-induced fatty liver and hyper-
triglyceridemia; conversely, SREBP inhibition has therapeutic
potential for the treatment of these disorders.12 Multiple
strategies have been used to inhibit SREBP activation, including
gp79 and SCAP deletion and using small-molecule inhibitors.
Liver-specific gp79 (L-gp70−/−) knockout can inhibit SREBP
activation in the liver, and L-gp70−/− mice are protected from
diet-induced obesity, hyperlipidemia, and insulin resistance.13

Betulin, a small molecule that blocks the activation of SREBP,
had been found to improve type 2 diabetes, atherosclerosis, and
hyperlipidemia.14 In recent years, several studies have reported
that SREBP inhibitors represent a potential therapeutic
approach for treating metabolic diseases, such as type 2
diabetes, hepatic steatosis, and atherosclerosis.5,15

Natural products are rich sources for drug discovery. T.
crispa, a member of the Menispermaceae family abundant in
Cambodia, India, Indonesia, Laos, Malaysia, Myanmar,
Philippines, Thailand, and south China,16 is a traditional herbal
medicine for the treatment of diabetes and other diseases.17

This plant is a rich source of clerodane diterpenoids,18−20

including borapetoside E, whose analogues such as borapeto-
sides A and C have been identified to possess antihyperglyce-
mic properties. We were the first to publish the structure of
borapetoside E at C-12.21 However, the therapeutic effects of
these analogues including borapetosides A/C/E on hyper-
lipidemia are still unclear.
In this study, we tested the therapeutic effects and potential

mechanisms of borapetoside E on high-fat-diet (HFD)-induced
type 2 diabetic mice. We found that borapetoside E significantly
improved insulin resistance, hyperglycemia, hepatic steatosis,
hyperlipidemia, and oxygen consumption in type 2 diabetic
mice. The potential mechanism of these therapeutic effects may
be related to the inhibition of lipid biosynthesis by SREBP

down-regulation. Borapetoside E may be a potential treatment
for diet-induced type 2 diabetes and related metabolic
syndromes.

■ RESULTS AND DISCUSSION
Borapetoside E Improves Hyperglycemia and Oral

Glucose Tolerance in HFD-Induced Obese Mice.
Borapetoside E (Figure 1A) treatment effectively decreased
glucose levels in HFD-induced hyperglycemic mice (Figure
1B). To estimate lasting effects of borapetoside E or metformin
on hyperglycemic mice, we administered the two drugs to mice
in a single (Figure 1C) or five twice-daily doses (Figure 1D)
and then measured blood glucose levels without more
administrations. Interestingly, the effect of borapetoside E
persisted longer than that of metformin in vivo, lasting for 36 h
after a single administration (Figure 1C) and for 3 days after
five administrations (Figure 1D). To assess glucose homeo-
stasis in borapetoside E-treated mice, oral glucose tolerance
tests (OGTT) were performed. As metformin and borapetoside
E started to work at different times (Figure 1C), the glucose
was administered at different times after the last metformin (1
h) and borapetoside E (2 h) administration in the experiments.
The results showed that borapetoside E significantly improved
glucose tolerance in mice (Figure 1E and F).

Borapetoside E Promotes Insulin Signaling and
Improves Insulin Resistance in HFD-Induced Obese
Mice. Next we investigated the key proteins related to insulin
signaling in the liver and skeleton muscles. After five twice-daily
administrations of the drug, liver AKTSer473 phosphorylation (p-
AKTSer473) and GSK3β phosphorylation (p-GSK3β) levels were
significantly enhanced by borapetoside E (Figure 2A). More-
over, the treatment with borapetoside E induced an increased
expression of GLUT2 and p-GSK-3β in skeletal muscles
(Figure 2B).
To further examine the therapeutic effects of borapetoside E

on insulin resistance, we evaluated fasting serum insulin and

Figure 1. Effects of borapetoside E on hyperglycemia and glucose tolerance in mice. HFD-induced obese mice were uniformly grouped by blood
glucose levels and treated with vehicle (1.5% DMSO), borapetoside E (20 or 40 mg/kg/0.5 day in B; 40 mg/kg/0.5 day in C, D, E, and F), or
metformin (200 mg/kg/0.5 day) twice a day. (A) Structure of borapetoside E. (B) Blood glucose levels after five twice-daily administrations (n = 8−
10). Experiments were repeated in two independent cohorts. (C, D) Mice blood glucose levels at different times after one (C) or five (D)
administrations (n = 7). (E) Oral glucose tolerance test after five twice-daily administrations (n = 10, 11). (F) AUC of (E). Error bars represent the
SEM; *P < 0.05, **P < 0.01 versus HFD; #P < 0.05, ##P < 0.01 versus Normal. Normal: normal diet; HFD: high fat diet; B: borapetoside E with 40
mg/kg; M: metformin; OGTT, oral glucose tolerance test.
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glucose levels and evaluated the insulin tolerance in the mice.
As shown in Figure 2C, fasting serum insulin and glucose levels
were decreased by borapetoside E, and the insulin sensitivity,
calculated as 1/(fasting glucose × fasting insulin), was strikingly
improved in borapetoside E-treated mice (Figure 2C, right).
Moreover, insulin tolerance was significantly improved by one
borapetoside E treatment (Figure 2D).

Borapetoside E Improves Lipid Levels of HFD-
Induced Obese Mice. Lipotoxicity and obesity play pivotal
roles in the development of diet-induced type 2 diabetes. The
accumulation of lipids, such as free fatty acids (FFA) and
triglycerides (TG), has been implicated in insulin resistance and
impairing insulin secretion in high-fat-induced type 2
diabetes.4,22 Therefore, we analyzed the effects of borapetoside

Figure 2. Borapetoside E ameliorates insulin resistance in mice. The mice used here were treated as described in Figure 1 five times. (A)
Phosphorylated AktSer473 (p-Akt) and phosphorylated GSK3β (p-GSK3β) protein levels in the liver. Right: Quantified signal intensity of p-Akt and p-
GSK3β relative to total Akt and GSK3β (n = 6, 7). (B) p-GSK3β and GLUT2 levels in skeletal muscles. Right: Quantified signal intensities of p-
GSK3β and GLUT2 (n = 6−8). (C) Left: Fasting glucose levels; middle: fasting insulin levels; right: insulin sensitivity index calculated as 1/(fasting
glucose × fasting insulin). Mice were treated as described in the Experimental Section (n = 6). (D) Insulin tolerance test (ITT) after one time
administration as described in Figure 1 (n = 7, 8). Right: AUC of ITT. Error bars represent SEM; *P < 0.05, **P < 0.01.

Table 1. Effect of Borapetoside E on Lipid Metabolic Variables in the Serum of Micea

serum values (mmol/L) Normal 1.5% DMSO HFD 1.5% DMSO HFD+B 20 mg/kg HFD+B 40 mg/kg HFD+M 200 mg/kg

triglycerides 0.94 ± 0.17 1.31 ± 0.48# 1.09 ± 0.27 0.50 ± 0.12** 0.97 ± 0.19*
LDL-c 0.93 ± 0.31 2.54 ± 0.87## 2.21 ± 0.63 1.65 ± 0.50* 2.93 ± 0.58
HDL-c 0.78 ± 0.29 1.82 ± 0.58## 1.20 ± 0.33* 1.31 ± 0.43* 2.14 ± 0.37
total cholesterol 1.19 ± 0.54 4.56 ± 1.01## 3.80 ± 0.98 2.24 ± 0.75** 4.47 ± 0.80
FFA 1.01 ± 0.23 1.41 ± 0.30## 1.39 ± 0.17 0.82 ± 0.12** 1.18 ± 0.20*

aMice (25−26 weeks) were treated with vehicle (1.5% DMSO), borapetoside E (20 or 40 mg/kg/0.5 day), or metformin (200 mg/kg/0.5 day) twice
a day for 2.5 days. Serum was collected 2 h after the fifth administration. Error bars represent the SD, n = 9, 10. *P < 0.05 and **P < 0.01 versus
HFD. #P < 0.05 and ##P < 0.01 versus Normal. Normal: normal diet; HFD: high fat diet; B: borapetoside E; M: metformin.
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E on hyperlipidemia in HFD-induced obese mice after five

twice-daily treatments of the drugs.
As shown in Table 1, serum TG, low-density lipoprotein

cholesterol (LDL-c), high-density lipoprotein cholesterol

(HDL-c), cholesterol (CHO), and FFA levels in borapetoside
E-treated obese mice were significantly lower than those of
HFD control mice, and the 40 mg/kg dose had a greater effect
in these lipid metabolic variables than the 20 mg/kg dose,

Figure 3. Effect of borapetoside E on tissue lipid levels. The mice used here were treated as described in Figure 1. (A−C) Liver TG, CHO, and FFA
levels in HFD-induced obese mice (n = 8−10). (D−F) Epididymis adipose TG, CHO, and FFA levels in HFD-induced obese mice (n = 7−10).
Lipids in liver and epididymis adipose were extracted using 10-fold diluted ethanol (100 mg of tissue with 900 μL of ethanol). Error bars represent
the SEM; *P < 0.05, **P < 0.01.

Figure 4. Borapetoside E improves body weight and lipid accumulation in tissues. HFFD-induced obese mice were treated with vehicle or
borapetoside E (40 mg/kg) twice a day for 2.5 days and then once a day until the 16th day. Body weight and food intake were tested in the process,
and the tissues were collected 2 h after the last administration. (A, B) Food intake (A) and body weight (B). (C) Oil Red O staining analysis of the
liver in HFFD-induced mice. Scale bars represent 0.5 cm (left) and 100 μm (right). (D) Hematoxylin-eosin staining analysis of epididymis adipose in
HFFD-induced mice. Scale bars represent 100 μm. Error bars represent the SEM; *P < 0.05, n = 6. HFFD: high-fat and fructose diet.
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whereas metformin did not induce striking differences in these
lipid metabolic variables compared to the HFD control.
To assess whether borapetoside E improved lipid metabolism

in specific tissues, TG, CHO, and FFA in the liver and white
adipose tissue were measured. As predicted, TG, CHO, and
FFA levels decreased in borapetoside E-treated HFD-induced
obese mice (Figure 3A−F).
High-density lipoprotein cholesterol is a negative factor for

the development of hypertriglyceridemia, obesity, insulin
resistance, and diabetes.23 In the present study, metformin
moderately increased serum levels of HDL-c compared to that
in vehicle-treated HFD mice, whereas borapetoside E (at both
20 and 40 mg/kg doses) decreased HDL-c levels (Table 1).
However, similar to borapetoside E-treated animals, mice fed a
normal diet present lower HDL-c levels compared to that
reported for HFD-induced obese mice, which was also
consistent with the results of previous reports.14,24 In addition,
we observed that borapetoside E significantly reduced CHO,
TG, and LDL-c levels (Table 1) and inhibited genes related to
lipid biosynthesis (Figure 6). These results imply that
borapetoside E may decrease HDL-c levels through a general
inhibition of lipid synthesis (Figure 6). Alternatively, it is
possible that HDL production was no longer required following
borapetoside E-induced improvements in hyperlipidemia
(Figure 3 and Table 1).
Borapetoside E Ameliorates Body Weight, Hepatic

Steatosis, and Adipocyte Size with Long-Term Admin-
istration in High-Fat and Fructose Diet (HFFD)-Induced
Mice. Lipid accumulation in the tissues has a pivotal effect on
body weight. Next we performed body weight and histological
analysis with a long-term administration of borapetoside E. In
order to increase the lipid accumulation in the model mice
faster and more severely, HFD-induced obese mice were fed
with an additional supplementation of 10% fructose via water
from the 13th week (i.e., HFFD-induced mice). HFFD-induced

mice were treated with vehicle or borapetoside E twice a day for
2.5 days and then once a day until the 16th day. During the
treatments, no obvious changes were observed in average food
intake (Figure 4A). Interestingly, borapetoside E-treated mice
presented a 8.7% body weight decrease by the end of the study
(Figure 4B). Moreover, histological data showed that the
hepatic steatosis (Figure 4C) and the size of adipocytes (Figure
4D) in the mice were significantly ameliorated after a long-term
administration and even similar to the normal-diet-induced
mice. This was consistent with data showing in HFD-induced
obese mice that borapetoside E treatment reduced liver and
adipocyte lipid accumulation (Figure 3).

Borapetoside E Increases Oxygen Consumption and
Carbon Dioxide Output in HFD-Induced Obese Mice. To
investigate the systematic effects of borapetoside on fat and
glucose metabolism in HFD-induced obese mice, we measured
the levels of oxygen consumption (VO2) and carbon dioxide
output (VCO2) using the PhenoMaster/LabMaster cage system.
Although the respiratory exchange ratios (RERs), calculated as
VCO2/VO2, were not affected (Figure 5G−I), oxygen con-
sumption (Figure 5A−C) and carbon dioxide production
(Figure 5D−F) were increased in the borapetoside E-treated
group.
The RER can be used to estimate the consumption of three

major nutrients.25 The value of RER usually ranges from 1.0
(representing the value expected for pure carbohydrate
oxidation) to ∼0.7 (the value expected for pure fat oxidation).
Here, borapetoside E increased the consumption of oxygen and
carbon dioxide output, but did not change the RER value
(Figure 5G−I). This phenomenon may suggest that (1)
borapetoside E increases the total energy metabolism, which
requires more oxygen consumption; (2) borapetoside E
inhibited lipid biosynthesis, which decreased fat oxidation;
and the body increased carbohydrate oxidation to provide
energy, which leads to increased carbon dioxide output.

Figure 5. Borapetoside E increases oxygen consumption and carbon dioxide output in HFD-induced obese mice. The mice used here were
administrated as described in Figure 1 for five (dark) or seven (light) times and treated as described in the Experimental Section. (A−C) Oxygen
consumption values in the dark (A) and light (B). (C) Average oxygen consumption values. (D−F) Carbon dioxide production values in the dark
(D) and light (E). (F) Average carbon dioxide production values. (G−I) Respiratory exchange ratio (RER) values in the dark (G) and light (H). (I)
Average RER values. RER was calculated as VCO2

/VO2. Error bars represent the SEM; **P < 0.01, n = 6. Experiments were repeated in two different
cohorts.
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Borapetoside E Inhibits the SREBP Pathway in Mice.
Obesity and lipotoxicity play pivotal roles in the development
of diet-induced type 2 diabetes. The accumulation of lipids has
been implicated in causing insulin resistance and impairing
insulin secretion.4,22 Accordingly, weight loss can improve
insulin action, reducing the need for antidiabetes drugs and
decreasing the risk of cardiovascular disease.26,27 Several
therapeutic targets capable of improving obesity-related lip-
otoxicity and energy metabolism, including the AMP-activated
protein kinase (AMPK) and PPARα/γ agonists, showed
beneficial effects in the treatment of type 2 diabetes.4,8,28 In
this study, we found that borapetoside E ameliorated insulin
resistance, lipid disorders, and oxygen consumption in HFD
mice (Figures 1−5). These results indicated that borapetoside

E may exert parallel effects on these targets in the regulation of
lipotoxicity and oxygen consumption for the treatment of type
2 diabetes.
To investigate the potential molecular mechanism of the

effects of borapetoside E on hyperglycemia, hyperlipidemia,
fatty liver, and overaccumulation of lipids in adipocytes, here we
screened glucose and lipid metabolism-related proteins and
genes by real-time PCR. Surprisingly, the expressions of
transcriptional factors for lipid metabolism, SREBP-1 and
SREBP-2, in the liver (Figure 6A and B) and adipose tissue
(Figure 6C and D) were significantly down-regulated in
borapetoside E-treated mice. Furthermore, downstream signal-
ing genes of SREBP1 and SREBP2 involved in TG, CHO, and
FFA synthesis, such as fatty acid synthase (FAS), ATP citrate

Figure 6. Borapetoside E down-regulates SREBP and downstream targets in HFD-induced obese mice. The mice used here were treated as
described in Figure 1. Values represent the amount of mRNA relative to vehicle-treated HFD-induced obese mice, which was defined as 1. β-Actin
was used as the control. (A−D) qPCR analysis of the liver (n = 7, 8) and adipose tissue (n = 6−8) gene expression. (E) qPCR analysis of the
expression of LXRα and its target genes in the liver (n = 7, 8). (F) Phosphorylated AMPKα (p-AMPKα) protein levels in the liver (n = 6−8). Below:
Quantified signal intensity of p-AMPKα relative to total AMPKα. (G) SREBP-1 protein levels in the liver (n = 6−8). Middle and right: Quantified
signal intensity of SREBP-1 relative to tubulin. Experiments were repeated in two different cohorts. Error bars represent the SEM; *P < 0.05, **P <
0.01.
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lyase 1 (ACL1), 3-hydroxy-3-methylglutaryl-coenzyme A
synthase (HMGCS), and 3-hydroxy-3-methylglutaryl-coen-
zyme A reductase (HMGCR) were also significantly down-
regulated in the liver and adipose of borapetoside E-treated
mice (Figure 6A−D).
As liver X receptor (LXR) is a pivotal factor for SREBP

regulation, we examined LXRα and the target genes, including
ATP-binding cassette subfamily G member 5 and 8 (ABCG 5/
8) and found these gene were also down-regulated by
borapetoside E treatment (Figure 6E).
In addition, AMPK is another pivotal factor for SREBP

regulating and can be activated by metformin. Therefore, we
examined liver AMPKα phosphorylation (p-AMPKα) and
showed that p-AMPKα levels were increased by metformin
but not borapetoside E (Figure 6F). Furthermore, to further
verify tissue SREBP expression changes, we evaluated SREBP-1
protein levels (including inactive pre-SREBP-1 and the
activated form n-SREBP-1) and demonstrated that both were
down-regulated in the livers of borapetoside E-treated mice
(Figure 6G), whereas metformin decreased the level of n-
SREBP-1, but did not affect pre-SREBP-1, supporting that
borapetoside E presented a different mechanism from
metformin in regulating glucose and lipids, as metformin
inhibited the activation of SREBP by AMPK signaling, which
was consistent with previous reports.29

SREBP is a major transcription factor regulating the
biosynthesis of CHO, TG, and FFA. In recent years, SREBP
has been identified as a potential therapeutic target for the
treatment of metabolic diseases, especially type 2 diabetes.
Changes in SREBP expression and related lipid metabolism
pathways play important roles in the development of insulin
resistance.14,15 Our results are consistent with previous studies
using SREBP inhibitors,14,30 thus indicating that borapetoside E
may improve type 2 diabetes by down-regulating SREBP and
also further demonstrating that the SREBP pathway is an
important target for the treatment of type 2 diabetes and
related metabolic diseases.
The oxysterols, including 24,25-expoxycholesterol and 25-

hydroxylcholesterol, are well-known inhibitors of SREBP, but
they may not be clinically used to treat hyperlipidemia, as they
are also native agonists of LXR.31 LXR agonists can decrease
serum cholesterol level and protect against atherosclerosis,32

but they also lead to hepatic steatosis and hypertriglyceridemia
by promoting fatty acid synthesis by up-regulating liver SREBP-
1.33,34 In this study, borapetoside E inhibited SREBP and LXR
mRNA expressions in the liver (Figure 6 E), which indicates
that borapetoside E maybe a clinically useful inhibitor of
SREBP.
Safety of Borapetoside E after Long-Term Admin-

istration. Finally, to evaluate the safety of borapetoside E, the
serum of HFFD-induced mice after a 16-day exposure to
borapetoside E was collected. As shown in Table 2, no

significant changes were observed in serum creatinine or
creatine kinase (CK) levels between vehicle and borapetoside
E-treated mice. Interestingly, serum aspartate amino transferase
(AST) and alamine amino transferase (ALT) levels were
improved in borapetoside E-treated mice relative to controls.
Previous reports showed that the powder of T. crispa induced

elevated ALT and AST levels in humans when a 1 g dose was
administered orally three times daily for 6 months.35 Other
studies reported that T. crispa extracts induced liver toxicity by
affecting cytochrome P450 3A and increased creatinine levels in
animals when administered at high dosages.36,37 In our study,
borapetoside E did not affect creatinine and CK levels in HFFD
mice at a therapeutic dosage of 40 mg/kg (Table 2). In
addition, ALT and AST levels were improved by borapetoside
E, which may be attributed to the beneficial effects of
borapetoside E on lipid metabolism in the liver, suggesting
that borapetoside E as a pure compound extracted from
T. crispa may possess more advantages than T. crispa itself in
the treatment of type 2 diabetes.
In conclusion, borapetosides A−H were first isolated by

Fukuda et al. from the stem of T. crispa, commonly used in
herbal medicine.38−40 Over the past 20 years, borapetosides A,
B, and C have been identified as therapeutic candidates for
hyperglycemia.20,41 Here, we reported that borapetoside E
treatment systematically improved hyperglycemia, insulin
resistance, hyperlipidemia, hepatic steatosis, obesity, and
oxygen consumption in diet-induced type 2 diabetes mice.
Borapetoside E showed abundant beneficial effects in vivo,
demonstrating that it may be a potential therapeutic agent for
the treatment of metabolic diseases, especially in type 2
diabetes and hyperlipidemia.

■ EXPERIMENTAL SECTION
Borapetoside E. In this study, borapetoside E is a commercial

compound, and its structure and purity are the same as the product
from BioBioPha Co., Ltd. (Kunming, China), CAS No. 151200-49-6;
PubChem CID 10578271.

Animals. Animals were housed and treated according to the
guidelines of the Institutional Animal Care and Use Committee. All
efforts were made to minimize the use and suffering of animals. Four-
week-old male C57BL/6J mice were purchased from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China) and housed
in sterile facilities at a controlled temperature of 25 °C, with a 12 h/12
h light−dark cycle, and with free access to water and food.

HFD mice (3−4 weeks old) were freely fed a 45 kcal% HFD
(Research Diets) for 20−24 weeks. The body weights of HFD mice
are shown in Table S1. HFFD mice (3−4 weeks old) were freely fed
the same 45 kcal% HFD for 20−21 weeks, with additional
supplementation of 10% fructose via water from the 13th week.
Normal mice were fed standard chow and water for the same duration.

Borapetoside E Treatment. Mice were administered vehicle
(1.5% DMSO) and borapetoside E (20 or 40 mg/kg/0.5 day)
intraperitoneally (i.p.) or metformin (200 mg/kg/0.5 day) intragastri-
cally (i.g.) five times (2.5 days). Tissues and serum were collected after

Table 2. Borapetoside E Significantly Reduces Serum AST in HFFD Micea

serum concentration ALT IU/L AST IU/L creatinine μmol/L CK U/L

normal (1.5% DMSO) 14.57 ± 3.79 7.62 ± 2.10 103.53 ± 16.45 456.11 ± 143.20
HFFD (1.5% DMSO) 20.49 ± 4.50# 15.14 ± 3.84## 100.67 ± 17.20 551.93 ± 126.48
HFFD+B (40 mg/kg) 15.75 ± 4.97 8.61 ± 2.62** 86.37 ± 17.32 520.40 ± 182.40

aMice (23−25 weeks) were treated with vehicle or borapetoside E (40 mg/kg) twice a day for 2.5 days and then once a day until the 16th day. The
mice were fasted 4 h and serum collected 2 h after the last administration. Error bars represent SD, n = 6. *P < 0.05 and **P < 0.01, versus HFFD.
#P < 0.05 and ##P < 0.01 versus Normal. ALT: alamine amino transferase; AST: aspartate amino transferase; CK: creatine kinase; HFFD: high-fat
and fructose diet.
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4 h of fasting and 2 h after the last administration and stored at −80
°C for further analysis.
Analysis of Glucose Metabolism in Mice. Blood was collected

from the tail and diluted 10-fold in 0.1% sodium fluoride for
centrifugation (3099 rcf). Following this, supernatant serum glucose
levels were measured using a commercially available kit (Rongsheng
Biotechnology, China). In the glucose and insulin tolerance test, the
animals were treated as previously described and fasted 4 h. As
metformin and borapetoside E started to work at different time points,
mice were challenged with glucose (2 g/kg, i.g.) and insulin (1 U/kg,
i.p.) 1 h after the metformin administration or 2 h after the
borapetoside E administration. Blood samples were collected at 0, 0.5,
1, 1.5, and 2 h after external glucose and insulin load. To investigate
the duration of borapetoside E activity, glucose levels were measured
over a series of time points after administrating one or five times. For
the insulin sensitivity index (ISI) analysis, mice were treated as
previously described four times, fasted for 12 h, and treated for 2 h of
borapetoside E or for 1 h with metformin at the fifth administration.
The serum insulin concentrations were determined using an insulin
ELISA kit (ALPCO, Salem, NH, USA), and the ISI was calculated as
1/(fasting glucose × fasting insulin).
Analysis of Serum and Tissue Lipids. Mice were treated as

previously described five times and then were killed by cervical
vertebral dislocation after blood collection 2 h following the last
treatment. Blood was centrifuged (1055 rcf) for 10 min to isolate
serum. Serum triglyceride, cholesterol, free fatty acids, low-density
lipoprotein cholesterol, and high-density lipoprotein cholesterol levels
were determined using commercially available kits (Biosino Bio-
Technology and Science Incorporation, China). These parameters in
the liver and epididymis adipose tissue samples were extracted with a
10-fold dilution in ethanol (100 mg of tissue with 900 μL of ethanol)
and determined using the same kits.
Average Food Intake, Body Weight, and Histological

Analysis after Long-Term Administration. HFFD-induced obese
mice were treated with vehicle or borapetoside E (40 mg/kg) twice a
day for 2.5 days and then once a day until the 16th day. The average
food intake and body weight of the mice were measured longitudinally.
To analyze lipid accumulation in tissues, the liver and adipose of
HFFD-induced mice were collected 2 h after the last administration,
stored in 4% formalin in phosphate buffer, and dehydrated gradually
using 15% and 30% sucrose solutions. Livers were then dissected into
10 μm thick sections using a cryostat and stained with 0.3% Oil Red O
for 5 min. Adipose tissue was embedded in paraffin and sectioned at 5
μm thickness for hematoxylin-eosin staining.
Metabolic Measurements. Animals were placed in a metabolic

chamber for 24 h (12 h:12 h night:day cycle) before evaluating
metabolic rates. With a cycle measuring 27 min in the system, we
performed 29 cycles per experiment, with only the second to 29th
cycles (12.6 h) used for analysis. In order to prevent diet-related bias
from disturbing the results, animals were not fed during the
experiment but were given water. Animals were administered vehicle
or borapetoside E (twice per day, five times total), and the metabolic
parameters of the mice in the dark (12.6 h) were determined using a
TSE PhenoMaster/LabMaster system (TSE Systems Company,
Thuringia, Germany). After the experiments in the dark, animals
were housed with free access to water and food for 1 day and then
treated with borapetoside E an additional two times that same day.
Metabolic parameters in the light were determined after the seventh
administration. Oxygen consumption (VO2) and carbon dioxide
production (VCO2) for individual mice were measured. The respiratory
exchange ratio was calculated as VCO2/VO2.
Real-Time PCR. Total RNA was extracted using TRIzol (Tiangen,

China) and subjected to reverse transcription using a commercially
available kit (Thermo Fisher Scientific, MA, USA). Specific mRNA
expression was determined using a real-time PCR system (ABI, CA,
USA) and calculated by the comparative Ct method. β-Actin was used
as an endogenous control. Primer sequences are shown in Supporting
Information Table S2.
Western Blotting Analysis. The proteins in liver and skeletal

muscle were extracted using radioimmune precipitation assay (RIPA)

buffer (Beyotime, China) and centrifuged at 17949 rcf for 15 min at 4
°C. The supernatants were then collected for protein level
determination. The antibodies used in this study are shown in Table
S3.

Safety and Toxicity Analysis. The mice used for these
experiments were the same mice used in the food intake and body
weight analysis experiment (Figure 4). Serum were collected 2 h after
the last administration and stored at −80 °C for further analysis.
Creatinine, creatine kinase, aspartate amino transferase, and alamine
amino transferase levels in the serum were determined using
commercially available kits (Nanjing Jiancheng Bioengineering
Institute, China).

Statistical Analysis. The results are shown as means ± SEM.
Student’s t test and one-way analysis of variance (ANOVA) were used
to determine statistically significant differences between the two
groups and in multiple-group comparisons, respectively. Significance
was determined as P < 0.05.
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