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Background: Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease
characterized by insulin resistance and hyperglycemia. This study examined the effect
and elucidated the mechanism of improvement of hyperglycemia and insulin resistance by
a co-crystal of rosiglitazone with berberine (RB) in high-sugar high-fat diet (HSHFD)-
induced diabetic KKAy mice.

Methods: Diabetic KKAy mice were randomly divided into seven groups: KKAy model
control group (DM control) treated with 3% sodium carboxymethyl cellulose; RB groups,
administered daily with RB 0.7 mg/kg (RB-L), 2.11 mg/kg (RB-M), or 6.33 mg/kg (RB-H);
positive control groups, administered daily with rosiglitazone 1.04 mg/kg (RSG), berberine
195 mg/kg (BBR), or combination of 1.04 mg/kg RSG and 1.08mg/kg BBR (MIX). Test
compounds were administered orally for 8 weeks. Non-diabetic C57BL/6J mice were
used as normal control (NC). Blood glucose, food intake, body weight, glucose-lipid
metabolism, and pathological changes in the pancreas and liver were examined. We
further evaluated the mechanism of action of RB in C2C12 and HepG2 cells stimulated
with high glucose and palmitate.

Results: RB treatment improved glucolipid metabolism and insulin resistance in diabetic
KKAy mice. RB reduced blood glucose levels, white fat index, plasma triglyceride (TG),
low-density lipoprotein (LDL), gastric inhibitory peptide (GIP), and insulin levels, increased
the levels of plasma glucagon-like peptide-1 (GLP-1), high-density lipoprotein (HDL), and
glycogen content in the liver andmuscle; and improved oral glucose tolerance test (OGTT),
insulin tolerance test (ITT), and pathological changes in the pancreas and liver of KKAy
mice. Moreover, RB upregulated p-PI3K and p-AKT levels and reduced TXNIP expression
in KKAy mice and in HepG2 and C2C12 cells.
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Conclusion: These data indicate that RB ameliorates insulin resistance and metabolic
disorders, and the mechanism might be through regulating the PI3K/AKT/TXNIP signaling
pathway . Thus, the co-crystal drug RB may be considered as a potential antidiabetic
agent for future clinical therapy.
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INTRODUCTION

Diabetes mellitus is one of the leading causes of death in the world
(Vijan, 2015). More than 400 million people worldwide currently
suffer from diabetes, and this number is expected to reach 700
million by 2030, accounting for 10.9% of the global population
(Wild et al., 2004). Type 2 diabetes mellitus (T2DM) is a systemic
chronic metabolic syndrome with insulin resistance (IR) and/or
β-cell dysfunction characterized by developing and worsening
hyperglycemia (Pearson, 2019). IR is a bottleneck in the
treatment of T2DM and is closely related to various metabolic
disorders, including obesity, metabolic syndrome, and fatty liver
(Eckel et al., 2005). Therefore, restoring insulin sensitivity,
improving metabolic homeostasis, and preventing diabetic
complications are crucial for ameliorating T2DM.

Currently, the most common diabetes treatment drugs are
anti-hyperglycemic agents that reduce the detrimental effects of
hyperglycemia (Lancet, 2017). The development of antidiabetic
drugs has made significant progress, including insulin and oral
hypoglycemic agents such as biguanides, thiazolidinediones,
sulfonylureas, and alpha-glucosidase inhibitors. However,
deficiencies still exist (Brietzke, 2015). At present, few
hypoglycemic drugs can maintain stable blood sugar levels for
years (Khunti et al., 2013; Aschner et al., 2020), and their potential
toxicity and side effects have attracted increasing attention
(Brietzke, 2015).

Metformin is the first-line drug for T2DM treatment. Its
discovery is linked to Ginkgo biloba, a traditional herbal
medicine (Bailey, 2017), prompting research to identify new
hypoglycemic agents from traditional Chinese herbs. Berberine
(BBR), an isoquinoline alkaloid isolated from Coptis chinensis or
Phellodendron Phellodendri, improves insulin resistance and
decreases blood glucose and lipid levels (Pirillo and Catapano,
2015; Xu et al., 2021). Its hypoglycemic effect is nearly similar to
metformin (Zhang et al., 2010). Nevertheless, applications of BBR
are limited owing to its poor water solubility and low
bioavailability (Tan et al., 2011; Li et al., 2018). Rosiglitazone
(RSG), a classic insulin sensitizer, improves lipid and glucose
metabolism by activating PPAR-γ (Lebovitz, 2019). However,
adverse reactions, such as risk of cardiac events and fluid
retention, limit its clinical application (Richter et al., 2007).
Therefore, development of hypoglycemic drugs with good
efficacy, fewer side effects, and lower cost has always been a
research hotspot in the medical field.

Pharmaceutical co-crystallization has been used to form
various active pharmaceutical ingredients by utilizing the
formation of hydrogen or other non-covalent bonds to
improve the bioavailability, solubility, and stability of
chemicals (Sun, 2013; Rodrigues et al., 2018). Pharmaceutical

co-crystallization has received widespread attention in recent
years because of its combined therapeutic effects, ability to
reduce the dose or number of doses administered, and
reduction in adverse effects (Qiao et al., 2011; Srivastava et al.,
2018). Several pharmaceutical co-crystal formulations have been
developed to treat cardiovascular and metabolic diseases, such as
entresto for heart failure (Solomon et al., 2019), pasiniazid as anti-
tuberculosis (Zhang Y. et al., 2020; Ying et al., 2021), ertugliflozin
and suglat for diabetes (Cannon et al., 2020; Tahara et al., 2012).

RB, a non-covalent adduct co-crystal drug, was synthesized
using RSG and BBR in a 1:1 M ratio (Guan et al., 2020). RB is
expected to combine the therapeutic advantages of RSG and BBR
in improving insulin resistance and complications in patients
with T2DM while reducing the dosage or administration
frequency and increasing the bioavailability. In this study, we
investigated the hypoglycemic effects of RB and the possible
mechanisms. Through high-fat and high-sugar diet (HSHFD)-
induced T2DM model KKAy mice, we explored the effect of RB
on body weight, blood glucose, glucose tolerance, insulin
tolerance, insulin resistance index, glucolipid metabolism, and
serum GIP and GLP-1 in T2DM mice. We also explored the
underlying mechanisms to provide a theoretical basis for
therapeutic action of RB in patients with T2DM.

MATERIALS AND METHODS

Chemicals, Reagents, and Antibodies
RB was developed by the School of Pharmacy, Chongqing
Medical University. It was synthesized as described (Guan
et al., 2020). RSG sodium tablets were purchased from Taiji
Group Chongqing Fuling Pharmaceutical Factory Co., Ltd.
(Chongqing, China). BBR chloride was purchased from West
Plant Extraction Factory (Sichuan, China). Sodium
carboxymethyl cellulose (CMC) was purchased from Semick
Biotechnology Co. Ltd. (Chongqing, China). Primary
antibodies against PI3K (p85) (#4257), phospho-AKT (Ser473)
(#4060S), AKT (#4691S), and TXNIP (#14715S) were obtained
from Cell Signaling Technology (Danvers, MA, United States).
Primary antibody against phosphor-PI3K (#4257) was obtained
from Affinity Biosciences LTD. (OH, United States). β-Actin (sc-
47778) was purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, United States). Horseradish peroxidase-conjugated
secondary antibodies were purchased from Zhongshan Jinqiao
Biotechnology Co. Ltd. (Beijing, China). 2-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) was
purchased from Good Laboratory Practice Bioscience
Technology (Montclair, CA, United States). RSG, mannitol,
PI3K inhibitor LY294002, and palmitic acid were purchased
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from Medchem Express (NJ, United States). D-(+)-glucose and
insulin were purchased from Beyotime Biotechnology (Beijing,
China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). The Bio-Plex Pro™ Mouse Diabetes Panel 8-
Plex Kit was purchased from Bio-Rad Laboratories (Hercules,
CA, United States). Dulbecco’s modified Eagle medium (DMEM)
and horse serum (HS) were obtained from Gibco (Thermo Fisher
Scientific Inc., Waltham, MA, United States). Fetal bovine serum
(FBS) was obtained from Procell Life Science and Technology
Co., Ltd. (Wuhan, China). A glycogen detection kit was
purchased from Solarbio Science and Technology Co., Ltd.
(Beijing, China). The glucose test kit was obtained from the
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Animals
Male KKAy mice (4–5 weeks old) and age-matched C57BL/6J
mice were purchased from Beijing Huafukang Biology
Technology Co. Quality testing of mice was performed by the
Experimental Animal Center, Chinese Academy of Medical
Science, Beijing, China (Approval number: SCXK Beijing-
2019-0008). Unless otherwise stated, all mice were allowed
access to food and water ad libitum. Specific pathogen-free
(SPF) rooms were maintained at 22°C, 50% humidity, and a
12-h light/dark cycle. The experiment was performed according
to the principles and guidelines of the Chinese Council for
Animal Care and was approved by the Institutional Animal
Care and Use Committee of Chongqing Science and
Technology Committee.

Mice Treatment
C57BL/6J mice were fed a standard chow diet, and KKAy mice
were fed a high-sugar high-fat diet (HSHFD) during the
experiment. All mice were fed adaptively for 2 weeks. T2DM
KKAy mice were monitored for blood glucose levels, and mice
with levels >11.1 mMwere selected randomly for the experiment.
The mice were divided into eight groups: C57BL/6J normal
control group (NC), diabetes mellitus control group (DM
control), RSG group (RSG, 1.04 mg/kg/day), BBR group (BBR,
195 mg/kg/day), RSG (1.04 mg/kg/day) plus BBR (1.08 mg/kg/
day) group (MIX), RB groups (0.7 mg/kg/day, RB-L; 2.11 mg/kg/
day, RB-M; 6.33 mg/kg/day, RB-H). All drugs were dissolved in
0.3% CMC. Both the NC and DM control groups were treated

with 0.3% CMC (0.1 ml/10 g). Medications were administered
intragastrically once daily for eight consecutive weeks. Blood
glucose levels were measured weekly using a blood glucose
meter (ONETOUCH Ultra Lifecan, United States). Bodyweight
was monitored weekly. Food intake was monitored every 2 days.
All mice were sacrificed by cervical dislocation after 8 weeks of
treatment, and the liver, muscle tissue, white adipose tissue, and
pancreas were collected.

Oral Glucose Tolerance Test
Mice were fasted for 12 h, followed by oral glucose administration
(2 g/kg body weight, p.o.). Whole venous blood was obtained
from the tail vein at 0, 30, 60, 90, and 120 min after
administration. Blood glucose levels were measured using an
automatic glucometer (ONETOUCH Ultra, Lifecan,
United States). The area under the curve (AUC) was
calculated by using GraphPad software 8.

Insulin Tolerance Test
Mice were fasted for 12 h and then injected insulin
intraperitoneally (0.75 units/kg body weight, i.p.). Whole
venous blood was obtained from the tail vein at 0, 15, 30, 60,
90, and 120 min after administration. Blood glucose levels were
measured using an automatic glucometer (ONETOUCH Ultra,
Lifecan, United States). The area under the curve (AUC) was
calculated by using GraphPad software 8.

Glucose and Lipid Metabolism Test
Orbital venous plexus blood and white fat were collected from
mice after the 8-week treatment; blood serum was separated.
Serum triglyceride (TG), high-density lipoprotein (HDL), and
low-density lipoprotein (LDL) levels were measured using an
auto-biochemical analyzer (Mindray BS-220, China). Fasting
blood glucose (FBG) levels were measured using a blood
glucose meter. Fasting insulin (FIN), gastric inhibitory peptide
(GIP), and glucagon-like peptide-1 (GLP-1) levels were
determined using Bio-Plex suspension chip system (Bio-Plex
200 System) with Bio-Plex Pro™ Assay kit, and the insulin
resistance index (HOMA-IR) and insulin sensitivity index (ISI)
were calculated. Following the manufacturer’s protocol, glycogen
content in the liver and muscle was measured using respective
assay kits. Similarly, glucose consumption and cellular glycogen
content were measured using assay kits. HOMA-IR index = FBG

FIGURE 1 | Physiological characteristics of RB-treated diabetic KKAy mice. (A) Random blood glucose; (B)Body weight; (C)Daily food intake. Data are expressed
as the mean ± SD, n = 7 per group. #p < 0.05, ##p < 0.01, vs. NC group; *p < 0.05, **p < 0.01, vs. DM control group; $p < 0.05, $$p < 0.01, vs. RSG group;^p < 0.05,^̂p <
0.01, vs. BBR group; !p < 0.05, !!p < 0.01, vs. MIX group.
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(mM) × FIN (mIU/L)/22.5; ISI = 1/[FBG (mM) × FIN (mIU/L)];
white fat index (WFI) = white fat (mg)/body weight of mouse (g).

Hematoxylin and Eosin Staining
All mice were sacrificed by cervical dislocation after 8 weeks of
treatment, and the liver and pancreas were collected. Mouse
tissues were post-fixed in 4% paraformaldehyde for 24 h and
sectioned after embedding in paraffin. Sections were prepared
and stained with H&E using standard procedure. Slides were
examined under Nikon ECLIPSE Ci biological microscope and
images were captured using Nikon color digital camera.

Cell Culture and Stimulation
C2C12 myoblasts and HepG2 cells were cultured in DMEM
supplemented with 10% FBS in a 5% CO2 incubator at 37°C.
For differentiation of C2C12 myoblasts, the cells were cultured in
DMEM containing 2% HS for 5 days. C2C12 myotubes and
HepG2 cells were transferred to 33.3 mM high-sugar DMEM
medium (H-DMEM) containing 0.25 mM palmitate (PA) for
36 h and then treated with the corresponding drugs for 24 h to
establish an insulin resistance model. Cells were divided into eight
groups: normal control group (NC) treated with the same volume
of DMEM, model group (DM) treated with H-DMEM and PA,
RSG group treated with H-DMEM and PA + RSG (36 μM), BBR
group treated with H-DMEM and PA + BBR (36 μM),MIX group
treated with H-DMEM and PA + RSG (36 μM) combined with
BBR (36 μM), RB-L group treated with H-DMEM and PA + RB
(4 μM), RB-M group treated with H-DMEM and PA + RB
(12 μM), and RB-H group treated with H-DMEM and PA +
RB (36 μM). In addition, the mannitol group (MAN) was treated
with a final concentration of 33.3 mM mannitol for the same
duration as the DM control group.

Glucose Uptake Assay
HepG2 cells were cultured in 24-well plates at a density of 1.5 ×
104 cells per well and pretreated as described above. After
treatment, the cells were washed twice with PBS and then
incubated with 0.1 mM 2-NBDG at 37°C for 30 min. Glucose
uptake was terminated by three quick washes with ice-cold PBS
and recorded using a fluorescence inversion microscope. The
average fluorescence intensity was evaluated using the ImageJ
software.

Western Blotting Analysis
Proteins (30–50 μg) were electrophoresed on 8% SDS-PAGE
gels and then transferred to PVDF membranes (Millipore, MA,
United States). Next, the membranes were blocked for 2 h at
room temperature with 5% non-fat dry milk in Tris-buffered
saline with Tween-20 (TBST) and then incubated with primary
antibodies at a dilution of 1:1,000 for 12 h at 4°C. After washing
off the excess primary antibodies with TBST, the membranes
were incubated with the appropriate secondary antibodies at a
1:5,000 dilution for 2 h at room temperature. The membranes
were washed thrice with TBST for a total of 30 min. An ECL kit
was used to enhance chemiluminescence, and a scanner was
used to quantify the protein bands. Signal bands were
quantified by densitometric analysis using the ImageJ software.

Statistical Analysis
All results are expressed as the mean ± SD. Data were examined
using one-way analysis of variance (ANOVA) followed by
Tukey’s comparisons. Statistical significance was set at p <
0.05. GraphPad software 8 (San Diego, CA, United States) was
used for calculations.

RESULTS

RB Regulates Blood Glucose, Body Weight,
and Food Intake in KKAy Mice
We conducted in vivo experiments using an HSHFD-induced
diabetic mouse model KKAy mice to investigate the effects of RB
treatment. All selected KKAy mice had blood glucose levels
>11.1 mM, which accorded with the characteristics of the
diabetic model (Figure 1A). Randomized glucose levels were
consistently elevated in the DM control group compared to those
in the NC group and peaked at week 6 (>33.3 mM). Compared to
the DM control group, the blood glucose levels of the treatment
groups were effectively controlled after administration,
particularly in the RB-M and RB-H groups. The mean
random blood glucose levels in the RB-M group were
ameliorated to a greater extent than those in the positive
control groups (RSG, BBR, and MIX). However, there were no
statistically significant differences among the groups.
Additionally, bodyweight of the mice in each group gradually
increased throughout the experiment. The weight of mice in the
DM control group was always higher than that of mice in the NC
group. However, there was little difference between the treatment
and DM control groups (Figure 1B). Our results confirmed that
the treatment did not affect the body weight of KKAy mice.
Moreover, the average food intake in the DM control group was
significantly higher than that in the NC group. None of the DM
mice showed a difference in food intake until the fourth week. At
week 8, the food intake of the RB-M and RB-H groups decreased
significantly compared to that of the DM control group
(Figure 1C). These data indicated that RB administration
could effectively control blood glucose levels in KKAy mice
without affecting their body weight.

RB Improves Glucose Metabolism in
HSHFD-Induced Diabetic KKAy Mice
To determine whether RB affects insulin sensitivity in vivo,
T2DM KKAy mice were treated with RB for 8 weeks. OGTT
testing showed that the blood glucose levels of DMmice increased
significantly after glucose administration (0.5 h) and reached a
peak. After 120 min, the blood glucose level remained relatively
high (Figure 2A). The basal blood glucose level in the RB groups
(RB-L, RB-M, and RB-H) was lower than that in the DM control
group, and the blood glucose level after glucose administration
was elevated. After 30 min of glucose administration, the blood
glucose levels in the RB-H group were lower than those in the RB-
M and RB-L groups, with all significantly lower than those in the
DM control group. The effects in the RB groups were dose-
dependent. The AUC of the RB-L group was lower than that of
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the BBR group. The AUC of the RB-M group was lower than that
of the RSG and BBR groups. The AUC of the RB-H group was
lower than that of the RSG, BBR, and MIX groups, all of which
were lower than that of the DM control group (Figure 2B). These
data indicate that RB effectively improved impaired glucose
tolerance in diabetic KKAy mice.

ITT was performed in the eighth week for comparison to
determine the effect of RB on insulin tolerance (Figures 2C,D).
During ITT, an apparent difference was observed in blood
glucose levels between NC and diabetic mice at any time point.
In the ITT experiment, mice in the NC group showed rapid
decrease followed by slow decrease in blood sugar levels
compared with KKAy mice, whereas mice in the DM control
group exhibited higher blood sugar and insulin insensitivity,
which could be largely relieved by RB treatment. The AUC of
the RB group was lower than that of the DM control group, and
the blood glucose level of the RB-H group was lower than that
of the RB-M and RB-L groups, in a dose-dependent manner.
The AUC of the RB-M and RB-H groups was lower than that of
the RSG, BBR, and MIX groups, all of which were lower than
that of the DM control group. These data demonstrated that RB
could effectively improve insulin sensitivity in diabetic
KKAy mice.

To investigate changes in insulin resistance, we used the
homeostasis model assessment of insulin resistance (HOMA-
IR) and insulin sensitivity index (ISI) to evaluate the effect of RB
on insulin resistance in KKAymice. The FIN, FBG, and HOMA-

IR indices were higher in the DM control group than in the NC
group (Figures 2E–G), indicating the presence of significant
systemic insulin resistance in diabetic KKAy mice. The FIN and
FBG levels in vivo were reversed in the treated groups (Figures
2E,F). The results showed that RB significantly reversed insulin
resistance in KKAy mice. HOMA-IR value and plasma insulin
concentration showed a decreasing trend (Figure 2G). ISI
values showed an increasing trend (Figure 2H), with the
most significant in the RB-H group. Moreover, the HOMA-
IR index of the RB-H group was lower than that of the RSG,
BBR, and MIX groups. The ISI index of the RB-H group was
higher than that of the RSG, BBR, and MIX groups. The
HOMA-IR index of the RB-M group was lower than that of
the RSG, BBR, and MIX groups. The ISI index of the RB-M
group was higher than that of the RSG, BBR, and MIX groups.
However, the results were statistically different only when
compared with the BBR group. These data indicated that RB
treatment effectively ameliorated insulin resistance in diabetic
KKAy mice.

When the body is insulin-resistant, the liver excessively
releases glucose into the bloodstream due to increased
glycogenolysis and gluconeogenesis, causing peripheral tissues,
such as muscles, to become insensitive to insulin-regulated
glucose metabolism. Eventually, reducing glycogen production
and blood glucose consumption lead to hyperglycemia (Petersen
et al., 2017; Ormazabal et al., 2018). Our data showed that KKAy
mice had significant insulin resistance and low levels of hepatic

FIGURE 2 | RB improved glucose metabolism in T2DM KKAy mice. (A) Oral glucose tolerance test (OGTT), n = 7 per group; (B) Area under the curve (AUC) of
OGTT; (C) Insulin tolerance test (ITT), n = 7 per group; (D) AUC of ITT; (E) Fasting serum insulin (FIN); (F) Fasting blood glucose (FBG); (G) Homeostasis model
assessment of insulin resistance (HOMA-IR); (H) Insulin sensitivity index (ISI); (I) Hepatic glycogen content; (J)Myoglycogen content. Data are expressed as the mean ±
SD. #p < 0.05, ##p < 0.01, vs. NC group; *p < 0.05, **p < 0.01, vs. DM control group; $p < 0.05, $$p < 0.01, vs. RSG group;^p < 0.05,^̂p < 0.01, vs. BBR group; !p <
0.05, !!p < 0.01, vs. MIX group.
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glycogen and myoglycogen compared with the NC group. After
RB treatment, the liver glycogen and myoglycogen contents of
KKAy mice significantly increased (Figures 2I,J). Furthermore,
RB increased glycogen stores in the liver and muscle in a dose-
dependent manner, evidenced by higher muscle glycogen content
in the RB-M and RB-H groups than in the RSG and BBR groups
and higher liver glycogen content in the RB-M and RB-H groups
than in the RSG, BBR, andMIX groups. The data indicate that RB
effectively improved glucose utilization and metabolism in
diabetic KKAy mice.

RB Modulates Lipid Metabolism in
HSHFD-Induced Diabetic KKAy Mice
Compared with the NC group, significant changes in lipid levels
were observed in the DM control group, including elevated TG
and LDL levels and decreased HDL in the serum of KKAy mice
(Figures 3A–C). After 8 weeks of RB treatment, the serum TG
concentration in the RB-M and RB-H groups was lower than that
in the positive control groups (RSG, BBR, and MIX). However,
the differences were statistically significant only when compared
with the RSG and BBR groups (Figure 3A). The serum LDL
concentration in the RB-M and RB-H groups was lower than that
in the positive control groups and significantly different between
the RB-H and BBR groups (Figure 3B). The serum HDL
concentration in the RB-M group was higher than that in the
positive control groups, but the difference was not statistically
significant (Figure 3C). The WFI in the RB-M and RB-H groups
was lower than that in the positive control groups; differences
were statistically significant between the RB-M group and BBR

groups and the RB-H and positive control groups (Figure 3D).
These findings suggest that RB administration ameliorates
dyslipidemia in T2DM mice, contributing to the improvement
of insulin resistance and playing an important role in antidiabetic
therapies.

The hormones GIP and GLP-1 are secreted by the gut. GLP-
1 is a multifaceted hormone with broad pharmacological
potential. GLP-1 receptor agonists have been successfully
used clinically for T2DM treatment, whereas GIP levels are
increased in individuals with obesity and T2DM (Tasyurek
et al., 2014; Holst and Rosenkilde, 2020). The GIP levels in the
DM control group were significantly higher than those in the
NC group (Figure 3E). The medication intervention
significantly decreased the GIP level, particularly in the RB-
H group that had GIP level lower than that of the positive
control groups (p < 0.01) and close to that of the NC group.
Meanwhile, slight difference was observed between the RB-L
and RB-M groups and the positive control groups.
Additionally, GLP-1 (Figure 3F) in the DM control group
was reduced by three-fold compared to that in the NC group.
GLP-1 levels tended to increase in response to medical
stimulation. Notably, the increase in GLP-1 levels was
concentration-relevant rather than concentration-dependent
with RB treatment. The RB-M group showed increased level of
GLP-1 compared with the NC group in T2DM KKAy mice,
and the GLP-1 level in the RB-M and RB-H groups was higher
than that in the positive control groups but statistically
significant only when compared with the BBR group. These
data suggest that RB may improve insulin resistance by
increasing serum GLP-1 concentration and decreasing GIP

FIGURE 3 | RB ameliorated lipid metabolism in diabetic KKAy mice. (A) Triglyceride (TG); (B) Low-density lipoprotein (LDL); (C) High-density lipoprotein (HDL),
inconsistent numbers of mice detected in A,B, and C plots due to insufficient serum samples; (D) White fat index (WFI); (E) Gastric inhibitory polypeptide (GIP); (F)
Glucagon-like peptide-1 (GLP-1). Data are expressed as themean ± SD. #p < 0.05, ##p < 0.01, vs. NC group; *p < 0.05, **p < 0.01, vs. DM control group; $p < 0.05, $$p <
0.01, vs. RSG group; ^p < 0.05, ^̂p < 0.01, vs. BBR group; !p < 0.05, !!p < 0.01, vs. MIX group.
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concentration, thereby regulating lipid metabolism, reducing
appetite, and protecting islet cells.

RB Ameliorates Liver and Pancreatic
Lesions in Diabetic KKAy Mice
We evaluated whether RB treatment had any effect on T2DM-
induced hepatocyte alterations and pancreatic islet cells
through examining histopathological changes using H&E
staining in T2DM KKAy mice after RB intervention. We
observed that the hepatocytes were arranged neatly, with no
steatosis observed in the NC group (Figure 4A). In contrast,
swollen hepatocytes and severe fatty degeneration were
observed in the liver cells, with a massive accumulation of
fat vesicles in the cytoplasm in the DM control group.
Ameliorative effect of steatosis in the RSG and MIX groups
was improved compared with that in the DM control group.
However, this improvement was not significant in the BBR
group. RB treatment was significantly superior to the positive
control groups (RSG, BBR, MIX) and reduced liver lipid
accumulation in KKAy mice in a dose-dependent manner.
Similarly, the pancreatic structure was clear and complete in

the NC group, and slightly stained islet cells were arranged in
groups (Figure 4B). The β cells were close to each other
without obvious cell degeneration or necrosis. In the DM
control group, islet cells were hypertrophic and
disorganized, with swollen, deformed, and loosely arranged
islet β cells. The degree of morphological and structural
damage to islet cells was significantly lower in the RB
administered groups than in the DM control group. RB
treatment significantly repaired pancreatic islet cell damage
in a concentration-dependent manner, consistent with hepatic
alterations.

RB Improves Glucose Metabolism In Vitro
To examine the role of RB in regulating glucose metabolism
in vitro, high glucose (33.3 mM) and palmitate were used to
establish a cellular model of insulin resistance, and the glucose
analog 2-NBDGwas used as a radiotracer to track glucose uptake.
First, to confirm the experimental role of osmolarity induced by
high glucose, mannitol (MAN), corresponding to high glucose
concentration in the DM control group, was used to assess the
effect of a high osmotic environment. The data showed that both
the high glucose and mannitol groups (MAN) had decreased cell

FIGURE 4 | Effects of RB on histopathological alterations in KKAy mice. (A) Hepatic histopathological alterations; (B) Pancreatic islet histopathological alterations.
Scale bar, 50 μm.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8428797

He et al. RB Ameliorates Insulin Resistance

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


survival rates in HepG2 and C2C12 cells compared to the normal
control group (NC), and there was no statistically significant
difference between the MAN and DM control groups
(Figure 5A). Moreover, the addition of high glucose
significantly reduced glucose uptake, whereas MAN did not
alter glucose consumption in HepG2 and C2C12 cells
compared to the NC group (Figure 5B). In short, although
osmolarity induced by high glucose and the same
concentration of mannitol affected cell viability, mannitol had
no significant effect on glucose uptake, excluding the effect of a
hyperosmotic environment on glucose uptake in HepG2 and
C2C12 cells.

Next, we examined whether RB affected glucose uptake in
insulin-resistant HepG2 cells (DM) (Figures 5C,D). Insulin
resistance in hepatocytes causes impaired insulin signaling and
decreased glucose uptake, the major contributors of
hyperglycemia. Treatment of HepG2 cells with high glucose

and palmitate (PA) triggers a significant reduction in insulin
signaling leading to insulin resistance (Wen et al., 2011; Palomer
et al., 2018). Our results showed that glucose uptake was
significantly lower in DM cells than in NC cells. After
treatment with RB (RB-L, RB-M, and RB-H), glucose uptake
remarkably increased in a concentration-dependent manner
compared to DM cells. Similarly, treatment with 36 μM RSG,
BBR, and MIX increased glucose uptake compared to DM cells.
The RB-H group showed better glucose uptake than the positive
control groups (RSG, BBR, and MIX) at the same concentration.
Our data demonstrated that insulin-resistant cells had
significantly impaired glucose uptake and that the use of RB
increased sugar uptake and further decreased insulin resistance.

Similarly, corresponding effects were observed for cell glucose
consumption and glycogen storage. In HepG2 and C2C12 cells,
glucose consumption and glycogen stores were significantly
reduced in the DM control group compared to the NC group

FIGURE 5 | RB regulated glucose metabolism in vitro. (A,B) Effect of mannitol (MAN) on the survival rate and glucose consumption in C2C12 and HepG2 cells; (C)
RB restores 2-NBDG uptake in insulin-resistant HepG2 cells; (D) Average fluorescence intensity of 2-NBDG in HepG2 cells; (E)Glucose consumption in HepG2 cells; (F)
Glycogen content in HepG2 cells; (G)Glucose consumption in C2C12 cells; (H)Glycogen content in C2C12 cells. Data are expressed as themean ± SD. #p < 0.05, ##p <
0.01, vs. NC group; *p < 0.05, **p < 0.01, vs. DM control group; $p < 0.05, $$p < 0.01, vs. RSG group;^p < 0.05,^̂p < 0.01, vs. BBR group; !p < 0.05, !!p < 0.01, vs.
MIX group; ns, no significance.
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FIGURE 6 | RB ameliorated insulin resistance by upregulating the PI3K/AKT/TXNIP cascade signaling pathway in vitro. (A) Effect of MAN on the expression of
p-PI3K, PI3K, p-AKT, AKT, and TXNIP proteins in C2C12 and HepG2 cells; (B) Effect of RB on the expression of p-PI3K, PI3K, p-AKT, AKT, and TXNIP proteins in
HepG2 cells; (C) Effect of RB on the expression of p-PI3K, PI3K, p-AKT, AKT, and TXNIP proteins in C2C12 cells; (D) Effect of PI3K inhibitor LY294002 (20 μM) on the
expression of p-PI3K, PI3K, p-AKT, AKT, and TXNIP proteins in HepG2 cells; (E) Effect of PI3K inhibitor LY294002 (20 μM) on the expression of p-PI3K, PI3K,
p-AKT, AKT, and TXNIP proteins in C2C12 cells. All data are expressed as the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01, vs. NC group; *p <
0.05, **p < 0.01, vs. DM control group; $p < 0.05, $$p < 0.01, vs. RSG group;^p < 0.05,^̂p < 0.01, vs. BBR group; !p < 0.05, !!p < 0.01, vs. MIX group; &p < 0.05, &&p < 0.01,
vs. RB group; ns, no significance.
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and reversed with RB treatment (Figures 5E–H). Moreover, RB
improved cellular glucose consumption and glycogen storage in a
dose-dependent manner, which was superior to that of the RSG,
BBR, andMIX groups at the same dose (36 μM). Our data suggest
that RB effectively restores glucose consumption and glycogen
stores and regulates glucose metabolism in insulin-resistant
HepG2 and C2C12 cells.

RB Ameliorates Insulin Resistance Through
the PI3K/AKT/TXNIP Cascade Signaling
Pathway
To further test the ability of RB to modulate the insulin signaling
pathway, PI3K, AKT, and TXNIP were used as critical messengers.
Insulin activates the PI3K/AKT pathway by binding to the insulin
receptor that regulates glucose and lipid metabolism (Holland et al.,
2007; Saltiel, 2021). Damage to the PI3K/AKT pathway leads to the
development of insulin resistance and T2DM (Huang et al., 2018).
As an important regulator of cell metabolism and stress, TXNIP,
mediated by AKT under glucose stress, is often upregulated in
T2DM (Robinson et al., 2013; Hong et al., 2016; Waldhart et al.,
2017). To investigate the expression levels of these proteins and
confirm the results of the above experiments, western blot analysis
was performed. First, high glucose caused noticeably lower PI3K and
AKTphosphorylation levels inHepG2 andC2C12 cells (DM control
group) and significantly higher TXINP protein levels than that of the
NC group (Figure 6), indicating the successful establishment of an
insulin-resistant cell model. However, mannitol stimulation with
high glucose isotonicity in the DM control group did not alter the
expression of p-AKT, p-PI3K, or TXNIP, showing little effect of
mannitol on PI3K/AKT/TXNIP signaling regulation (Figure 6A).
As shown in Figure 6B, RB treatment increased the expression of
p-AKT and p-PI3K. It decreased the expression of TXNIP in a dose-
dependent manner in HepG2 cells, with themaximal effect observed
at a concentration of 36 μM, superior to that of the RSG, BBR, and
MIX groups at the same concentration. The same verification was
performed for C2C12 cells. We found a significant increase in
p-PI3K and p-AKT expression with RB concentration, superior
to RSG, BBR, and MIX groups (Figure 6C). This indicated that RB
could activate the PI3K/AKT pathway inhibited by high glucose and
palmitate, and mediate the downregulation of TXNIP, consistent
with previous studies (Yoshihara et al., 2010; Hong et al., 2016). We
then used a specific PI3K inhibitor, LY294002, to investigate whether
RB ameliorates insulin resistance through the PI3K/AKT/TXNIP
pathway in vitro (Figures 6D,E). HepG2 and C2C12 cells were
pretreated with LY294002 (20 μM) for 2 h, followed by treatment
with 36 μM RB for 24 h. As shown in Figures 6D and E, the
phosphorylation levels of PI3K and AKTwere significantly inhibited
by LY294002 pretreatment and high glucose + PA stimulation in
HepG2 and C2C12 cells. Moreover, high glucose + PA stimulation
elevated TXNIP protein expression levels, enhanced after LY294002
pretreatment. In addition, the phosphorylation of PI3K and AKT
inhibited by high glucose + PA stimulation was restored and
upregulated following treatment with RB. However, LY294002
markedly inhibited RB from restoring PI3K and AKT
phosphorylation levels as well as TXNIP levels. As expected,
these data confirmed that stimulation with LY294002 significantly

attenuated the protective effect of RB on PI3K/AKT/TXNIP
signaling.

Next, we assessed the action of RB on PI3K/AKT/TXNIP signaling
in vivo. The phosphorylation and total expression levels of PI3K, AKT,
andTXNIPwere investigated by protein blotting. The data showed that
p-PI3K and p-AKT were downregulated, and that TXNIP protein
expression was increased in both the liver and muscle of KKAy mice
compared toC57BL/6Jmice (NCgroup) (Figures 7A,B). RB treatment
restored the levels of p-PI3K and p-AKT in the liver andmuscle tissues
of KKAy mice. Moreover, RB inhibited TXNIP expression in a
concentration-dependent manner and was more effective at higher
doses. These results further support that RB treatment may ameliorate
peripheral diabetic tissue lesions and insulin resistance via the PI3K/
AKT/TXNIP signaling pathway in KKAy diabetic mice.

DISCUSSION

The major feature of T2DM is insulin resistance, often accompanied
by impaired glucose tolerance (DeFronzo et al., 2015). BBR has been
shown to reduce hyperglycemia and inflammation, regulate lipid
metabolism and intestinal microorganisms, and improve insulin
resistance, diabetic nephropathy, and cardiomyopathy (Pirillo and
Catapano, 2015; Xu et al., 2021). BBR may regulate glucose
metabolism through multiple mechanisms and signaling pathways,
and the hypoglycemic efficacy of BBR is similar to that of metformin
(Yin et al., 2008); however, its use is limited by its poor solubility and
low bioavailability. RSG, a classic insulin sensitizer can reduce liver
glucose output and improve lipidmetabolism, glucose utilization, and
peripheral tissue sensitivity to insulin by activating PPAR-γ (Richter
et al., 2007; Lebovitz, 2019), but its adverse reactions, such as cardiac
reactions and fluid retention, limit its clinical application (Brietzke,
2015). A study has shown that compared with oral hypoglycemic
drugs alone, such as rosiglitazone or metformin, co-interventions
with berberine showed better blood glucose control (Dong et al.,
2012). However, the mechanism of action remains unclear.
Pharmaceutical co-crystallized RB is synthesized from RSG and
BBR in a 1:1M ratio to improve the stability, dissolution, and
bioavailability of the constituents (Guan et al., 2020). We
administered the clinically recommended maximum daily dose of
RSG to mice as the standard. We then converted it to a median dose
group (RB-M, 2.11mg/kg) based on the ratio of RSG to RB relative
molecular mass (357.4/754.81) for the mouse-based model. The dose
of RB in low-dose group (RB-L, 0.7 mg/kg) and high-dose (RB-H,
6.33mg/kg) group were 1/3 and 3 times of the RB-M, respectively. In
the current study, we tested whether RB could exert a hypoglycemic
effect superior to that of BBR and RSG, alone and in combination,
using KKAy mice as model animals. Our study showed that RB
ameliorated impaired insulin tolerance (ITT) and glucose tolerance
(OGTT). The effect was better compared to the RSGandBBR groups.
The improvement of ITT was better than that of the mixture of RSG
and BBR. In addition, RB significantly decreased HOMA-IR,
increased ISI, and improved systemic insulin sensitivity in
KKAy mice.

In T2DM, dyslipidemia is often closely related to insulin
resistance characterized by an increase in TC, TG, and LDL and
a decrease in HDL (Eckel et al., 2005; Ormazabal et al., 2018). KKAy
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mice, a spontaneous ideal T2DM mouse model with a metabolic
syndrome of hyperglycemia, obesity, and high insulin resistance are
widely used in T2DM research since the T2DM development
process in KKAy mice is similar to that in humans. Our results
showed that RB not only decreased white fat index and the levels of
TG and LDL in the peripheral circulation but also increased HDL
levels in KKAy mice. Similar results have been previously reported
for RSG (Gong et al., 2017). The efficacy of RBwas better than that of
RSG, BBR, or their mixture to some degree, and the effect of
6.33mg/kg RB (RB-H) was the best. This is probably due to the
formation of co-crystals that improve the drugs’ physical and

chemical properties and bioavailability. Amelioration of lipid
metabolism in KKAy mice by RB may be related to the
enhancement of insulin sensitivity.

GLP-1 and GIP are incretins that play important role in
regulating blood glucose and reducing complications in patients
with diabetes (Campbell and Drucker, 2013; Nauck and Meier,
2016). Our results show that RB can increase the concentration of
GLP-1 and decrease the concentration of GIP in the serum better
than that of RSG, BBR, and their mixture. This may be attributed to
the increase in BBR dissolution in RB that can improve the intestinal
flora (Zhang Z. et al., 2020).

FIGURE 7 |RB ameliorated insulin resistance by upregulating the PI3K/AKT/TXNIP cascade signaling pathway in vivo. (A) Effect of RB on the expression of p-PI3K,
PI3K, p-AKT, AKT, and TXNIP proteins in the liver of KKAy mice; (B) Effect of RB on the expression of p-PI3K, PI3K, p-AKT, AKT, and TXNIP proteins in the muscle of
KKAy mice. (C) Schematic map for RB improving insulin resistance and T2DM. All data are represented as the mean ± SD of three independent experiments. #p < 0.05,
##p < 0.01, vs. NC group; *p < 0.05, **p < 0.01, vs. DM control group; $p < 0.05, $$p < 0.01, vs. RSG group;^p < 0.05,^̂p < 0.01, vs. BBR group; !p < 0.05, !!p < 0.01,
vs. MIX group.
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Diabetic liver injury is a common complication of diabetes, with
over 50% of T2MD patients suffering from nonalcoholic fatty liver
disease (Tilg et al., 2017; Younossi et al., 2019). The fat level in the
liver is closely related to insulin resistance, and deterioration of
insulin resistance causes islet β cells to secrete excessive insulin. Still,
it cannot cater to the need to reduce hyperglycemia, which leads to a
compensatory increase in islets and even dysfunction (Eckel et al.,
2005; Ježek et al., 2018; Hudish et al., 2019; Tanase et al., 2020). Our
results suggested that RB could restore glucose uptake in insulin-
resistant hepatocytes HepG2 and improved glycogen content and
glucose consumption. In addition, RB reduced hepatic steatosis and
improved glucose and lipid metabolism in the liver. These findings
were consistent with previous studies (Wei et al., 2019; Zhu et al.,
2019), indicating that RB effectively prevents HSHFD-induced liver
damage. Our study also showed that RB could improve pancreatic
pathological changes and islet compensatory enlargement in KKAy
mice. This may be associated with improving systemic insulin
resistance and glucolipid metabolism.

Impaired insulin signal transduction and abnormal metabolic
pathways are common in T2DM (Saltiel, 2021). The PI3K/AKT
signaling pathway is closely linked to the occurrence of diabetes and
a decrease in insulin sensitivity; the activation of the PI3K/AKT
pathway is blunted with the occurrence of insulin resistance (Huang
et al., 2018). Insulin promotes glucose uptake through signal
transduction pathways, initiated by binding to the insulin
receptor and activating IRS-1 phosphorylation (Kahn, 1985).
PI3K regulates glucose metabolism by phosphorylating AKT,
which then activates downstream molecules related to insulin
signal transduction (Petersen and Shulman, 2018). TXNIP, an
important AKT-mediated regulator under glucose stress
(Waldhart et al., 2017), is essential for improving glucose and
lipid metabolism by regulating β-cell function, liver glucose
production, peripheral glucose uptake, and lipogenesis.
Overexpression of TXNIP can induce pancreatic β-cell apoptosis,
reduce the sensitivity of peripheral tissues to insulin, and decrease
energy consumption (Thielen and Shalev, 2018; Yoshihara, 2020).
PI3K/AKT pathway promotes glucose uptake and utilization by
downregulating TXNIP expression (Hong et al., 2016). In contrast,
animals with TXNIP deficiency are immune to diet-induced insulin
resistance and T2DM (Yoshihara et al., 2010). Our results showed
that RB effectively promoted the uptake and utilization of glucose,
increased the phosphorylation of PI3K and AKT, and reduced
TXNIP expression in HepG2 and C2C12 cells. The PI3K
inhibitor LY294002 could counteract these effects. Moreover, the
efficacy of RB was superior to that of RSG, BBR, or their
combination. The inhibitory effect of RB on TXNIP may make it
a good candidate for the treatment of T2DM.

The efficacy of RB in T2DMwas superior to that of RSG, BBR, or
their combination treatments. RB alleviates T2DM lesions while
improving insulin resistance and is beneficial for mitigating the
development and progression of T2DM. However, there are some
limitations to our study. Studies of RB toxicity in vivo are incomplete,
and research on the hypoglycemic mechanism of RB is superficial.
The in vivo hypoglycemic effect of the BBR positive control is not
ideal, consistent with previous reports (Li et al., 2018; Mirhadi et al.,
2018), it has poor solubility and bioavailability. On the other hand, it
has also been proven that improving the physical and chemical

properties of the constituent drugs that benefit from RB co-crystals
effectively promotes the efficacy of the drugs.

In conclusion, our study shows that RB improves insulin
resistance in vivo and in vitro, and the mechanism migh be
through upregulating the PI3K/AKT signaling therefore
suppressing TXNIP expression. RB also ameliorates glucose and
lipid metabolism and alleviates diabetes-induced histopathological
alterations in the liver and pancreas. These effects are beneficial for
treating T2DM and preventing its complications (Figure 7C).
Accordingly, RB is expected to combine the therapeutic
advantages of RSG and BBR in improving insulin resistance and
complications in patients with T2DM while reducing the dosage or
administration times and increasing the bioavailability of the drugs.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to
the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by The ethics
committee of Chongqing Medical University.

AUTHOR CONTRIBUTIONS

WZ, QH, and XH defined the research theme and participated in the
research design. QH, BC, DZ, and YS performed the experiments.
HZ, XY, WL, HC, XL, QW, LW, LZ, and HL performed the part of
the experiments and contributed reagents and materials. WZ, BC,
DZ, HZ, and XL supervised experiments and provided suggestions.
QH and GW performed data analysis and wrote the first draft. WZ
and GW contributed to the revision of the manuscript. All authors
have read and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (82173869); Basic Research and Frontier
Exploration Project of Chongqing Science and Technology
Commission (cstc2021ycjh-bgzxm0133); Innovation research
group in Colleges and Universities Program of Chongqing
Municipal Education Commission (No. CXQT20012);
Postgraduate Tutor Team Development Program of
Chongqing Municipal Education Commission (No. dstd201807).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.842879/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 84287912

He et al. RB Ameliorates Insulin Resistance

https://www.frontiersin.org/articles/10.3389/fphar.2022.842879/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.842879/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Aschner,P., Ilkova,H., Lavalle, F.,Ramachandran,A.,Mbanya, J.C., Shestakova,M., et al. (2020).
Persistent Poor Glycaemic Control in Individuals with Type 2 Diabetes in Developing
Countries: 12 Years of Real-World Evidence of the International Diabetes Management
Practices Study (IDMPS). Diabetologia 63, 711–721. doi:10.1007/s00125-019-05078-3

Bailey, C. J. (2017). Metformin: Historical Overview. Diabetologia 60, 1566–1576.
doi:10.1007/s00125-017-4318-z

Brietzke, S. A. (2015). Oral Antihyperglycemic Treatment Options for Type 2
Diabetes Mellitus. Med. Clin. North. Am. 99, 87–106. doi:10.1016/j.mcna.2014.
08.012

Campbell, J. E., and Drucker, D. J. (2013). Pharmacology, Physiology, and
Mechanisms of Incretin Hormone Action. Cell Metab 17, 819–837. doi:10.
1016/j.cmet.2013.04.008

Cannon, C. P., Pratley, R., Dagogo-Jack, S., Mancuso, J., Huyck, S., Masiukiewicz,
U., et al. (2020). Cardiovascular Outcomes with Ertugliflozin in Type 2
Diabetes. N. Engl. J. Med. 383, 1425–1435. doi:10.1056/NEJMoa2004967

DeFronzo, R. A., Ferrannini, E., Groop, L., Henry, R. R., Herman,W. H., Holst, J. J.,
et al. (2015). Type 2 Diabetes Mellitus. Nat. Rev. Dis. Primers 1, 15019. doi:10.
1038/nrdp.2015.19

Dong, H., Wang, N., Zhao, L., and Lu, F. (2012). Berberine in the Treatment of
Type 2 Diabetes Mellitus: a Systemic Review and Meta-Analysis. Evid. Based
Complement. Alternat Med. 2012, 591654. doi:10.1155/2012/591654

Eckel, R. H., Grundy, S. M., and Zimmet, P. Z. (2005). The Metabolic Syndrome.
Lancet 365, 1415–1428. doi:10.1016/S0140-6736(05)66378-7

Gong, Y., Yin, J. Y., Tong, B. D., Zeng, J. X., and Xiong, W. (2017). Low Density
Lipoprotein - Rosiglitazone - Chitosan-Calcium Alginate/nanoparticles
Inhibition of Human Tenon’s Fibroblasts Activation and Proliferation.
Oncotarget 8, 105126–105136. doi:10.18632/oncotarget.21757

Guan, X., Jiang, L., Cai, L., Zhang, L., and Hu, X. (2020). A New Co-Crystal of
Synthetic Drug Rosiglitazone with Natural Medicine Berberine: Preparation,
Crystal Structures, and Dissolution. Molecules 25, 4288. doi:10.3390/
molecules25184288

Holland, W. L., Knotts, T. A., Chavez, J. A., Wang, L. P., Hoehn, K. L., Summers, S.
A., et al. (2007). Lipid mediators of insulin resistance. Nutr. Rev. 65, S39–S46.
doi:10.1111/j.1753-4887.2007.tb00327.x

Holst, J. J., and Rosenkilde, M. M. (2020). GIP as a Therapeutic Target in Diabetes
and Obesity: Insight from Incretin Co-agonists. J. Clin. Endocrinol. Metab. 105,
e2710. doi:10.1210/clinem/dgaa327

Hong, S. Y., Yu, F. X., Luo, Y., and Hagen, T. (2016). Oncogenic Activation of the
PI3K/Akt Pathway Promotes Cellular Glucose Uptake by Downregulating the
Expression of Thioredoxin-Interacting Protein. Cell. Signal. 28, 377–383.
doi:10.1016/j.cellsig.2016.01.011

Huang, X., Liu, G., Guo, J., and Su, Z. (2018). The PI3K/AKT Pathway in
Obesity and Type 2 Diabetes. Int. J. Biol. Sci. 14, 1483–1496. doi:10.7150/
ijbs.27173

Hudish, L. I., Reusch, J. E., and Sussel, L. (2019). β Cell Dysfunction during
Progression of Metabolic Syndrome to Type 2 Diabetes. J. Clin. Invest. 129,
4001–4008. doi:10.1172/JCI129188

Ježek, P., Jabůrek, M., Holendová, B., and Plecitá-Hlavatá, L. (2018). Fatty
Acid-Stimulated Insulin Secretion vs. Lipotoxicity. LipotoxicityMolecules
23, 1483. doi:10.3390/molecules23061483

Kahn, C. R., and Crettaz, M. (1985). Insulin Receptors and the Molecular
Mechanism of Insulin Action. Diabetes Metab. Rev. 1, 5–32. doi:10.1002/
dmr.5610010103

Khunti, K., Wolden, M. L., Thorsted, B. L., Andersen, M., and Davies, M. J. (2013).
Clinical Inertia in People with Type 2 Diabetes. Diabetes Care 36, 3411–3417.
doi:10.2337/dc13-0331

Lebovitz, H. E. (2019). Thiazolidinediones: the Forgotten Diabetes
Medications. Curr. Diab. Rep. 19, 151. doi:10.1007/s11892-019-1270-y

Li, J., Yang, L., Shen, R., Gong, L., Tian, Z., Qiu, H., et al. (2018). Self-
nanoemulsifying System Improves Oral Absorption and Enhances Anti-
acute Myeloid Leukemia Activity of Berberine. J. Nanobiotechnology 16, 76.
doi:10.1186/s12951-018-0402-x

Mirhadi, E., Rezaee, M., and Malaekeh-Nikouei, B. (2018). Nano Strategies for
Berberine Delivery, a Natural Alkaloid of Berberis. Biomed. Pharmacother.
104, 465–473. doi:10.1016/j.biopha.2018.05.067

Nauck, M. A., and Meier, J. J. (2016). The Incretin Effect in Healthy
Individuals and Those with Type 2 Diabetes: Physiology,
Pathophysiology, and Response to Therapeutic Interventions. Lancet
Diabetes Endocrinol. 4, 525–536. doi:10.1016/S2213-8587(15)00482-9

Ormazabal, V., Nair, S., Elfeky, O., Aguayo, C., Salomon, C., and Zuñiga, F. A.
(2018). Association between Insulin Resistance and the Development of
Cardiovascular Disease. Cardiovasc. Diabetol. 17, 122. doi:10.1186/s12933-
018-0762-4

Palomer, X., Pizarro-Delgado, J., Barroso, E., and Vázquez-Carrera, M. (2018).
Palmitic and Oleic Acid: The Yin and Yang of Fatty Acids in Type 2 Diabetes
Mellitus. Trends Endocrinol. Metab. 29, 178–190. doi:10.1016/j.tem.2017.11.009

Pearson, E. R. (2019). Type 2 Diabetes: a Multifaceted Disease. Diabetologia 62,
1107–1112. doi:10.1007/s00125-019-4909-y

Petersen, M. C., and Shulman, G. I. (2018). Mechanisms of Insulin Action and
Insulin Resistance. Physiol. Rev. 98, 2133–2223. doi:10.1152/physrev.00063.
2017

Petersen, M. C., Vatner, D. F., and Shulman, G. I. (2017). Regulation of Hepatic
Glucose Metabolism in Health and Disease. Nat. Rev. Endocrinol. 13, 572–587.
doi:10.1038/nrendo.2017.80

Pirillo, A., and Catapano, A. L. (2015). Berberine, a Plant Alkaloid with Lipid- and
Glucose-Lowering Properties: From In Vitro Evidence to Clinical Studies.
Atherosclerosis 243, 449–461. doi:10.1016/j.atherosclerosis.2015.09.032

Qiao, N., Li, M., Schlindwein, W., Malek, N., Davies, A., and Trappitt, G. (2011).
Pharmaceutical Cocrystals: an Overview. Int. J. Pharm. 419, 1–11. doi:10.1016/j.
ijpharm.2011.07.037

Richter, B., Bandeira-Echtler, E., Bergerhoff, K., Clar, C., and Ebrahim, S. H. (2007).
Rosiglitazone for Type 2 Diabetes Mellitus. Cochrane Database Syst. Rev 2007,
CD006063. doi:10.1002/14651858.CD006063.pub2

Robinson, K. A., Brock, J. W., and Buse, M. G. (2013). Posttranslational Regulation
of Thioredoxin-Interacting Protein. J. Mol. Endocrinol. 50, 59–71. doi:10.1530/
JME-12-0091

Rodrigues, M., Baptista, B., Lopes, J. A., and Sarraguça, M. C. (2018).
Pharmaceutical Cocrystallization Techniques. Advances and Challenges. Int.
J. Pharm. 547, 404–420. doi:10.1016/j.ijpharm.2018.06.024

Saltiel, A. R. (2021). Insulin Signaling in Health and Disease. J. Clin. Invest. 131,
e142241. doi:10.1172/JCI142241

Solomon, S. D., McMurray, J. J. V., Anand, I. S., Ge, J., Lam, C. S. P., Maggioni, A.
P., et al. (2019). Angiotensin-Neprilysin Inhibition in Heart Failure with
Preserved Ejection Fraction. N. Engl. J. Med. 381, 1609–1620. doi:10.1056/
NEJMoa1908655

Srivastava, D., Fatima, Z., and Kaur, C. D. (2018). Multicomponent Pharmaceutical
Cocrystals: A Novel Approach for Combination Therapy. Mini Rev. Med.
Chem. 18, 1160–1167. doi:10.2174/1389557518666180305163613

Sun, C. C. (2013). Cocrystallization for Successful Drug Delivery. Expert Opin.
Drug Deliv. 10, 201–213. doi:10.1517/17425247.2013.747508

Tahara, A., Kurosaki, E., Yokono, M., Yamajuku, D., Kihara, R., Hayashizaki, Y.,
et al. (2012). Pharmacological Profile of Ipragliflozin (ASP1941), a Novel
Selective SGLT2 Inhibitor, In Vitro and In Vivo. Naunyn Schmiedebergs
Arch. Pharmacol. 385, 423–436. doi:10.1007/s00210-011-0713-z

Tan, W., Li, Y., Chen, M., and Wang, Y. (2011). Berberine Hydrochloride:
Anticancer Activity and Nanoparticulate Delivery System. Int.
J. Nanomedicine 6, 1773–1777. doi:10.2147/IJN.S22683

Tanase, D. M., Gosav, E. M., Costea, C. F., Ciocoiu, M., Lacatusu, C. M.,
Maranduca, M. A., et al. (2020). The Intricate Relationship between Type 2
Diabetes Mellitus (T2DM), Insulin Resistance (IR), and Nonalcoholic Fatty
Liver Disease (NAFLD). J. Diabetes Res. 2020, 3920196. doi:10.1155/2020/
3920196

Tasyurek, M. H., Altunbas, H. A., Canatan, H., Griffith, T. S., and Sanlioglu, S.
(2014). GLP-1-mediated Gene Therapy Approaches for Diabetes Treatment.
Expert Rev. Mol. Med. 16, e7. doi:10.1017/erm.2014.7

The Lancet, T. (2017). Diabetes: a Dynamic Disease. Lancet 389, 2163. doi:10.1016/
S0140-6736(17)31537-4

Thielen, L., and Shalev, A. (2018). Diabetes Pathogenic Mechanisms and
Potential New Therapies Based upon a Novel Target Called TXNIP. Curr.
Opin. Endocrinol. Diabetes Obes. 25, 75–80. doi:10.1097/MED.
0000000000000391

Tilg, H., Moschen, A. R., and Roden, M. (2017). NAFLD and Diabetes Mellitus.
Nat. Rev. Gastroenterol. Hepatol. 14, 32–42. doi:10.1038/nrgastro.2016.147

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 84287913

He et al. RB Ameliorates Insulin Resistance

https://doi.org/10.1007/s00125-019-05078-3
https://doi.org/10.1007/s00125-017-4318-z
https://doi.org/10.1016/j.mcna.2014.08.012
https://doi.org/10.1016/j.mcna.2014.08.012
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1056/NEJMoa2004967
https://doi.org/10.1038/nrdp.2015.19
https://doi.org/10.1038/nrdp.2015.19
https://doi.org/10.1155/2012/591654
https://doi.org/10.1016/S0140-6736(05)66378-7
https://doi.org/10.18632/oncotarget.21757
https://doi.org/10.3390/molecules25184288
https://doi.org/10.3390/molecules25184288
https://doi.org/10.1111/j.1753-4887.2007.tb00327.x
https://doi.org/10.1210/clinem/dgaa327
https://doi.org/10.1016/j.cellsig.2016.01.011
https://doi.org/10.7150/ijbs.27173
https://doi.org/10.7150/ijbs.27173
https://doi.org/10.1172/JCI129188
https://doi.org/10.3390/molecules23061483
https://doi.org/10.1002/dmr.5610010103
https://doi.org/10.1002/dmr.5610010103
https://doi.org/10.2337/dc13-0331
https://doi.org/10.1007/s11892-019-1270-y
https://doi.org/10.1186/s12951-018-0402-x
https://doi.org/10.1016/j.biopha.2018.05.067
https://doi.org/10.1016/S2213-8587(15)00482-9
https://doi.org/10.1186/s12933-018-0762-4
https://doi.org/10.1186/s12933-018-0762-4
https://doi.org/10.1016/j.tem.2017.11.009
https://doi.org/10.1007/s00125-019-4909-y
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1038/nrendo.2017.80
https://doi.org/10.1016/j.atherosclerosis.2015.09.032
https://doi.org/10.1016/j.ijpharm.2011.07.037
https://doi.org/10.1016/j.ijpharm.2011.07.037
https://doi.org/10.1002/14651858.CD006063.pub2
https://doi.org/10.1530/JME-12-0091
https://doi.org/10.1530/JME-12-0091
https://doi.org/10.1016/j.ijpharm.2018.06.024
https://doi.org/10.1172/JCI142241
https://doi.org/10.1056/NEJMoa1908655
https://doi.org/10.1056/NEJMoa1908655
https://doi.org/10.2174/1389557518666180305163613
https://doi.org/10.1517/17425247.2013.747508
https://doi.org/10.1007/s00210-011-0713-z
https://doi.org/10.2147/IJN.S22683
https://doi.org/10.1155/2020/3920196
https://doi.org/10.1155/2020/3920196
https://doi.org/10.1017/erm.2014.7
https://doi.org/10.1016/S0140-6736(17)31537-4
https://doi.org/10.1016/S0140-6736(17)31537-4
https://doi.org/10.1097/MED.0000000000000391
https://doi.org/10.1097/MED.0000000000000391
https://doi.org/10.1038/nrgastro.2016.147
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Vijan, S. (2015). In the Clinic. Type 2 Diabetes. Ann. Intern. Med. 162, ITC1–16.
doi:10.7326/AITC201503030

Waldhart, A. N., Dykstra, H., Peck, A. S., Boguslawski, E. A., Madaj, Z. B., Wen, J., et al.
(2017). Phosphorylation of TXNIP by AKT Mediates Acute Influx of Glucose in
Response to Insulin. Cell Rep 19, 2005–2013. doi:10.1016/j.celrep.2017.05.041

Wei, Z., Zhao, D., Zhang, Y., Chen, Y., Zhang, S., Li, Q., et al. (2019). Rosiglitazone
Ameliorates Bile Duct Ligation-Induced Liver Fibrosis by Down-Regulating
NF-Κb-TNF-α Signaling Pathway in a PPARγ-dependent Manner. Biochem.
Biophys. Res. Commun. 519, 854–860. doi:10.1016/j.bbrc.2019.09.084

Wen, H., Gris, D., Lei, Y., Jha, S., Zhang, L., Huang, M. T., et al. (2011). Fatty Acid-
Induced NLRP3-ASC Inflammasome Activation Interferes with Insulin
Signaling. Nat. Immunol. 12, 408–415. doi:10.1038/ni.2022

Wild, S., Roglic, G., Green, A., Sicree, R., and King, H. (2004). Global Prevalence of
Diabetes: Estimates for the Year 2000 and Projections for 2030. Diabetes Care
27, 1047–1053. doi:10.2337/diacare.27.5.1047

Xu, X., Yi, H., Wu, J., Kuang, T., Zhang, J., Li, Q., et al. (2021). Therapeutic Effect of
Berberine on Metabolic Diseases: Both Pharmacological Data and Clinical
Evidence. Biomed. Pharmacother. 133, 110984. doi:10.1016/j.biopha.2020.
110984

Yin, J., Xing, H., and Ye, J. (2008). Efficacy of Berberine in Patients with Type 2
Diabetes Mellitus. Metabolism 57, 712–717. doi:10.1016/j.metabol.2008.01.013

Ying, R., Huang, X., Gao, Y., Wang, J., Liu, Y., Sha, W., et al. (2021). In Vitro
Synergism of Six Antituberculosis Agents against Drug-Resistant
Mycobacterium tuberculosis Isolated from Retreatment Tuberculosis
Patients. Infect. Drug Resist. 14, 3729–3736. doi:10.2147/IDR.S322563

Yoshihara, E., Fujimoto, S., Inagaki, N., Okawa, K., Masaki, S., Yodoi, J., et al.
(2010). Disruption of TBP-2 Ameliorates Insulin Sensitivity and Secretion
without Affecting Obesity. Nat. Commun. 1, 127. doi:10.1038/ncomms1127

Yoshihara, E. (2020). TXNIP/TBP-2: A Master Regulator for Glucose
Homeostasis. Antioxidants 9, 765. doi:10.3390/antiox9080765

Younossi, Z. M., Golabi, P., de Avila, L., Paik, J. M., Srishord, M., Fukui, N.,
et al. (2019). The Global Epidemiology of NAFLD and NASH in Patients
with Type 2 Diabetes: A Systematic Review and Meta-Analysis. J. Hepatol.
71, 793–801. doi:10.1016/j.jhep.2019.06.021

Zhang, H., Wei, J., Xue, R., Wu, J. D., Zhao,W., Wang, Z. Z., et al. (2010). Berberine
Lowers Blood Glucose in Type 2 Diabetes Mellitus Patients through Increasing
Insulin Receptor Expression. Metabolism 59, 285–292. doi:10.1016/j.metabol.
2009.07.029

Zhang, Y., Gu, Y., Ren, H., Wang, S., Zhong, H., Zhao, X., et al. (2020a). Gut
Microbiome-Related Effects of Berberine and Probiotics on Type 2 Diabetes
(The PREMOTE Study). Nat. Commun. 11, 5015. doi:10.1038/s41467-020-
18414-8

Zhang, Z., Wang, Q., Xue, J., Du, Y., Liu, J., and Hong, Z. (2020b). Vibrational
Spectroscopic Investigation into Novel Ternary Eutectic Formed between
Pyrazinamide, Fumaric Acid, and Isoniazid. ACS Omega 5, 17266–17274.
doi:10.1021/acsomega.0c01486

Zhu, X., Bian, H., Wang, L., Sun, X., Xu, X., Yan, H., et al. (2019). Berberine
Attenuates Nonalcoholic Hepatic Steatosis through the AMPK-SREBP-1c-
SCD1 Pathway. Free Radic. Biol. Med. 141, 192–204. doi:10.1016/j.
freeradbiomed.2019.06.019

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 He, Chen, Wang, Zhou, Zeng, Li, Song, Yu, Liang, Chen, Liu, Wu,
Wu, Zhang, Li, Hu and Zhou. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 84287914

He et al. RB Ameliorates Insulin Resistance

https://doi.org/10.7326/AITC201503030
https://doi.org/10.1016/j.celrep.2017.05.041
https://doi.org/10.1016/j.bbrc.2019.09.084
https://doi.org/10.1038/ni.2022
https://doi.org/10.2337/diacare.27.5.1047
https://doi.org/10.1016/j.biopha.2020.110984
https://doi.org/10.1016/j.biopha.2020.110984
https://doi.org/10.1016/j.metabol.2008.01.013
https://doi.org/10.2147/IDR.S322563
https://doi.org/10.1038/ncomms1127
https://doi.org/10.3390/antiox9080765
https://doi.org/10.1016/j.jhep.2019.06.021
https://doi.org/10.1016/j.metabol.2009.07.029
https://doi.org/10.1016/j.metabol.2009.07.029
https://doi.org/10.1038/s41467-020-18414-8
https://doi.org/10.1038/s41467-020-18414-8
https://doi.org/10.1021/acsomega.0c01486
https://doi.org/10.1016/j.freeradbiomed.2019.06.019
https://doi.org/10.1016/j.freeradbiomed.2019.06.019
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


GLOSSARY

T2DM Type 2 diabetes mellitus

DM Diabetes model control

NC Normal control

RSG Rosiglitazone

BBR Berberine

MIX Combination of RSG and BBR

RB Co-crystal of rosiglitazone with berberine

RB-L RB low-dose group

RB-M RB medium-dose group

RB-H RB high-dose group

IR Insulin resistance

OGTT Oral glucose tolerance test

ITT Insulin tolerance test

AUC Area under the curve

CMC Carboxymethyl cellulose

TG Triglyceride

HDL High-density lipoprotein

LDL Low-density lipoprotein

FBG Fasting blood glucose

FIN Fasting insulin

GIP Gastric inhibitory peptide

GLP-1 Glucagon-like peptide-1

HOMA-IR Insulin resistance index

ISI Insulin sensitivity index

WFI White fat index

PA Palmitate

H-DMEM High-sugar DMEM medium

2-NBDG 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-
D-glucose

TXNIP Thioredoxin-interacting protein

HSHFD High-sugar and high-fat diet

IRS Insulin receptor substrate

PI3K Phosphoinositide 3-kinase

AKT Protein kinase B

PVDF Polyvinylidene fluoride

TBST Tris-buffered saline with Tween-20
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