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This study was aimed at examining the effect and underlying mechanisms of bilobalide (BB) on hepatic injury in streptozotocin-
(STZ-) induced diabetes mellitus (DM) in immature rats. Immature rats (one day old) were randomly divided into five groups:
group I, control nondiabetic rats; group II, STZ-induced, untreated diabetic rats; groups III/IV/V, STZ-induced and BB-treated
diabetic rats, which were intraperitoneally injected with BB (2.5mg/kg, 5mg/kg, or 10mg/kg) after 3 days followed by STZ
treatment. We observed that BB improved the histopathological changes and maintained normal glucose metabolism, blood
lipid, and liver function indicators, such as fasting blood glucose, obesity index, HbA1c, HOMA-IR, fast serum insulin,
adiponectin, total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), aspartate
transaminase (AST), and alanine transaminase (ALT) in STZ-induced DM in immature rats by a biochemical analyzer or
ELISA. Meanwhile, Western blot analysis showed that in STZ-induced DM immature rats, BB decreased the expression of
apoptosis-related proteins Bax, cleaved caspase-3, and cleaved caspase-9 while enhancing the Bcl-2 expression; BB
downregulated the expression of ACC related to fat anabolism, while upregulating the expression of CPT-1 related to fat
catabolism. Strikingly, treatment with BB significantly increased the expression of AMPKα1 as well as inhibited HMGB1, TLR4,
and p-P65 expression in hepatic tissues of immature DM rats. AMPK inhibitor (compound C, CC) cotreated with BB
undermined the protective effect of BB on the liver injury. The results of the present study suggested BB may have a significant
role in alleviating liver damage in the STZ-induced immature DM rats.

1. Introduction

Diabetes mellitus (DM) is a metabolic disease characterized
by hyperglycemia, which is a serious threat to human health
[1]. The incidence of diabetes has been on the rise, with the
global incidence of 6.4% in 2010 and projected to rise to
7.7% by 2030 [2]. And in China, the incidence of DM had
increased to 11.6% by 2010 [3]. DM is a metabolic disorder
of carbohydrates, proteins, and fats in the body caused by
defects in insulin action and secretion. DM is associated with
a high risk of cerebral thrombosis, cataract, cardiovascular,
and nervous system disease [4]. Lipid metabolism disorders
and increased lipid peroxidation contribute to the pathogen-
esis of the diabetic complication. Studies have confirmed that

persistent hyperglycemia leads to abnormal biochemical
indexes such as increased oxidative load in patients with
DM, which eventually evolves into liver damage [5]. Accord-
ing to Scalone et al., DM costs an average of 3,315 euros per
case per year, with 31.5% of the total drug cost [2]. Sulfonyl-
urea drugs cause hypoglycemia, and a few patients will
develop rashes and edema [6]. Biguanides cause weakness,
vomiting, diarrhea, and lactic acidosis [7]. Glitazones cause
edema, weight gain, and anemia [8]. Therefore, it is of great
significance to develop new diabetes drugs.

Streptozotocin (STZ) is a naturally occurring nitrosourea,
which has a selective destruction effect on the islet of certain
species of animals and can induce insulin-dependent diabetes
mellitus in many animals. In rat or mouse models, STZ given
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intravenously or intraperitoneally induces destruction of
insulin-secreting β cells and eventually leads to diabetes [9,
10].

It is well known that ginkgo biloba extract (EGB) is a
widely used botanical drug and it has a cytoprotective effect
on hepatocytes. The report indicated that EGB significantly
promoted antioxidant, antiproliferative, and proapoptotic
effects in hepatoma cells [11]. The composition of EGB is
complex, mainly including the active components of flavo-
noids and terpene lactones. Bilobalide (BB) is a sesquiterpene
in EGB, accounting for 2.9%-3.2% [12]. Studies have shown
that BB plays an important role in the treatment of cerebral
ischemia, oxidative stress, and neuroprotective effects
through regulating multiple signaling pathways. BB
improved cerebral ischemia and reperfusion injury inhibition
of proinflammatory mediator production and downregula-
tion of JNK1/2 and p38 MAPK activation [13]. Meanwhile,
BB protected BV2 microglia cells against OGD/reoxygena-
tion injury by inhibiting TLR2/4 signaling pathways [14].
However, the role and mechanism of BB in the regulation
of diabetes are still unclear. At present, traditional drugs for
the treatment of diabetes are mainly insulin secretion and
insulin sensitization, which will produce adverse reactions
to patients, leading to a decline in patient compliance, lead-
ing to treatment failure [15]. Therefore, the purpose of this
paper is to explore the protection of BB on diabetes in imma-
ture rats.

2. Materials and Methods

2.1. Animals and Model Construction. The immature type 1
DM rat model was constructed as per previous reports [16–
18]. 66 healthy male Wistar rats (3~4 weeks old) were pur-
chased from the Animal Experiment Center of Shandong
University. To construct the immature type 1 DM rat model,
newborn rats (one day old) were given a single intraperito-
neal injection of freshly prepared streptozotocin (STZ,
50mg/kg body weight, Sigma, St. Louis, MO, U.S.A.) in
0.1mol/L citrate buffer (pH4.5). As a comparison, adult Wis-
tar rats (8 weeks old) were given a single intraperitoneal
injection of freshly prepared streptozotocin (STZ, 50mg/kg
body weight, Sigma, St. Louis, MO, U.S.A.) in 0.1mol/L cit-
rate buffer (pH4.5), too. The rats with blood glucose ≥ 16:8
mmol/L were considered as type 1 diabetic rats only after
96 hours after injection. The immature rats were placed with
their own mothers for one month and kept in suitable tem-
perature (22°C), humidity (70%), and 12h light/dark in poly-
ethylene cages. All experiments were conducted according to
the 3R principle for animal experiments and approved by the
ethics committee of the Affiliated Hospital of Hubei Univer-
sity of Arts and Science (No. SCXK (E) 2019–0004).

2.2. Experimental Protocol. Bilobalide (molecular forma:
C15H18O8; molecular weight: 326.30; specification: ≥98%,
20mg/vial; batch no.: A0166) was purchased from Chengdu
Mansite Biotechnology Limited. 60 immature rats (one day
old) and 35 adult rats (8 weeks old) were randomly divided
into four parts. The first part (25 immature rats) was ran-
domly divided into 5 groups (n = 5): healthy control, diabetes

mellitus model (DM), and model administration groups
(2.5mg/kg, 5mg/kg, and 10mg/kg bilobalide). The control
group was injected with 1% citrate-sodium citrate buffer
and 40mg/kg as placebo. According to the above method,
the DM group rats were used to construct the model. After
that, 1mL of bilobalide was intraperitoneally injected once
a day in each model administration group according to the
dose. The rats were administered for 4 weeks. The second
part was comprised of 25 adult rats and divided into the same
groups and received the same treatments as the first group as
an adult rat control. In the third part of rats (25 immature
rats), the AMPK inhibitor test was performed. The rats were
randomly divided into 5 groups: healthy control, diabetes
mellitus model (DM), DM+bilobalide 10mg/kg, DM+CC,
and DM+bilobalide+CC. AMPK inhibitor dorsomorphin
(compound C, CC) was purchased from Selleck, Inc., USA.
1 h after injecting intraperitoneally with CC (25mg/kg)
[19], the rats in the DM+CC group were modeled. 1 h after
intraperitoneal injection of CC (25mg/kg) and bilobalide
(10mg/kg), rat modeling was performed in the DM+biloba-
lide+CC group. The fourth part of rats (10 immature and
10 adults) was randomly divided into the healthy control
group (n = 5) or the bilobalide group (10mg/kg), to evaluate
if bilobalide had influence on liver damage.

2.3. Western Blot Analysis. Hepatic tissues were lysed in a
lysis buffer at 4°C for 30min. Total protein was separated
by 10% SDS polyacrylamide gel electrophoresis and then
transferred to nitrocellulose membranes (Millipore, Boston,
MA, USA). The membranes were blocked with 5% nonfat
milk and incubated with corresponding protein antibodies
or a rabbit anti-β-actin monoclonal antibody. Then, the
membranes were subsequently incubated with a HRP goat
anti-rabbit IgG (1 : 20000; Boster Bio, Wuhan, China;
BA1054). The proteins were detected by a film scanner
(Microtek, Shanghai, China), and β-actin was used as an
internal control. The net optical density was analyzed with
a gel image processing system (Image-Pro Plus 6.0). Primary
antibodies used were as follows: Bax (Abcam, Cambridge,
UK; cat. no. ab32503, 1 : 2000), Bcl-2 (CST, Boston, MA,
USA; cat. no. 185002, 1 : 2000), caspase-3 (CST, Boston,
MA, U.S.A.; cat. no.9662, 1 : 1000), caspase-9 (CST, Boston,
MA, U.S.A.; cat. no.9504, 1 : 1000), ACC (CST, Boston, MA,
U.S.A.; cat. no. 3662, 1 : 1000), CPT-1 (Abcam, Cambridge,
UK; cat. no.189182, 1 : 2000), AMPKα1 (CST, Boston, MA,
U.S.A.; cat. no. 2603, 1 : 1000), HMGB1 (Abcam, Cambridge,
UK; cat. no. ab78923, 1 : 10000), TLR4 (Abcam, Cambridge,
UK; cat. no. ab13556, 1 : 500), P65 (Abcam, Cambridge,
UK; cat. no. ab16502, 1 : 2000), p-P65 (Abcam, Cambridge,
UK; cat. no. ab53489, 1 : 1000), and β-actin (CST, Boston,
MA, U.S.A.; cat. no. 4970, 1 : 1000).

2.4. Analytical Sample Preparation. After 4 weeks of treat-
ment, the rats were deprived of food for 12 h and then anaes-
thetised by overexposure to CO2 gas. Blood samples were
collected immediately, and serum was obtained by centrifu-
gation (1,500 × g, 15min, 4°C). After collecting the blood,
liver samples were taken. Serum and liver samples were
stored at -70°C for further analysis. Meanwhile, the liver of
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each rat was immediately excised. After washing with saline,
sections of the liver were blotted dry and weighed, collected,
and stored in liquid nitrogen until analysis.

2.5. Pathological Analysis of Liver Tissues. Liver samples were
removed from the rats and fixed overnight with 40 gL−1 para-
formaldehyde. Fixed tissues were embedded in paraffin,
sliced into 3μm samples, and stained with haematoxylin
and eosin (H&E). The stained areas were viewed using an
optical microscope (Olympus CX31, Tokyo, Japan) with a
magnifying power of ×100. The severity of liver injury was
evaluated by Suzuki’s criteria as previously reported [20]. In
brief, no necrosis, congestion/centrilobular ballooning was
given a score of 0, while severe congestion and more than
60% lobular necrosis were given a score of 4.

2.6. Detection of Experimental Indicators. The fasting glucose
(FPG) levels of rats were measured by a microglycemeter and
test paper (Eppendorf, Germany). An automatic biochemical
analyzer (Hitachi, Japan) detected blood lipid indicators:
total cholesterol (TC), triglyceride (TG), high-density lipo-
protein (HDL), low-density lipoprotein (LDL), alanine trans-
aminase (ALT), and aspartate transaminase (AST).

2.7. Apoptosis Assay. The apoptosis of liver tissues was
assessed by transferase-mediated dUTP nick end labeling
(TUNEL) apoptosis detection kit (Abbkine Scientific Co.,
Ltd., California, USA) according to the manufacturer’s
instructions.

2.8. Oil Red O Staining. The sections were washed with PBS 3
times, fixed with 4% paraformaldehyde solution for 10min,
washed with PBS 3 times, rinsed with 60% isopropyl alcohol
for 10 sec, and added with 0.3% oil red O staining solution for
1min. After being rinsed with 60% isopropyl alcohol and
being rinsed with PBS 3 times, the sections were observed
and photographed under a microscope (Olympus, Tokyo,
Japan).

2.9. Statistical Analysis. In this study, all experiments were
performed in triplicate at a minimum. Results are expressed
as mean ± deviation (mean ± SD) and analyzed by one-way
ANOVA and LSD (least significant difference) test using
SPSS software version 22.0 (SPSS, Inc., Chicago, IL, USA).
Differences were considered statistically significant at P value
< 0.05.

3. Results

3.1. Effect of BB on the Liver Damage and Glucose Metabolism
in STZ-Induced Immature Diabetic Rats. Compared with the
control group, the STZ-induced diabetic immature rats
showed significant liver damage with increasing Suzuki score
(Figure 1(a)). The BB treatment (5mg/kg and 10mg/kg)
dose-dependently ameliorated the change as compared to
the DM group, with decreasing Suzuki score (Figure 1(a)).
After injection of STZ in immature rats, fasting blood glucose
levels and HbA1c levels were significantly increased
(Figures 1(b) and 1(c)). The administration of BB (5mg/kg
and 10mg/kg) resulted in a significant reduction of glucose

and HbA1c levels as compared to the DM group
(Figures 1(b) and 1(c)). In adult rats, STZ-induced type
1 DM also significantly increased the liver damage with
an increasing Suzuki score compared with the control
group, while BB treatment dose-dependently reduced liver
damage with a decreasing Suzuki score (Figure 1(d)).
Moreover, we should notice that BB treatment (10mg/kg)
did not cause liver damage in normal rats (both immature
and adult), indicating that the doses of BB we used in our
study were safe without apparent cytotoxicity
(Figure 1(e)).

3.2. Effect of BB on the Liver Biochemical Indicators in STZ-
Induced Immature Diabetic Rats. TC and TG levels were sig-
nificantly increased in STZ-treated immature rats as com-
pared to the control value (Figures 2(a) and 2(b)). The
coadministration of BB (5mg/kg and 10mg/kg) with STZ
resulted in significant reduction in TC and TG levels as com-
pared to the DM group (Figures 2(a) and 2(b)). Furthermore,
concentration of HDL was markedly decreased while that of
LDL was increased after STZ injection compared to the con-
trol group (Figures 2(c) and 2(d)). Administration of BB
(5mg/kg and 10mg/kg) followed by STZ injection signifi-
cantly activated HDL levels and weakened LDL levels dose-
dependently (Figures 2(c) and 2(d)). Strikingly, STZ admin-
istration was associated with highly significant increases in
AST and ALT levels as shown in Figures 2(e) and 2(f). Injec-
tion of BB (5mg/kg and 10mg/kg) following STZ adminis-
tration dose-dependently inhibited these elevations
(Figures 2(e) and 2(f)).

3.3. Effect of BB on Liver Cell Apoptosis in STZ-Induced
Immature Diabetic Rats. As shown in Figure 3(a), the liver
cell apoptosis in the DM group was increased compared
with that in the control group. Administration of BB
(5mg/kg and 10mg/kg) together with STZ inhibited the
apoptosis level as compared to the STZ group
(Figure 3(a)). Moreover, Western blot analysis showed that
the expressions of apoptosis-related proteins Bax, cleaved
caspase-3, and cleaved caspase-9 were enhanced while
Bcl-2 expression was decreased in the DM group
(Figure 3(b)). BB (5mg/kg and 10mg/kg) treatment in
combination with STZ dose-dependently hindered these
increased levels compared with rats in the DM group
(Figure 3(b)).

3.4. Effect of BB on Lipid Metabolism in STZ-Induced
Immature Diabetic Rats. Oil red O staining showed there
was more severe accumulation of fat in STZ-induced diabetic
rats than the control group (Figure 4(a)). BB (5mg/kg and
10mg/kg) treatment in combination with STZ dose-
dependently reduced fat accumulation as compared with
untreated diabetic rats (Figure 4(a)). In addition, it is well
known that acetyl-CoA carboxylase (ACC) and carnitine pal-
mitoyltransferase 1 (CPT-1) have important roles in the con-
trol of fat oxidation [21, 22]. We observed the obvious
increase in the ACC expression and the decrease in CPT-1
expression in hepatic tissues of DM rats compared with the
control group (Figure 4(b)). Administration of BB (5mg/kg
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and 10mg/kg) dose-dependently weakened the expression of
ACC while strengthening the levels of CPT-1 compared with
the DM group (Figure 4(b)).

3.5. BB Modulated Hepatic Injury in STZ-Induced Immature
Diabetic Rats through AMPK Activation and
HMGB1/TLR4/NF-κB Signaling Pathway. Studies have
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Figure 1: Effect of bilobalide (BB) supplementation on the liver damage and glucose metabolism in STZ-induced diabetic rats. The one-day-
old immature rats or eight-week-old adult rats were randomly allocated to 5 groups (n = 5 – 6/group): healthy control, diabetes mellitus model
(DM), and drug treatment groups (the rats were intraperitoneally injected with either low (2.5mg/kg), medium (5mg/kg), or high (10mg/kg)
dose of bilobalide). (a) The degree of liver damage in immature rats was identified by haematoxylin and eosin (H&E) staining and Suzuki
score. (b, c) Glucose and HbA1c levels were determined using commercial kits. (d) The degree of liver damage in adult rats was identified
by haematoxylin and eosin (H&E) staining and Suzuki score. (e) The degree of liver damage in immature and adult rats treated with
10mg/kg bilobalide was identified by haematoxylin and eosin (H&E) staining. ∗∗P < 0:01 (vs. control); #P < 0:05 (vs. DM); ##P < 0:01 (vs.
DM).
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Figure 2: Effect of BB supplementation on the liver biochemical indicators in STZ-induced diabetic rats. Total cholesterol (TC), triglyceride
(TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), alanine transaminase (ALT), and aspartate transaminase (AST) levels
were determined using commercial kits. ∗∗P < 0:01 (vs. control); #P < 0:05 (vs. DM); ##P < 0:01 (vs. DM).
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shown that AMPK activation suppressed de novo lipogene-
sis, and the HMGB1/TLR4/NF-κB pathway was involved in
liver inflammation [23, 24]. Thus, we further investigated
whether BB can regulate the AMPK and
HMGB1/TLR4/NF-κB expression in STZ-induced diabetic
rats. Our results suggested that AMPKα1 expression was
blocked, as well as that HMGB1, TLR4, and p-P65 expression
was increased in STZ-induced diabetic rats (Figure 5(a)).
And BB treatment (5mg/kg and 10mg/kg) dose-
dependently activated the AMPKα1 expression and weak-
ened the HMGB1, TLR4, and p-P65 expression compared
with the model group (Figure 5(a)). Thus, the high dose of
BB (10mg/kg) was used for subsequent experiments. Wistar
rats were randomly allocated to 5 groups: healthy control,
diabetes mellitus model (DM), STZ+BB (10mg/kg),
STZ+AMPK inhibitor (compound C, CC), and STZ+BB
(10mg/kg)+CC. Western blot analysis proved that CC
administration inhibited AMPKα1 expression and inspired
HMGB1, TLR4, and p-P65 expression compared with the
BB treatment group (Figure 5(b)). Notably, inhibition of

AMPK obviously deteriorated liver damage compared with
the BB-injected group, while increasing the Suzuki score
(Figure 5(c)). Significant increases of glucose, TG, AST, and
ALT levels were observed in rats treated with CC compared
with the BB-injected group (Figures 5(d)–5(g)).

4. Discussion

This study was designed to evaluate the effects and mecha-
nisms of BB on improving hepatic injury in STZ-induced
diabetes in immature rats. The immature rats treated with
STZ on the first day of birth exhibited deficiency of insulin
secretion and an increase of HbA1c level. Moreover, the
immature rats treated with STZ showed obvious liver damage
compared with the control group, and this was correspond-
ing with previous studies [16, 18]. Shinde and Goyal found
that inducing of type 1 DM in neonatal rats caused apparent
liver damage with increase in intensity and incidence of vac-
uolations [16]. Jaiswal et al. also found that the immature dia-
betic rats developed severe liver injury at 4 weeks after STZ
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Figure 3: Effect of BB supplementation on liver cell apoptosis in STZ-induced diabetic rats. (a) The apoptosis of liver cells was detected by
TUNEL assay. (b) The expressions of Bax, Bcl-2, caspase-3, cleaved caspase-3, caspase-9, and cleaved caspase-9 in hepatic tissues were assayed
using Western blot analysis. β-Actin is a loading control. ∗∗P < 0:01 (vs. control); #P < 0:05 (vs. DM); ##P < 0:01 (vs. DM).
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injection [18]. In our study, we found that BB treatment obvi-
ously alleviated liver damage caused by type 1 DM in neona-
tal rats. The results of this study showed significant effects of
BB on reducing the blood glucose concentration and activat-
ing insulin secretion.

High concentration of glucose has been shown to be asso-
ciated with liver oxidative damage in DM [25, 26]. Insulin
deficiency causes metabolic disorders and the accumulation
of harmful substances in the liver leading to severe oxidative
stress [27]. STZ treatment to rats leads to liver biochemical
disorders, which is manifested by the abnormal expression
of active substances, such as ALT and AST [28]. The results
of this study clearly showed the high level of ALT and AST
serums in STZ-induced immature diabetic rats. In contrast,
BB caused a significant decrease in the levels of ALT and
AST. On the other hand, the liver is generally known to be
the central regulator of lipid homoeostasis. Many studies
have shown that elevated levels of plasma free fatty acids in
DM patients stimulate the liver to synthesize and secret large
amounts of TG and LDL [28–30]. In our present study, we
found that the levels of TC, TG, LDL, and HDL were abnor-
mal in STZ-induced diabetic rats. And BB improved liver
function as reflected by the levels of biomarkers mentioned
above. Consistently, oil red O staining indicated that BB
inhibits lipid accumulation in the hepatic tissue. Mechanisti-
cally, BB treatment improved lipid metabolic balance in the

liver of immature DM rats by reducing the fatty acid oxida-
tion marker enzyme ACC expression and enhancing CPT-1
activity. The results are in agreement with those reported in
earlier studies which found that hyperglycemia activated
ACC, hence increasing malonyl-CoA and reducing CPT-1
activity [31, 32]. Growing evidences showed that the process
of cell death by apoptosis was a ubiquitous phenomenon in
hepatic cell injury. STZ-mediated hyperglycemia obviously
enhanced mitochondrial Bax expression, cytosolic cyto-
chrome C levels, and caspase-3 activity leading to an increase
in the apoptotic index [33]. Additionally, apoptotic protein
cleaved caspase-3 was increased and antiapoptotic signaling
protein B-cell lymphoma 2 (Bcl-2) was decreased in DM rats
[34]. Our in vivo studies demonstrated that STZ led to
increases of Bax, cleaved caspase-3, and cleaved caspase-9
as well as a decrease of Bcl-2 expression in rat liver, which
was significantly reduced by BB treatment. In order to clarify
BB hepatic damage in STZ-induced DM rats, we revealed the
molecular mechanisms in the present study.

AMPK activation has been shown to enhance glucose
entry into cells and inhibit intracellular glucose production.
However, AMPK activity was impaired in diabetic patients.
Natural products have shown significant potential in modu-
lating and activating the AMPK pathway, which controls dia-
betes and its complications [35]. It has been reported that the
expressions of fatty triglyceride lipase, hormone sensitive

Control
O

il 
re

d 
O

DM 2.5 5 10
DM+Bilobalide mg/kg

(a)

Ctrl

ACC

CPT–1

Actin

DM 2.5 5 10

DM+Bilobalide mg/kg

Co
nt

ro
l

D
M

D
M

+B
ilo

ba
lid

e 2
.5

 m
g/

kg

D
M

+B
ilo

ba
lid

e 5
 m

g/
kg

D
M

+B
ilo

ba
lid

e 1
0 

m
g/

kg

##

#

0.4

0.3

0.2

0.1

0.0Re
la

tiv
e p

ro
te

in
 le

ve
l o

f A
CC ⁎⁎

Co
nt

ro
l

##

#

0.4

0.3

0.2

0.1

0.0Re
la

tiv
e p

ro
te

in
 le

ve
l o

f C
PT

-1

D
M

D
M

+B
ilo

ba
lid

e 2
.5

 m
g/

kg

D
M

+B
ilo

ba
lid

e 5
 m

g/
kg

D
M

+B
ilo

ba
lid

e 1
0 

m
g/

kg

⁎⁎

(b)

Figure 4: Effect of BB supplementation on lipid metabolism in STZ-induced diabetic rats. (a) The degree of liver fat accumulation was
detected by oil red O staining. (b) The expressions of acetyl-CoA carboxylase (ACC) and carnitine palmitoyltransferase 1 (CPT-1) in
hepatic tissues were assayed using Western blot analysis. β-Actin is a loading control. ∗∗P < 0:01 (vs. control); #P < 0:05 (vs. DM);
##P < 0:01 (vs. DM).
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Figure 5: Continued.
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lipase (HSL), and carnitine palmitoyltransferase 1 are upreg-
ulated under the action of bilobalide, and the phosphoryla-
tion of AMP activated protein kinase (AMPK), acetyl-CoA
carboxylase 1, and HSL is stimulated. In addition, bilobalide
partially restored AMPK activity after compound C (dorso-
morphin) blocked the AMPK activity. These results suggest
that dibromide inhibits adipogenesis in 3T3-L1 cells and pro-
motes adipolysis by activating AMPK signaling pathways
[36]. In this study, the BB treatment had a significant effect
on activation AMPKα1. Researchers showed that HMGB1
and TLR4 were reported to be closely related to inflammation
and liver failure [37, 38]. HMGB1 could activate NF-κB
through TLR4 and receptor for advanced glycation end prod-
ucts (RAGEs), resulting in the development of inflammatory
response [39]. Notably, TLR4 and lipopolysaccharide (LPS)
interaction is closely related to liver injury via the mediating
immune signaling pathway [40]. Studies have shown that

bilobalide protects BV2 microglia from OGD/reoxygenation
damage by inhibiting the TLR2/4 signaling pathway [14]. In
our study, we found that the levels of HMGB1, TLR4, and
NF-κB (p-P65) expression in the hepatic tissues of STZ-
induced immature DM rats were higher than those of the
control rats. And BB intervention significantly reversed these
alterations.

In our study, we also found that BB treatment alleviated
liver damage caused by STZ-induced diabetes in adult rats,
which was similar with that in immature rats. However, we
chose to conduct our experiments in neonatal rats because
we aimed to explore the influence of BB on type 1 DM of
young individuals. There are also limitations for our STZ-
induced type 1 DM immature rat model. Type 1 DM is char-
acterized by selective autoimmune destruction of the pancre-
atic beta cells, and STZ shows specific toxicity to pancreatic
beta cells. Previous studies indicate that animals with STZ-
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Figure 5: BB modulated hepatic antioxidant in STZ-induced diabetic rats through AMPK activation and HMGB1/TLR4/NF-κB signaling
pathway. The one-day-old immature rats were randomly allocated to 5 groups: healthy control, diabetes mellitus model (DM), STZ+BB
(10mg/kg), STZ+AMPK inhibitor (compound C, CC), STZ+BB (10mg/kg)+CC. (a, b) The expressions of AMPKα1, HMGB1, TLR4, P65,
and p-P65 in hepatic tissues were assayed using Western blot analysis. β-Actin is a loading control. (c) The degree of liver damage was
identified by H&E staining and Suzuki score. (d–g) Glucose, TG, AST, and ALT levels were determined using commercial kits. ∗∗P < 0:01
(vs. control); #P < 0:05 (vs. DM); ##P < 0:01 (vs. DM); &P < 0:05 (vs. DM+BB (10mg/kg)).
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induced type 1 DM exhibit changed immune responses [41–
43]. However, the immune responses of STZ-induced type 1
DM in neonatal rats were undetermined in our study.
Whether our immature rat model could produce immunore-
sistance to insulin is unknown. There is possibility for our
animal model to produce immunoresistance to insulin, but
this is to be determined. As our study mainly focused on
the function of BB in neonatal DM rats, our STZ-induced
type 1 DM immature rat model was sufficient for exploring
this.

In summary, the results presented here showed that
administration of BB activated the expression of AMPKα1
as well as inhibited HMGB1, TLR4, and p-P65 expression
in the liver of STZ-induced immature DM rats. We believe
that BB might be considered as a potential adjuvant entity
for improving hepatic injury in young DM patients.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no competing interests
associated with the manuscript.

Authors’ Contributions

Meng Zhao and Jianpin Qin are the co-first authors.

References

[1] A. Petersmann, D. Müller-Wieland, U. A. Müller et al., “Defi-
nition, classification and diagnosis of diabetes mellitus,” Exper-
imental and Clinical Endocrinology & Diabetes, vol. 127, S01,
pp. S1–S7, 2019.

[2] L. Scalone, G. Cesana, G. Furneri et al., “Burden of diabetes
mellitus estimated with a longitudinal population-based study
using administrative databases,” PLoS One, vol. 9, no. 12,
p. e113741, 2014.

[3] R. C. W. Ma, X. Lin, and W. Jia, “Causes of type 2 diabetes in
China,” The Lancet Diabetes & Endocrinology, vol. 2, no. 12,
pp. 980–991, 2014.

[4] Y. Zheng, S. H. Ley, and F. B. Hu, “Global aetiology and epide-
miology of type 2 diabetes mellitus and its complications,”
Nature Reviews Endocrinology, vol. 14, no. 2, pp. 88–98, 2018.

[5] D. García-Compeán, J. A. González-González, F. J. Lavalle-
González, E. I. González-Moreno, H. J. Maldonado-Garza,
and J. Z. Villarreal-Pérez, “The treatment of diabetes mellitus
of patients with chronic liver disease,” Annals of Hepatology,
vol. 14, no. 6, pp. 780–788, 2016.

[6] M. Packer, “Are physicians neglecting the risk of heart failure
in diabetic patients who are receiving sulfonylureas? Lessons
from the TOSCA.IT trial,” European Journal of Heart Failure,
vol. 20, no. 1, pp. 49–51, 2018.

[7] N. Hotta, “A new perspective on the biguanide, metformin
therapy in type 2 diabetes and lactic acidosis,” Journal of Dia-
betes Investigation, vol. 10, no. 4, pp. 906–908, 2019.

[8] M. J. Nanjan, M. Mohammed, B. R. Prashantha Kumar, and
M. J. N. Chandrasekar, “Thiazolidinediones as antidiabetic

agents: a critical review,” Bioorganic Chemistry, vol. 77,
pp. 548–567, 2018.

[9] S. Sheweita, S. Mashaly, A. Newairy, H. Abdou, and S. Eweda,
“Changes in oxidative stress and antioxidant enzyme activities
in streptozotocin-induced diabetes mellitus in rats: role of
Alhagi maurorum extracts,” Oxidative Medicine and Cellular
Longevity, vol. 2016, 8 pages, 2016.

[10] C. Haller, J. Piccand, F. De Franceschi et al., “Macroencapsu-
lated human iPSC-derived pancreatic progenitors protect
against STZ-induced hyperglycemia in mice,” Stem Cell
Reports, vol. 12, no. 4, pp. 787–800, 2019.

[11] C. Czauderna, M. Palestino-Dominguez, D. Castven et al.,
“Ginkgo biloba induces different gene expression signatures
and oncogenic pathways in malignant and non-malignant cells
of the liver,” PloS One, vol. 13, no. 12, article e0209067,
p. e0209067, 2018.

[12] F. V. Defeudis, “Bilobalide and neuroprotection,” Pharmaco-
logical Research, vol. 46, no. 6, pp. 565–568, 2002.

[13] M. Jiang, J. Li, Q. Peng et al., “Neuroprotective effects of bilo-
balide on cerebral ischemia and reperfusion injury are associ-
ated with inhibition of pro-inflammatory mediator
production and down-regulation of JNK1/2 and p38 MAPK
activation,” Journal of Neuroinflammation, vol. 11, no. 1,
p. 167, 2014.

[14] J.-M. Zhou, S.-S. Gu, W. H. Mei, J. Zhou, Z. Z. Wang, and
W. Xiao, “Ginkgolides and bilobalide protect BV2 microglia
cells against OGD/reoxygenation injury by inhibiting TLR2/4
signaling pathways,” Cell Stress and Chaperones, vol. 21,
no. 6, pp. 1037–1053, 2016.

[15] S. Y. Tan, J. L. Mei Wong, Y. J. Sim et al., “Type 1 and 2 diabe-
tes mellitus: a review on current treatment approach and gene
therapy as potential intervention,” Diabetes and Metabolic
Syndrome: Clinical Research and Reviews, vol. 13, no. 1,
pp. 364–372, 2019.

[16] U. A. Shinde and R. K. Goyal, “Effect of chromium picolinate
on histopathological alterations in STZ and neonatal STZ dia-
betic rats,” Journal of Cellular and Molecular Medicine, vol. 7,
no. 3, pp. 322–329, 2003.

[17] S. Baroni, B. A. da Rocha, J. Oliveira deMelo, J. F. Comar, S. M.
Caparroz-Assef, and C. A. Bersani-Amado, “Hydroethanolic
extract of _Smallanthus sonchifolius_ leaves improves hyper-
glycemia of streptozotocin induced neonatal diabetic rats,”
Asian Pacific Journal of Tropical Medicine, vol. 9, no. 5,
pp. 432–436, 2016.

[18] Y. S. Jaiswal, P. A. Tatke, S. Y. Gabhe, and A. B. Vaidya, “Anti-
diabetic activity of extracts of Anacardium occidentale Linn.
leaves on n-streptozotocin diabetic rats,” Journal of Tradi-
tional and Complementary Medicine, vol. 7, no. 4, pp. 421–
427, 2017.

[19] Y. Guo, Y. Zhang, K. Hong et al., “AMPK inhibition blocks
ROS-NFκB signaling and attenuates endotoxemia-induced
liver injury,” PLoS One, vol. 9, no. 1, article e86881, 2014.

[20] S. Yue, H. Zhou, X. Wang, R. W. Busuttil, J. W. Kupiec-
Weglinski, and Y. Zhai, “Prolonged ischemia triggers necrotic
depletion of tissue-resident macrophages to facilitate inflam-
matory immune activation in liver ischemia reperfusion
injury,” Journal of Immunology, vol. 198, no. 9, pp. 3588–
3595, 2017.

[21] S. M. Ronnebaum, J. W. Joseph, O. Ilkayeva et al., “Chronic
suppression of acetyl-CoA carboxylase 1 in β-cells impairs
insulin secretion via inhibition of glucose rather than lipid

10 BioMed Research International



metabolism,” Journal of Biological Chemistry, vol. 283, no. 21,
pp. 14248–14256, 2008.

[22] A. S. Mørkholt, O. Wiborg, J. G. Nieland, S. Nielsen, and J. D.
Nieland, “Blocking of carnitine palmitoyl transferase 1
potently reduces stress-induced depression in rat highlighting
a pivotal role of lipid metabolism,” Scientific Reports, vol. 7,
no. 1, pp. 1–9, 2017.

[23] A. Woods, J. R. Williams, P. J. Muckett et al., “Liver-specific
activation of AMPK prevents steatosis on a high-fructose diet,”
Cell Reports, vol. 18, no. 13, pp. 3043–3051, 2017.

[24] H. Yin, L. Huang, T. Ouyang, and L. Chen, “Baicalein
improves liver inflammation in diabetic db/db mice by regu-
lating HMGB1/TLR4/NF-κB signaling pathway,” Interna-
tional Immunopharmacology, vol. 55, pp. 55–62, 2018.

[25] F. Yan and X. Zheng, “Anthocyanin-rich mulberry fruit
improves insulin resistance and protects hepatocytes against
oxidative stress during hyperglycemia by regulating AMP-
K/ACC/mTOR pathway,” Journal of Functional Foods,
vol. 30, pp. 270–281, 2017.

[26] R. Crescenzo, L. Cigliano, A. Mazzoli et al., “Early effects of a
low fat, fructose-rich diet on liver metabolism, insulin signal-
ing, and oxidative stress in young and adult rats,” Frontiers
in Physiology, vol. 9, p. 411, 2018.

[27] G. N. Ruegsegger, A. L. Creo, T. M. Cortes, S. Dasari, and K. S.
Nair, “Altered mitochondrial function in insulin-deficient and
insulin-resistant states,” The Journal of Clinical Investigation,
vol. 128, no. 9, pp. 3671–3681, 2018.

[28] Z.-H. Xia, W.-B. Chen, L. Shi et al., “The underlying mecha-
nisms of curcumin inhibition of hyperglycemia and hyperlip-
idemia in rats fed a high-fat diet combined with STZ
treatment,” Molecules, vol. 25, no. 2, p. 271, 2020.

[29] H. N. Ginsberg, Y.-L. Zhang, and A. Hernandez-Ono, “Regu-
lation of plasma triglycerides in insulin resistance and diabe-
tes,” Archives of Medical Research, vol. 36, no. 3, pp. 232–
240, 2005.

[30] S. C. Jeong, Y. T. Jeong, B. K. Yang et al., “White button mush-
room (Agaricus bisporus) lowers blood glucose and choles-
terol levels in diabetic and hypercholesterolemic rats,”
Nutrition Research, vol. 30, no. 1, pp. 49–56, 2010.

[31] M. Prentki, E. Joly, W. El-Assaad, and R. Roduit, “Malonyl-
CoA signaling, lipid partitioning, and glucolipotoxicity: role
in beta-cell adaptation and failure in the etiology of diabetes,”
Diabetes, vol. 51, Supplement 3, pp. S405–S413, 2002.

[32] H. Y. Liu, G. Zheng, H. Zhu, and G. Woldegiorgis, “Hormonal
and nutritional regulation of muscle carnitine palmitoyltrans-
ferase I gene expression in vivo,” Archives of Biochemistry and
Biophysics, vol. 465, no. 2, pp. 437–442, 2007.

[33] D. E. Francés, M. T. Ronco, J. A. Monti et al., “Hyperglycemia
induces apoptosis in rat liver through the increase of hydroxyl
radical: new insights into the insulin effect,” Journal of Endo-
crinology, vol. 205, no. 2, pp. 187–200, 2010.

[34] R. Afrin, S. Arumugam, V. Soetikno et al., “Curcumin amelio-
rates streptozotocin-induced liver damage through modula-
tion of endoplasmic reticulum stress-mediated apoptosis in
diabetic rats,” Free Radical Research, vol. 49, no. 3, pp. 279–
289, 2015.

[35] T. Joshi, A. K. Singh, P. Haratipour et al., “Targeting AMPK
signaling pathway by natural products for treatment of diabe-
tes mellitus and its complications,” Journal of Cellular Physiol-
ogy, vol. 234, no. 10, pp. 17212–17231, 2019.

[36] S. Bu, C. Y. Yuan, Q. Xue, Y. Chen, and F. Cao, “Bilobalide
suppresses adipogenesis in 3T3-L1 adipocytes via the AMPK
signaling pathway,” Molecules, vol. 24, no. 19, p. 3503, 2019.

[37] U. Andersson and K. J. Tracey, “HMGB1 is a therapeutic target
for sterile inflammation and infection,” Annual Review of
Immunology, vol. 29, no. 1, pp. 139–162, 2011.

[38] J.-X. Luo, Y. Zhang, X.-Y. Hu et al., “Aqueous extract from
Aconitum carmichaelii Debeaux reduces liver injury in rats
via regulation of HMGB1/TLR4/NF-ΚB/caspase-3 and PCNA
signaling pathways,” Journal of Ethnopharmacology, vol. 183,
pp. 187–192, 2016.

[39] H. Zhu, Y. Zhang, X. Hu et al., “The effects of high-dose Qing-
gan Huoxue recipe on acute liver failure induced by d-
galactosamine in rats,” Evidence-based Complementary and
Alternative Medicine, vol. 2013, 8 pages, 2013.

[40] D. X-z and H.-f. Wang, “The role of LPS/TLR4 interaction on
the pathogenesis of acute on chronic liver failure,” Chinese
Journal of Hepatology, vol. 18, no. 1, pp. 78–80, 2010.

[41] R. Rubinstein, A. M. Genaro, A. Motta, G. Cremaschi, and
M. R. Wald, “Impaired immune responses in streptozotocin-
induced type I diabetes in mice. Involvement of high glucose,”
Clinical and Experimental Immunology, vol. 154, no. 2,
pp. 235–246, 2008.

[42] K. Anupam, J. Kaushal, N. Prabhakar, and A. Bhatnagar,
“Effect of redox status of peripheral blood on immune signa-
ture of circulating regulatory and cytotoxic T cells in strepto-
zotocin induced rodent model of type I diabetes,”
Immunobiology, vol. 223, no. 10, pp. 586–597, 2018.

[43] Y. D. Muller, D. Golshayan, D. Ehirchiou et al., “Immunosup-
pressive effects of streptozotocin-induced diabetes result in
absolute lymphopenia and a relative increase of T regulatory
cells,” Diabetes, vol. 60, no. 9, pp. 2331–2340, 2011.

11BioMed Research International


	Bilobalide Enhances AMPK Activity to Improve Liver Injury and Metabolic Disorders in STZ-Induced Diabetes in Immature Rats via Regulating HMGB1/TLR4/NF-κB Signaling Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Model Construction
	2.2. Experimental Protocol
	2.3. Western Blot Analysis
	2.4. Analytical Sample Preparation
	2.5. Pathological Analysis of Liver Tissues
	2.6. Detection of Experimental Indicators
	2.7. Apoptosis Assay
	2.8. Oil Red O Staining
	2.9. Statistical Analysis

	3. Results
	3.1. Effect of BB on the Liver Damage and Glucose Metabolism in STZ-Induced Immature Diabetic Rats
	3.2. Effect of BB on the Liver Biochemical Indicators in STZ-Induced Immature Diabetic Rats
	3.3. Effect of BB on Liver Cell Apoptosis in STZ-Induced Immature Diabetic Rats
	3.4. Effect of BB on Lipid Metabolism in STZ-Induced Immature Diabetic Rats
	3.5. BB Modulated Hepatic Injury in STZ-Induced Immature Diabetic Rats through AMPK Activation and HMGB1/TLR4/NF-κB Signaling Pathway

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions

