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Troxerutin protects against diabetic cardiomyopathy through
NF-kB/AKT/IRS1 in a rat model of type 2 diabetes
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Abstract. Troxerutin is a bioflavonoid, which can be used
to treat venous disorders, thrombosis and cerebrovascular
diseases. Recent studies have demonstrated that it may also
be used to prevent edemas. However, it is not known whether
troxerutin protects against the cardiomyopathic complications
of diabetes. In the present study, a rat model of type 2 diabetes
was used to investigate the potential for troxerutin to protect
against diabetic cardiomyopathy, through changes to nuclear
factor-kB (NF-«kB) expression. Troxerutin administration
significantly reduced heart rate, blood pressure, blood glucose
and plasma triglyceride levels across all measured time points.
Furthermore, troxerutin significantly reduced reactive oxygen
species levels, NF-kB protein expression, and suppressed the
phosphorylated forms of AKT, insulin receptor substrate 1
(IRS1) and c-Jun N-terminal kinase (JNK). These results
suggested that troxerutin protects against cardiomyopathy via
alterations in NF-kB, AKT and IRSI signaling, in a rat model
of type 2 diabetes.

Introduction

The morbidity of diabetes has increased steadily in recent
years. Previous epidemiological data has indicated that the
total number of patients with diabetes may surpass 400 million
by 2030 (1). Diabetes, which has become the fifth major cause
of worldwide mortality after infectious disease, cardiovascular
disease, cancer and trauma, is a progressive disease that is
characterized by hyperglycemia (2), and may be classified into
types 1 and 2 (2). The development of type 2 diabetes is associ-
ated with a high fat diet, sedentary lifestyle and obesity. Type
2 diabetes, which is caused by insulin resistance, accounts
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for ~90% of adult diabetes (3) and ~5.2% of cases of global
mortality (4).

Diabetes mellitus (DM) can cause capillary and vessel
lesions, resulting in diabetic retinopathy, diabetic nephropathy,
cerebrovascular diseases and diabetic cardiomyopathy
(DCM) (5). Besides vasculopathy, myocardial cell injuries
may also occur, and these contribute to the development of
DCM (6). Notably, DCM can develop independently of coro-
nary artery disease, hypertension and valvular disease (7). The
major features of DCM include oxidative stress, cardiomyo-
cyte hypertrophy and apoptosis, myocardial interstitial fibrosis
and decreasing heart function (8).

Troxerutin is a natural flavonoid drug, which has
demonstrated an ability to: Inhibit the agglomeration of
blood platelets and red blood cells; prevent thrombogenesis;
protect endothelial cells; and enhance microcirculation (9).
Previous research has demonstrated that troxerutin, which
is anti-inflammatory and anti-apoptotic, can also improve
cognition and resist oxidation (10). It has been reported that
troxerutin can effectively cure venous diseases (11). Due to the
ability of troxerutin to inhibit platelet aggregation and prevent
thrombogenesis, it has also been reported that troxerutin can
be used to treat sequelae of apoplexy (12). The present study
investigated whether troxerutin can protect against DCM, in a
rat model of type 2 diabetes.

Materials and methods

Animals, materials, experimental design and induction of
diabetes. Adult male Wistar rats weighing 250-300 g (n=30)
were purchased form the Animal Experiment Center of
Shandong University (Jinan, China) and used in the present
study. The rats had ad libitum access to food and water, and
were kept at 22+1°C and 55+5% relative humidity. The study
protocol, including the procedures for animal handling and
husbandry, was reviewed and approved by the Animal Care
and Use Commiittee of Linzi District People's Hospital (Zibo,
China). After acclimation to their environment for 7 days,
all Wistar rats were randomly allocated into three groups
(n=10/group): Vehicle, DM and troxerutin. Animals in the
vehicle and DM groups were given physiological saline;
animals in the troxerutin group were given 150 mg/kg of trox-
erutin (Sigma-Aldrich; Merck Merck, Darmstadt, Germany)
once daily for 4 weeks. The DM model was induced in the
DM and troxerutin groups by intraperitoneal injection of
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streptozotocin (STZ; 50 mg/kg, pH 4.5; Sigma-Aldrich;
Merck KGaA). The chemical structure of troxerutin is shown
in Fig. 1.

Body weight and biochemical analysis. Blood glucose levels
were monitored in all rats using a glucometer, and a diagnosis
of DM was made when these rose >300 mg/dl. Following
the completion of troxerutin treatment, heart rate and blood
pressure were measured. All rats were sacrificed by decapita-
tion following anesthesia with 0.3% pentobarbital sodium
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China).
Body weight was recorded, and heart samples were immediately
acquired and weighed. Venous blood was acquired and centri-
fuged at 1,000 x g for 10 min at 4°C to collect the serum. Plasma
triglyceride levels were measured in the collected serum using
a Triglycerides assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), and measuring absorbance on a
multimode microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) at a wavelength of 450 nm.

Reactive oxygen species (ROS) assay. Serum was incubated
with 20 uM 2'/7'-dichlorofluorescin (DCF) diacetate (Beyotime
Institute of Biotechnology, Haimen, China) for 20 min at
37°C in the dark. Subsequently, miscible liquids were lysed
with radioimmunoprecipitation assay lysis buffer (Beyotime
Institute of Biotechnology) and carboxy-DCF fluorescence was
detected. Reactive oxygen species (ROS) levels were measured
using a multimode microplate reader (Bio-Rad Laboratories,
Inc.) at 488 nm (excitation) and at 530 nm (emission).

Western blot analysis. Heart samples were immediately acquired
and homogenized in 1:3 (w/v) ice-cold radioimmunoprecipita-
tion assay lysis buffer containing a protease inhibitor mixture.
Protein concentrations were determined using a Bicinchoninic
Acid Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Protein samples (50 ug) were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a
10-12% (w/v) gel, and transferred to a polyvinylidene difluoride
membrane (Roche Diagnostics Corporation, Indianapolis, IN,
USA) by electrophoretic transfer. The membranes were incu-
bated overnight at 4°C with primary antibodies: Anti-NF-xB
(catalog no. 8242; 1:2,000; Cell Signaling Technology,
Inc., Danvers, MA, USA), anti-phosphorylated (p)-AKT
(catalog no. 13038; 1:4,000; Cell Signaling Technology, Inc.),
anti-p-insulin receptor substrate 1 (p-IRS1; catalog no. 2381,
1:3,000; Cell Signaling Technology, Inc.), anti-p-c-Jun
N-terminal kinase 1 (p-JNKI; catalog no. 4668; 1:2,000; Cell
Signaling Technology, Inc.) and anti-B-actin (1:3,000; catalog
no. sc-7210; Santa Cruz Biotechnology, Inc., Dallas, TX, USA).
Membranes were incubated with a mouse anti-rabbit IgG
horseradish peroxidase-conjugated secondary antibody (catalog
no. sc-2357; Santa Cruz Biotechnology, Inc.), and protein bands
were visualized with an Enhanced Chemiluminescence Prime
kit (GE Healthcare Lifesciences, Ltd., Shanghai, China). Blots
were analyzed using Scion Image Analysis software version 4.03
(Scion Corp., Frederick, MD, USA).

Statistical analysis. Data are presented as the mean + standard
error of three replicates. Differences in biochemical parame-
ters between the groups were analyzed using one-way analysis
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Figure 1. Chemical structure of troxerutin.
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Figure 2. Troxerutin suppresses DM-induced increases in blood glucose.
“P<0.01 compared with vehicle group; “P<0.01 compared with DM
group. Vehicle, vehicle control group; DM, diabetes mellitus model group;
Troxerutin, troxerutin-treated group.
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Figure 3. Troxerutin has no effect on heart/body weight ratio in a rat model of
type 2 diabetes. Vehicle, vehicle control group; DM, diabetes mellitus model
group; Troxerutin, troxerutin-treated group.

of variance (ANOVA), followed by Tukey's test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Troxerutin reduces blood glucose levels in a rat model of
type 2 diabetes. To estimate the ability of troxerutin to reduce
blood glucose levels, glucose measurements were performed at
weekly intervals. The blood glucose levels of the DM rats were
consistently higher than those of the vehicle-treated control
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Figure 4. Troxerutin reduces heart rate, blood pressure and plasma triglyceride levels. Troxerutin reduces (A) plasma triglyceride levels, (B) heart rate, and

(C) blood pressure in a rat model of type 2 diabetes. ™
DM, diabetes mellitus model group; Troxerutin, troxerutin-treated group.
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Figure 5. Troxerutin suppresses changes in ROS levels in a rat model of
type 2 diabetes. “P<0.01 compared with vehicle group; “P<0.01 compared
with DM group. Vehicle, vehicle control group; DM, diabetes mellitus model
group; Troxerutin, troxerutin-treated group; ROS, reactive oxygen species.

group (Fig. 2). In the troxerutin-treated DM model group,
glucose levels were similar to those of the vehicle-treated
DM group in week 1, however these levels reduced steadily
between weeks 2 and 4 (Fig. 2).

Troxerutin does not affect the heart/body weight ratio. The
effects of troxerutin on the heart/body weight ratio were
evaluated (Fig 3). The results demonstrated that there was no
significant difference between the vehicle control, DM and
troxerutin groups (P>0.05).

Troxerutin reduces heart rate, blood pressure and plasma
triglyceride levels in a rat model of type 2 diabetes. Basal
heart rate, blood pressure and plasma triglyceride levels were
all significantly increased in the DM rats, compared with the
controls. However, levels of these clinical features were all
lowered in the DM group treated with troxerutin, compared
with the vehicle-treated DM group (Fig. 4).

Troxerutin reduces levels of ROS in a rat model of type 2
diabetes. The DM model rats exhibited a significant increase
in ROS levels, compared with the vehicle control group;

P<0.01 compared with vehicle group; “P<0.01 compared with DM group. Vehicle, vehicle control group;

however, this increase was lower in the rats treated with
troxerutin (Fig. 5).

Troxerutin reduces NF-kB protein expression in a rat model
of type 2 diabetes. Diabetes induction with STZ resulted in a
significant increase in NF-xB protein expression, compared
with the control group. However, treatment with troxerutin
significantly reduced the NF-xB protein expression, compared
with the vehicle-treated DM group (Fig. 6).

Troxerutin reverses DM-induced changes to p-AKT protein
expression. Western blot analysis demonstrated that p-AKT
expression in the DM rats was lower than that of the vehicle
control group (Fig. 7). Troxerutin treatment resulted in a
significant increase in p-AKT expression, compared with the
vehicle-treated DM group (Fig. 7).

Troxerutin reduces DM-induced changes in p-IRSI protein
expression. The DM rats exhibited higher protein expression
levels of p-IRS1 compared with the vehicle control group.
However, troxerutin treatment reduced p-IRS1 protein expres-
sion, compared with the vehicle-treated DM group (Fig. 8).

Troxerutin reduces p-JNKI protein expression in a rat model
of type 2 diabetes. DM-induced rats exhibited higher levels of
p-JNK1, compared with controls (Fig. 9), however troxerutin
treatment significantly suppressed p-JNKI1 protein expression,
compared with the untreated DM rats.

Discussion

Due to the improvement of living standards, lifestyle changes,
unfavorable dietary habits and various harmful factors, the
number of patients with diabetes is increasing annually (13).
DCM is a major complication of DM, and it contributes to
the mortality of diabetes due to its ability to result in cardiac
failure. Pre-existing cardiovascular risk factors, such as
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Figure 6. Troxerutin suppresses changes in NF-kB protein expression in a rat model of type 2 diabetes. (A) NF-kB protein expression was determined by
western blot analysis. (B) Statistical analysis of NF-kB protein expression. “P<0.01 compared with vehicle group; “/P<0.01 compared with DM group. Vehicle,
vehicle control group; DM, diabetes mellitus model group; Troxerutin, troxerutin-treated group; NF-«xB, nuclear factor-xB.
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Figure 7. Troxerutin suppresses changes in p-AKT protein expression in a rat model of type 2 diabetes. (A) p-AKT protein expression was determined by
western blot analysis. (B) Statistical analysis of p-AKT protein expression, in a rat model of type 2 diabetes. “P<0.01 compared with vehicle group; #P<0.01
compared with DM group. Vehicle, vehicle control group; DM, diabetes mellitus model group; Troxerutin, troxerutin treated group; p, phosphorylated.
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Figure 8. Troxerutin suppresses changes in p-IRS1 protein expression in a rat model of type 2 diabetes. (A) p-IRSI protein expression was determined by
western blot analysis. (B) Statistical analysis of p-IRS1 protein expression. “P<0.01 compared with vehicle group; “P<0.01 compared with DM group. Vehicle,
vehicle control group; DM, diabetes mellitus model group; Troxerutin, troxerutin-treated group; p-IRS1, phosphorylated insulin receptor substrate 1.
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Figure 9. Troxerutin suppresses changes in p-JNK protein expression in a rat model of type 2 diabetes. (A) p-JNK protein expression was determined by
western blot analysis. (B) Statistical analysis of p-JNK protein expression. “P<0.01 compared with vehicle group; ““P<0.01 compared with DM group. Vehicle,
vehicle control group; DM, diabetes mellitus model group; Troxerutin, troxerutin-treated group; p-JNK, phosphorylated c-Jun N-terminal kinase.

coronary artery disease and hypertension, are not necessary ~DCM are relatively complex; they include insulin resistance
for the development of DCM; pathogenesis can occur inde-  and cardiomyocyte hypertrophy, an increased apoptotic rate
pendently of these factors (14). The pathogenic mechanisms of  of cardiomyocytes, myocardial fibrosis and remodeling of
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myofibrils, cardiovascular autonomic neuropathy and calcium
ion overloading in myocardial cells (15). Currently, there are
no specific therapeutic interventions for the treatment of DCM,
and therapy generally focuses on improving cardiac function.
Attention should therefore focus on the identification of drugs
and targets to treat DCM (15). The present study investigated
the effects of troxerutin treatment, and demonstrated that it
significantly inhibited DM-induced increases in blood glucose,
heart rate, blood pressure and plasma triglyceride in rats.

NF-«B serves an essential role in signal transmission and
in the induction of gene expression (16). It regulates the expres-
sion of cytokines, chemokines, growth factors, cell adhesion
molecules and some acute phase proteins (17). These factors
have a key role in the occurrence, pathogenesis and progression
of myocardial lesions. A previous study demonstrated that a key
step of NF-«kB activation is the phosphorylation of IkB, which
is catalyzed by IkB kinase (IKK) (18). According to the find-
ings of the present study, treatment with troxerutin effectively
inhibited the DM-induced levels of ROS and NF-kB protein
expression in a rat model of type 2 diabetes. Lu er al (10)
reported that troxerutin inhibits domoic acid-induced memory
deficits via IKK/NF-kB signaling suggesting that troxerutin
may regulate NF-kB signaling in DM.

AKT kinase has an important role in the protection of
pancreatic {3 cells, and therefore enhancing its secretion in the
early stages of diabetes may reduce damage to these cells (19).
Another important organ in glucose metabolism is the liver,
where activated AKT may transform glucose into a different
energy reserve during the early and mid stages of diabetes
pathogenesis (20). However, complications caused by diabetes,
metabolic syndrome or obesity can reduce the activity of
AKT (21), thereby limiting the AKT-induced utilization of
glycogen. The present study demonstrated that troxerutin
treatment reversed the STZ-induced inhibition of p-AKT
protein expression in DM rats. Lu ef al (22) observed that
troxerutin also attenuated cognitive impairment and oxidative
stress through the activation of AKT and the extracellular
signal-regulated kinase 1/2 signaling pathway.

Activated JNK1 not only serves a role in the mitogen-acti-
vated protein kinase signal transduction pathway, but also
phosphorylates IRS1, and JNKI1 therefore potentially regu-
lates this protein (23). IRS1, which is stimulated by insulin or
insulin-like growth factor-1, then activates phosphoinositide
3-kinase, which in turn activates the AKT pathway, and cardiac
hypertrophy and cardiac failure subsequently occur (24,25).
The present study demonstrated that troxerutin treatment
significantly inhibited p-IRS1 protein expression. Sampath
and Karundevi (26) demonstrated that troxerutin improved
insulin signaling via reduction in phosphorylation of IRSI,
and thus glucose utilization, in the skeletal muscle of type 2
diabetic adult male rats.

Also known as stress-activated protein kinase, the INKs
serve an important role in the stress response and can be activated
by several proapoptotic stimuli, including ultraviolet radiation,
osmotic pressure changes, inflammatory factors and withdrawal
of growth factors (27). The INK signaling pathway is associated
with insulin resistance, type 2 diabetes and obesity (28), and
its activity is increased in patients with type 2 diabetes, obesity
in animal models and diabetic animal models (24). It has been
suggested that the activity of JNK can lead to insulin resistance
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by blocking insulin synthesis, as JNK is a serine/threonine
kinase, JNK may increase the serine phosphorylation of IRS-1,
thereby interfering with the normal tyrosine phosphorylation
of this protein, and subsequently affecting insulin signal trans-
duction (23). The present study indicated that treatment with
troxerutin significantly suppressed p-JNK protein expression in
type 2 diabetic rats. Furthermore, Zhang et al (12) reported that
troxerutin inhibits 2,2, 4 4'-tetrabromodiphenyl ether-induced
hepatocyte apoptosis via suppression of tumor necrosis factor
receptor-associated factor 2/apoptosis signal-regulating kinase
1/JNK signaling.

In conclusion, troxerutin appears to protect against DCM
through inhibition of NF-xkB and ROS, and activation of the
AKT/IRS/INK signaling pathway, in a rat model of type 2
diabetes.
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