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Berberine improves intralipid-induced insulin resistance
in murine
Zhen-hua Dong1,2,3,4,5, Hai-yan Lin6, Fu-lian Chen1,2,3, Xiao-qi Che1,2,3,4, Wen-kai Bi1,2,3,4, Shu-long Shi1,2,3, Jing Wang1,2,3,4, Ling Gao7,
Zhao He1,2,3,4 and Jia-jun Zhao1,2,3

Insulin resistance (IR) is a major metabolic risk factor even before the onset of hyperglycemia. Recently, berberine (BBR) is found to
improve hyperglycemia and IR. In this study, we investigated whether BBR could improve IR independent of hyperglycemia. Acute
insulin-resistant state was induced in rats by systemic infusion of intralipid (6.6%). BBR was administered via different delivery
routes before or after the beginning of a 2-h euglycemic-hyperinsulinemic clamp. At the end of experiment, rats were sacrificed,
gastrocnemius muscle was collected for detecting mitochondrial swelling, phosphorylation of Akt and AMPK, as well as the
mitochondrial permeability regulator cyclophilin D (CypD) protein expression. We showed that BBR administration markedly
ameliorated intralipid-induced IR without affecting blood glucose, which was accompanied by alleviated mitochondrial swelling in
skeletal muscle. We used human skeletal muscle cells (HSMCs), AML12 hepatocytes, human umbilical vein endothelial cells, and
CypD knockout mice to investigate metabolic and molecular alternations. In either HSMCs or AML12 hepatocytes, BBR (5 μM)
abolished palmitate acid (PA)-induced increase of CypD protein levels. In CypD-deficient mice, intralipid-induced IR was greatly
attenuated and the beneficial effect of BBR was diminished. Furthermore, we demonstrated that the inhibitory effect of BBR on
intralipid-induced IR was mainly mediated by skeletal muscle, but not by intestine, liver, or microvasculature; BBR administration
suppressed intralipid-induced upregulation of CypD expression in skeletal muscle. These results suggest that BBR alleviates
intralipid-induced IR, which is related to the inhibition of CypD protein expression in skeletal muscle.
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INTRODUCTION
Insulin resistance (IR) plays a crucial role in the development of
type 2 diabetes mellitus and is associated with hypertension,
obesity, and cardiovascular diseases [1]. Studies have indicated
that IR precedes the clinical diagnosis of type 2 diabetes and is a
major metabolic risk factor even in normoglycemic states [2, 3].
Several clinical trials, such as the IR atherosclerosis study [4] and
the San Antonio Heart Study [3], have shown that IR is associated
with atherosclerosis even in nondiabetic patients. These studies
suggest that current clinical interventions for IR occur relatively
late considering diabetes-related complications. Therefore, earlier
pharmaceutical intervention for IR before the onset of diabetes is
a very promising strategy for the prevention of diabetes-related
complications.
Although the pathogenesis of IR has not yet been elucidated,

elevated free fatty acid (FFA) levels are a well-established risk
factor for IR [5]. Acute exposure to FFAs leads to IR without
affecting blood glucose in healthy humans and rodents [6–10]. In
the process of FFA induction, mitochondrial dysfunction is

considered a major cause of IR formation [11–18]. Mitochondrial
function is regulated by cyclophilin D (CypD), the key regulator of
the mitochondrial permeability transition pore (mPTP), which is
closely associated with IR [19, 20]. Studies have revealed that
CypD-deficient mice are protected from high-fat diet (HFD)-
induced IR, and the increased glucose uptake is observed in only
skeletal muscle but not in liver or adipose tissue [20]. The skeletal
muscle-specific regulation of insulin sensitivity has been demon-
strated by variations in the composition and function of the mPTP
[21–23]. These studies suggest that the inhibition of CypD might
have potential therapeutic value in IR by regulating skeletal
muscle mitochondrial dysfunction.
Berberine (BBR), an isoquinoline alkaloid, has been used to treat

intestinal infections for thousands of years. Recently, several
studies have shown its chronic beneficial effects on weight loss,
hyperglycemia and IR in humans and rodents with diabetes
[24–26]. One study in db/db mice indicated that BBR reduces body
weight and causes an improvement in glucose tolerance [24].
Another study in type 2 diabetic patients showed that three

Received: 4 May 2020 Accepted: 26 July 2020
Published online: 7 August 2020

1Department of Endocrinology, Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University, Ji-nan 250021, China; 2Shandong Provincial Key Laboratory of
Endocrinology and Lipid Metabolism, Shandong Academy of Clinical Medicine, Ji-nan 250021, China; 3Institute of Endocrinology and Metabolism, Shandong Academy of Clinical
Medicine, Ji-nan 250021, China; 4Cheeloo College of Medicine, Shandong University, Ji-nan 250000, China; 5Department of Endocrinology, Ji-nan Central Hospital, Cheeloo
College of Medicine, Shandong University, Ji-nan 250000, China; 6Department of Health Management Center, Shandong Provincial Hospital, Cheeloo College of Medicine,
Shandong University, Ji-nan 250000, China and 7Department of Endocrinology, Shandong Provincial Hospital Affiliated to Shandong First Medical University and Shandong
Academy of Medical Sciences, Ji-nan 250000, China

www.nature.com/aps

© CPS and SIMM 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0493-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0493-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0493-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0493-4&domain=pdf
www.nature.com/aps


months of BBR treatment reduces fasting blood glucose and was
accompanied by improved insulin sensitivity and decreased body
weight [25]. However, it is hard to rule out the effect of weight loss
on IR in the chronic treatment model because weight loss is
sufficient to improve IR [27]. Meanwhile, these studies focused on
the hypoglycemic effect of BBR in the diabetic state. Whether BBR
has a therapeutic role in the treatment of IR before the onset of
hyperglycemia has not yet been elucidated.
In the current study, we demonstrated that BBR alleviated FFA-

induced IR independent of glucose homeostasis by inhibiting
skeletal muscle CypD, suggesting a therapeutic role of BBR in the
early intervention of IR.

MATERIALS AND METHODS
Animal experimental protocols
Before the study, male Sprague-Dawley rats (Vital River
Laboratory Animal Technology Co., Ltd, Beijing, China) were
fed standard laboratory chow and water ad libitum and housed
at a constant temperature on a 12:12-h light-dark cycle in the
SPF Experimental Animal Center of Shandong Provincial
Hospital Affiliated to Shandong University. Rats weighing
250–350 g (aged 7–9 weeks) were fasted overnight before the
surgery. After being anesthetized (pentobarbital sodium, 50 mg/
kg, i.p.), rats were placed in a supine position and intubated to
maintain a patent airway. Polyethylene cannulae (PE-50, Fisher
Scientific, Newark, DE, USA) were inserted into the carotid artery,
portal vein, and jugular vein for arterial blood sampling, arterial
blood pressure monitoring, and various infusions, as previously
described [28]. After a 30-min baseline period to assure stable
anesthesia and hemodynamic stability, rats were studied with
the following three protocols.
In each protocol, euglycemic-hyperinsulinemic clamps were

performed as follows. Rats received systemic infusions with
regular insulin (3 mU · kg−1 · min−1) for 2 h. The arterial blood
glucose level was determined every 10 min using an Accu-Chek
Advantage glucometer (Roche Diagnostics, Indianapolis, IN, USA),
and 30% dextrose (30% wt/vol) was infused into the jugular vein
at a variable rate to maintain blood glucose levels within 10% of
basal levels. The time course and steady-state whole-body glucose
infusion rate (GIR) were calculated [29, 30]. The clamp quality was
assessed by the coefficient of variation of blood glucose
concentrations (CVBG), which was calculated as 100× (SD
device/mean device). At the end of the study, rats were sacrificed,
and the gastrocnemius muscle was obtained to evaluate
mitochondrial swelling, Akt, AMP-activated protein kinase (AMPK)
phosphorylation, and CypD protein expression was deter-
mined using Western blotting.
Protocol 1. Rats received an intragastric (i.g.) administration of

BBR (10 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) 1 h before or
after the insulin clamp in the presence or absence of an intralipid
(6.6%, Sigma-Aldrich) plus heparin (60 U/mL) infusion (5 μL/min).
Protocol 4. Rats received BBR via three routes [i.g., 10 mg/kg,

intraportal vein (p.v., 20 μg/kg), or intravenous (i.v., 15 μg/kg)], 1 h
before the insulin clamp was performed in the presence of
intralipid infusion. The dose we used for the p.v. delivery (20 μg/
kg) was calculated according to BBR pharmacokinetics [31], which
could make the intraportal BBR concentration similar to that after
BBR (10 mg/kg) i.g. delivery. The dose we used for the i.v. delivery
(15 μg/kg) was calculated according to BBR pharmacokinetics [31],
which could make the plasma BBR concentration similar to that
after BBR (20 μg/kg) p.v. delivery.
Protocol 5. Rats received an intralipid+ heparin infusion with or

without BBR (10 mg/kg) i.g. delivery 1 h before the insulin clamp in
the presence or absence of NG-nitro-L-arginine methyl ester (L-
NAME; Sigma-Aldrich; 50 μg · kg−1 · min−1) via i.v. infusion [32].
The dose we used for L-NAME was sufficient to inhibit NO-
dependent vasodilation, as previously reported [33].

Ppif−/− (the gene encoding CypD) mice on a C57BL/6 back-
ground were provided by Dr. Heng Du (The University of Texas,
Dallas, USA). These mice were backcrossed to the C57BL/6 strain
for ten generations to obtain stable Ppif−/− heterozygosis. Mice
were housed in colony cages with a 12-h light/dark cycle in a
temperature-controlled SPF environment and were maintained on
a regular chow diet (Beijing Keao Xieli Co., Ltd, China). Male wild-
type mice aged 19–20 weeks were divided into three groups. Each
group received saline or intralipid injection through the caudal
vein with or without BBR i.g. delivery 60 min before the insulin
tolerance test (ITT; protocol 2). In protocol 3, mice were divided
into three Ppif+/+ (wild-type) groups and three Ppif−/− (CypD
deficiency) groups. Each group received saline or intralipid
injection through the caudal vein with or without BBR i.g. delivery
60min before the ITT.
The investigation conformed to the guidelines for the ethical

review of animal welfare in China. The animal experiments were
approved by the Animal Ethics Committee of Shandong Provincial
Hospital.

Insulin tolerance test
After fasting for 8 h, mice received an i.p. injection of insulin (1.0 U/
kg, human insulin; Lily, Indianapolis, IN, USA). The blood glucose
levels were determined at 0, 15, 30, 60, 90, and 120 min after the
injection of insulin. The insulin sensitivity index (Kitt) was
calculated as (0.693/t1/2) × 100 [34].

Cell culture
AML12 hepatocytes were maintained in DMEM/F12 supplemented
with 1% ITS Liquid Media Supplement (Sigma-Aldrich), 10% fetal
bovine serum (FBS; Gibco, Grand Island, NY, USA), and 40 ng/mL
dexamethasone. Human skeletal muscle cells (HSMCs; Otwo
Biotech Inc., Shenzhen, Guangdong, China) were cultured in
89% H-DMEM (Gibco, Grand Island, NY, USA) supplemented with
10% FBS (Gibco, Grand Island, NY, USA). Human umbilical vein
endothelial cells (HUVECs; ATCC, Manassas, VA, USA) were cultured
in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10%
FBS, 0.5% antibiotics, and 2mM L-glutamine. All of these cells
were cultured in a humidified atmosphere with 5% CO2 at 37 °C.
Cells received the indicated treatment and were then collected for
further analysis.

Assessment of mPTP opening
Mitochondria were prepared as previously described [35] with
several modifications. Rats were anesthetized, and the gastro-
cnemius muscles were dissected from the surrounding connective
tissue. Samples were immersed in ice-cold PBS with 10 mM EDTA
supplementation. The tissues were cut into small pieces with
scissors and resuspended in 5mL of PBS supplemented with 10
mM EDTA and 0.05% trypsin for 30 min. Samples were centrifuged
at 200 × g for 5 min, and the supernatant was discarded. The pellet
was resuspended in the isolation medium (67mM sucrose, 50 mM
KCl, 50 mM Tris-HCl, 10 mM EDTA, 0.2% BSA, pH 7.4). The samples
were homogenized with a Plexiglas pestle and centrifuged at
700 × g for 10 min. The supernatant was decanted and then
centrifuged at 8000 × g for 10 min. The resulting pellet was
resuspended in medium (250mM sucrose, 3 mM EGTA-Tris, and
10mM Tris-HCl, pH 7.4) and centrifuged at 8000 × g for 10 min.
The mitochondrial pellet was resuspended in the same medium.
All procedures were carried out at 4 °C. Protein concentrations
were measured at 540 nm by a NanoDrop 2000c (Thermo
Scientific). The mPTP opening was determined according to a
previous method [36] with slight modifications. Two hundred
micrograms of freshly isolated mitochondria were suspended in
200 μL of swelling assay buffer (mM: 150 KCl, 5 HEPES, 2 K2HPO4, 5
glutamate, and 5 malate, pH 7.2). Mitochondrial swelling was
triggered by adding calcium (1 μmol/mg protein) and then
recorded at 540 nm on a microplate reader (Molecular Devices,
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LLC) after 12 min. The vehicle was measured without adding
calcium.

Western blotting
Skeletal muscle tissue and cells were lysed in lysis buffer
containing protease inhibitors and phosphatase inhibitors (She-
nergy Biocolor Bioscience & Technology Company, Shanghai,
China). The following antibodies were used in the study: anti-p-
Ser1177 eNOS (Cell Signaling Technology, Boston, MA, USA), anti-p-
Thr172 AMPK (Cell Signaling Technology), anti-p-Ser473 Akt (Cell
Signaling Technology), anti-AMPK (Abcam, Cambridge, UK), anti-
eNOS (Abcam), anti-β-actin (Abcam), anti-CypD (Abcam), and anti-
GAPDH (Proteintech, Wuhan, China).

Statistical analysis
The results are displayed as the mean ± SD. The comparison of
two groups was performed using two-tailed unpaired Student’s t

tests. Multiple groups were compared using one-way ANOVA. P <
0.05 was considered statistically significant.

RESULTS
BBR improves intralipid-induced IR
Previous studies have shown the beneficial effects of chronic BBR
use on hyperglycemia and IR. To examine whether BBR improves
intralipid-induced acute IR before the onset of hyperglycemia in
rats, we performed insulin clamp experiments for 2 h with or
without BBR i.g. administration at −60min in rats receiving a 3-h
systemic intralipid infusion (Fig. 1a). Intralipid infusion inhibited
insulin-stimulated glucose disposal by ~70%, demonstrating
whole-body IR. BBR i.g. delivery partially improved IR, as indicated
by an ~2.2-fold increase in the GIR at steady state (Fig. 1b, c). To
further verify whether BBR still plays its role after the onset of IR,
BBR was i.g. delivered 2 h after intralipid infusion. The GIR was

Fig. 1 Berberine (BBR) improves intralipid-induced IR in vivo. a Animal study protocol for SD rats. Each rat received a systemic infusion of
either saline or intralipid 60min before a 2-h insulin clamp (3mU · kg−1 · min−1). Berberine (10mg/kg) was i.g. administered 60min before or
after the initiation of the insulin clamp. b Time courses of the glucose infusion rate (GIR) during the euglycemic-hyperinsulinemic clamps. The
data are shown as the mean ± SD. ***P < 0.001 vs. saline group; ###P < 0.001 vs. intralipid group, n= 3–4. c Steady-state GIR. The data are
shown as the mean ± SD. ***P < 0.001 vs. saline group, ###P < 0.001 vs. intralipid group, n= 3–4. d Fasting blood glucose. e Animal study
protocol for C57BL/6 mice. f ITT. g Kitt. The data are shown as the mean ± SD. *P < 0.05 vs. saline group, #P < 0.05 vs. intralipid group, n= 4. h
Ca2+-overload induced skeletal muscle mitochondrial swelling in the indicated groups in protocol 1. The data are shown as the mean ± SD.
###P < 0.001 vs. intralipid group, n= 3.
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acutely increased 30min after BBR i.g. administration, and the
steady-state GIR was similar to that after BBR i.g. delivery at −60
min (Fig. 1b, c). The CVBG, which was indicative of the quality of
the clamp, was 4.9%. The basal fasting blood glucose levels of rats
were within the normal range and were not affected by either
intralipid or BBR treatment (Fig. 1d). The arterial blood pressures
did not change during the experiments (data not shown). Similar
experiments were also performed in C56BL/6 mice, and insulin
sensitivity was measured by the ITT (Fig. 1e, f). The Kitt decreased
in the intralipid delivery group but was restored by BBR
supplementation (Fig. 1g).
It was reported that BBR accumulated in mitochondria [37]. To

further investigate whether the insulin-sensitizing effects of BBR
were related to improved mitochondrial function, we examined
Ca2+-overload-induced mitochondrial swelling in the skeletal
muscle of SD rats. Mitochondria from intralipid-treated skeletal
muscle were more sensitive to Ca2+ overload, indicating that more
mPTP opened in skeletal muscle mitochondria after intralipid
treatment than saline treatment (P < 0.05, ANOVA). BBR i.g.
administration before intralipid infusion alleviated intralipid-
induced mitochondrial swelling (Fig. 1h). These results indicated
that BBR improved intralipid-induced IR independent of glucose
homeostasis and was accompanied by attenuated mitochondrial
swelling.

BBR inhibits intralipid-induced CypD expression
Since CypD is a key regulator of mitochondrial permeability and is
closely associated with IR [20], we next investigated the effects of
BBR on CypD protein expression in AML12 hepatocytes and
HSMCs in vitro.
BBR treatment strongly inhibited palmitate acid (PA)-induced

CypD protein expression in AML12 hepatocytes and HSMCs
(Fig. 2a, b). BBR treatment decreased CypD protein expression and
increased AMPK phosphorylation levels in a dose-dependent
manner without influencing Akt phosphorylation in HSMCs
(Fig. 2c).

The improvement of IR in response to BBR is associated with CypD
inhibition
Since BBR inhibited CypD protein expression in vitro and CypD
ablation protected mice from HFD-induced mitochondrial swelling
[38, 39] and IR [20], we next determined whether the improve-
ment of intralipid-induced IR in response to BBR was dependent
on CypD inhibition.
All mice were divided into wild-type (Ppif+/+) and CypD-

deficient (Ppif−/−) groups. Each group was divided into three
subgroups that received saline i.v., intralipid i.v., or intralipid i.v.+
BBR i.g. 60 min before the ITT (Fig. 3a). The absence of CypD
protein expression in skeletal muscle validated the CypD
deficiency model (Fig. 3b). The Kitt was lower in the intralipid-
treated group than in the saline-treated group (P < 0.01, ANOVA),
while Kitt was not different in the two subgroups of CypD-
deficient mice. These results suggest that intralipid-induced IR was
alleviated due to CypD deficiency. BBR cotreatment with intralipid
partially restored Kitt in wild-type mice (compared with the
intralipid-treated subgroup, P < 0.05, ANOVA) but not in CypD-
deficient mice (P > 0.05, ANOVA; Fig. 3c, d). Collectively, these
results revealed that CypD participated in the protective effect of
BBR on intralipid-induced IR.

The insulin-sensitizing effect of BBR is independent of the gut and
liver
As above, the beneficial effect of BBR was dependent on CypD
inhibition, but the main target organ has not yet been clarified.
Extensive studies have revealed that BBR affects many tissues,
such as the intestine, liver, skeletal muscle, adipose tissue, and
vasculature [24, 40–43]. Notably, the concentration of BBR in the
intestine and liver was much higher than that in other organs, as

Fig. 2 Berberine regulates CypD protein expression in vitro.
AML12 hepatocytes (a) and HSMCs (b) were pretreated with 0.4 M
palmitate acid (PA) for 2 h before coincubation with 5 μM BBR for 24
h. CypD protein expression was detected through Western blot
analysis and quantified by densitometry. The data are shown as the
mean ± SD. #P < 0.05 vs. PA. c HSMCs were exposed to BBR at
different concentrations (1, 2.5, and 5 μM) for 24 h. Western blot
analysis of CypD, phospho-AMPK (Thr172), total AMPK, phospho-Akt
(Ser473), and total Akt protein expression normalized to GAPDH.
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the first-pass (intestinal and hepatic) elimination of BBR after oral
administration is strong.
To examine the effect on the intestine, we injected a much

lower dose of BBR directly into the portal veins of rats, which
could make the intraportal BBR concentration similar to that after
BBR i.g. administration while avoiding high intestinal concentra-
tions. Then, we performed insulin clamp experiments on the rats
(Fig. 4a). Compared with i.g. delivery, the p.v. delivery of BBR did
not weaken the effect of BBR on IR (P > 0.05, ANOVA), indicating
that the insulin-sensitizing effect of BBR was independent of the
intestine. Similarly, we injected a lower dose of BBR directly into
the jugular veins of the rats, which could make the plasma BBR
concentration similar to that after BBR p.v. administration while
avoiding high liver concentrations. Compared with p.v. delivery,
the i.v. delivery of BBR did not weaken the effect of BBR on IR (P >
0.05, ANOVA; Fig. 4b, c), indicating that the insulin-sensitizing
effect of BBR was independent of the liver.

Endothelial-dependent vasodilation is not associated with BBR’s
insulin-sensitizing effect
As impaired endothelium-dependent vasodilation plays a crucial
role in the pathogenesis of IR [8, 44], we next examined whether

the increased insulin sensitivity after BBR administration was
caused by improved NO-dependent vasodilation.
BBR treatment increased eNOS phosphorylation at Ser1177 in

HUVECs in a dose-dependent manner (Fig. 5a). To examine the
role of NO-dependent vasodilation on the insulin-sensitizing
effect of BBR, L-NAME was used to inhibit NO-dependent
vasodilation in rats receiving BBR and intralipid administration
(Fig. 5b). However, L-NAME coinfusion with BBR failed to abolish
the effect of BBR on IR (Fig. 5c, d), indicating that endothelial-
dependent vasodilation was not involved in the insulin-
sensitizing effect of BBR.

BBR inhibits skeletal muscle CypD expression
Since the insulin-sensitizing effect of BBR was independent of the
gut-, liver-, and endothelial-dependent vasodilation, we hypothe-
sized that skeletal muscle is the main target organ of BBR in
mediating intralipid-induced IR. To further examine this issue, we
measured the protein level of CypD and the phosphorylation level
of AMPK and Akt in skeletal muscle of SD rats, as described in
protocol 1.
CypD protein expression was upregulated in the intralipid-

treated group and was dramatically inhibited by BBR

Fig. 3 CypD is involved in the effect of berberine on insulin resistance. a Animal study protocol. Mice were divided into three Ppif+/+ (wild-
type) groups and three Ppif−/− (CypD deficiency) groups, and each group received saline or intralipid i.v. administration with or without BBR i.
g. administration 60min before the insulin tolerance test (ITT). b Immunoblotting analysis of CypD protein expression in the skeletal muscle of
Ppif+/+ and Ppif−/− mice normalized to GAPDH. The data are shown as the mean ± SD. ###P < 0.0001 vs. Ppif−/−. c ITT and d Kitt. The data are
shown as the mean ± SD. **P < 0.01 vs. Ppif+/+-saline group, #P < 0.05 vs. Ppif+/+-intralipid group; ns not significant; n= 4.
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cotreatment in skeletal muscle (Fig. 6a, b). AMPK phosphoryla-
tion levels were increased by BBR treatment in skeletal muscle.
However, this effect was strongly inhibited by intralipid
administration (Fig. 6c). The phosphorylation of Akt was not

influenced by BBR in the skeletal muscle of SD rats (Fig. 6d).
These data indicated that BBR improved intralipid-induced IR
associated with the inhibition of CypD expression in skeletal
muscle.

Fig. 4 The effect of berberine is independent of the liver and intestine. a Animal study protocols. Each rat received a systemic infusion of
intralipid 60min before a 2 h euglycemic insulin clamp was performed (3 mU · kg−1 · min−1). BBR was intragastrically (i.g., 10 mg/kg),
intravenously (i.v., 15 μg/kg) or intraportally (p.v., 20 μg/kg) administered 60min before the insulin clamp. b Time courses of the glucose
infusion rate (GIR) during the euglycemic-hyperinsulinemic clamp. The data are shown as the mean ± SD. #P < 0.05, ##P < 0.01, ###P < 0.001 vs.
intralipid group; ns not significant; n= 3–4. c Steady-state GIR. The data are shown as the mean ± SD. #P < 0.05, ##P < 0.01, ###P < 0.001 vs.
intralipid group; ns not significant; n= 3–4.

Fig. 5 The effect of berberine is independent of endothelial-dependent vasodilation. a Western blot analysis of p-eNOS (Ser1177) and total
eNOS in HUVECs. b Animal study protocol. Rats received an intralipid+ heparin (6.6%, 30 U/mL) infusion with or without BBR (10 mg/kg) i.g.
delivery 1 h before the insulin clamp in the presence or absence of NO inhibitor NG-nitro-L-arginine (L-NAME, 50 μg · kg−1 · min−1) infusion.
c Time courses of the glucose infusion rate (GIR) during euglycemic-hyperinsulinemic clamps. The data are shown as the mean ± SD. ***P <
0.001 vs. intralipid group, n= 3–4. d Steady-state GIR. The data are shown as the mean ± SD. ***P < 0.001 vs. intralipid group; ns not significant;
n= 3–4.
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DISCUSSION
In the current study, we found that BBR treatment acutely rescued
intralipid-induced IR before the onset of hyperglycemia. These
findings provide evidence for the use of BBR in the early
intervention of insulin-resistant patients, such as those with
prediabetes, polycystic ovary syndrome, and total parenteral
nutrition. Moreover, BBR i.g. administration reversed IR both
before and after intralipid infusion, indicating the preventive and
therapeutic role of BBR in mediating IR.
We demonstrated that BBR inhibited FFA-induced mitochon-

drial swelling. Our findings that BBR improved mitochondrial
swelling were in agreement with those of several other studies.
For example, Gomes et al. showed that the beneficial effects of
BBR were accompanied by increased mitochondrial function in
skeletal muscle in vivo [45], and Qin et al. demonstrated that BBR
improved FFA-induced mitochondrial dysfunction in glomerular
podocytes [46]. However, some in vitro studies reported that BBR
inhibited ETC complex I and attenuated mitochondrial function at
concentrations thousands of times higher than its plasma
concentration [47]. We did not rule out the possibility of toxic
effects of BBR on mitochondria at higher concentrations. We
observed that BBR exerted a beneficial effect on IR at a much
lower dose (10 mg/kg) than previously described (100–380mg ·
kg−1 per day) [24, 48, 49]. The low effective dose suggests that
BBR might be a good pharmacologic agent to treat FFA-
induced IR.
Our study demonstrated for the first time that the insulin-

sensitizing effect of BBR was derived from its inhibition of
mitochondrial CypD. These results were in line with a study that
showed that CypD deficiency protected mice from HFD-induced IR
[20]. We also measured the phosphorylation of AMPK and Akt,
which play crucial roles in two distinct pathways in glucose
uptake. AMPK is the target of many insulin-sensitizing agents,
such as metformin and thiazolidinediones [50, 51]. BBR has been
reported to activate the AMPK pathway, which was proposed as a
mechanism for the insulin-sensitizing effect of BBR [24, 52].
However, another group demonstrated that AMPK activation was
not necessary for the glucose-lowering effect of BBR [53]. They
found that the effect of BBR on glucose utilization could not be
blocked by compound C, siRNA, or adenoviruses encoding
dominant-negative forms of AMPKα1/α2 [53]. In the current study,
we observed that AMPK phosphorylation was increased by BBR
oral administration and inhibited by intralipid infusion in the
skeletal muscle of SD rats. However, BBR was still effective in
ameliorating IR in the presence of intralipid, as the GIR was not
different between the intralipid+ BBR group and the BBR group.
These results suggest that the activation of AMPK might be a
concomitant effect in the insulin-sensitizing effect of BBR. More-
over, we observed that the phosphorylation of Akt, a key molecule
in the insulin signaling pathway, was not influenced by BBR in vivo
and in vitro. Our results were in agreement with those of study
showing that BBR-stimulated GLUT4 translocation was not
inhibited by the phosphatidylinositol 3 kinase inhibitor wortman-
nin in L6 myotubes [24], suggesting that Akt may not be involved
in the glucose-lowering effect of BBR.
The target organs of insulin-sensitizing agents include the

intestine, liver, skeletal muscle, adipose tissue, and microvascu-
lature [29, 54–56]. Similar to some other herbal products, the first-
pass (gut and liver) elimination effect of BBR was very strong. BBR
that entered the portal vein was present at 0.2% of the total oral
dose, while the hepatic elimination of BBR was 28.2% [31]. Thus,
the concentrations of BBR in the intestine and liver were much
higher than those in peripheral tissues after oral administration. To
rule out the effect of the gut and liver, we used two different (i.v.,
p.v.) delivery routes to make plasma BBR concentrations similar to
those after BBR i.g. administration. Although these three injection
routes differed greatly in BBR concentrations in the gut and liver,
the insulin-sensitizing effects of BBR were not different among

Fig. 6 Berberine affects CypD protein expression in the skeletal
muscle. a Changes in CypD, phospho-AMPK (Thr172), total AMPK,
phospho-Akt (Ser473), and total Akt protein expression in the skeletal
muscle of rats in protocol 1. β-actin served as a loading control. b–d
Quantification of CypD immunoblots, phospho/total AMPK, and
phospho/total Akt. The data are shown as the mean ± SD. #P < 0.05
and ##P < 0.01 vs. saline group, *P < 0.05 vs. intralipid group, $$P <
0.01 vs. BBR group; n= 3.
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those three groups. Our results implied that the insulin-sensitizing
effect of BBR was independent of the intestine and liver. In
addition, the microvasculature offers endothelial exchange surface
area to regulate nutrient exchanges between the plasma and
muscle interstitium. Recent evidence has shown that intralipid
infusion leads to microvascular IR by inhibiting endothelial-
dependent vasodilation [6]. Here, we used the NO inhibitor L-
NAME and found that the improved IR in response to BBR was
independent of endothelial-dependent vasodilation. Furthermore,
adipose tissue was also ruled out in the acute effect of BBR
because lipolysis in adipose tissue was suppressed during
intralipid infusion [57]. Therefore, we propose that skeletal muscle
is the main target organ of BBR in mediating intralipid-induced IR.
We also observed that CypD protein expression is inhibited by BBR
in skeletal muscle. Indeed, skeletal muscle accounted for 80% of
insulin-stimulated glucose uptake and was the main organ
influenced by IR [58]. Although we did not use skeletal muscle-
specific CypD knockout mice, it is reasonable to propose that
skeletal muscle CypD is associated with the insulin-sensitizing
effect of BBR. This tissue-specific phenomenon resulted from the
structural variation of the mPTP complex in different tissues [59].
mPTP opening is regulated by the CypD-ANT interaction [60].
However, different isoforms of ANT are expressed in a tissue-
specific manner. ANT-1 is mainly expressed in skeletal muscle,
kidney, heart, and brain, while ANT-2 is expressed in other tissues
[21, 23]. CypD had a higher binding affinity for ANT-1 than ANT-2
[22], which led to more effective CypD inhibition in the skeletal
muscle than other glucose metabolic tissues [20]. However, there
were still some limitations of this study. The influences of holistic
factors could not be ruled out in the Ppif conventional knockout
mouse model. The skeletal muscle Ppif conditional knockout
mouse model and Ppif overexpression mouse model may provide
more support for the mechanism of the effect of BBR.
In summary, this study indicated that low concentrations of BBR

acutely improved FFA-induced IR, which was related to the
inhibition of CypD protein expression in the skeletal muscle. These
findings provide new evidence for the use of BBR in the early
clinical intervention of IR.
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