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Anti-diabetic effects of Inonotus obliquus extract in high fat diet combined

streptozotocin-induced type 2 diabetic mice
Efectos antidiabéticos del extracto de Inonotus obliquus en ratones diabéticos tipo 2 inducidos
por estreptozotocina combinada con una dieta rica en grasas
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Abstract

Introduction: type 2 diabetes (T2DM) is a complex disease affected by lifestyle and genetic factors. Although the drugs currently used to treat
T2DM have certain curative effects, they still have some adverse side effects. Therefore, it is urgent to find new effective drugs with few side
effects to cure T2DM.

Objective: to study the role of /nonotus obliquus (10) in diabetic model mice.

Methods: we used high-fat diet (HFD) combined with streptozocin (STZ) to establish a diabetic mouse model. Mice were divided into non-high-fat
diet group (ND), diabetes model group (HFD + STZ) and 10-treated diabetes model group (I0). The mice in the 10 group were orally treated with 10
(150 mg/kg) at 10 mi/kg for five weeks. Body weight, glucose level, food intake and water consumption, glucose tolerance and insulin tolerance
were evaluated in all mice. The pathological sections of liver, kidney and pancreas were observed by hematoxylin-eosin staining.

Keywords: Results: after 10 administration, the blood glucose level, water consumption, low-density lipoprotein (LDL) and triacylglycerol (TG) levels of mice
! decreased. Compared with the HFD + STZ group, the number of normal islet § cells increased and focal necrosis of the liver was significantly
Inonotus obliguus. reduced in the 10 administration group.
Type 2 diabetic mice.
Anti-dyslipidemia. Insulin Conclusions: 10 reduced the levels of blood glucose, restored body weight, and enhanced insulin sensitivity along with insulin tolerance and
sensitivity. glucose tolerance in diabetic mice. Additionally, 10 also reversed HFD and STZ-induced organ injury.
Resumen

Introduccion: la diabetes mellitus tipo 2 (T2DM) es una enfermedad compleja influenciada por el estilo de vida y los factores genéticos. En
la actualidad, aunque los medicamentos para la diabetes tipo 2 tienen cierto efecto curativo, todavia tienen algunos efectos secundarios. Por
lo tanto, es urgente encontrar nuevos medicamentos para la diabetes tipo 2 que tengan un buen efecto curativo y menos efectos secundarios.

Obijetivo: estudiar el papel del /nonotus obliquus (10) en ratones diabéticos.

Métodos: se establecid un modelo de raton diabético con dieta de alto contenido en grasas (HFD) y estreptozocina (STZ). Los ratones se dividieron
en el grupo de dieta no alta en grasas (ND), el grupo modelo de diabetes mellitus (HFD + STZ) y el grupo modelo de diabetes mellitus tratado con
10. Los ratones del grupo 10 recibieron 10 mi/kg de 10 (150 mg/kg) durante cinco semanas. Se observaron el peso corporal, el nivel de azdcar en
sangre, la ingesta de alimentos, la ingesta de agua potable, la tolerancia a la glucosa y la tolerancia a la insulina de los ratones de cada grupo,
y se estudiaron muestras de biopsias hepaticas, renales y pancreaticas mediante tincion de hematoxilina eosina.

Palabras clave: Resultados: los niveles de glucosa en sangre, el consumo de agua, la lipoproteina de baja densidad (LDL) y los triglicéridos (TG) disminuyeron
después de la administracion de 10. En comparacion con el grupo HFD+STZ, el niimero de células  pancreéticas normales y la necrosis focal

Inonotus obiiguus. hepatica disminuyeron significativamente en el grupo 10

Ratones diabéticos P i y gl ) grupo 1. . ) o o )
tipo 2. Antidislipidemia. Conclusiones: el 10 redujo el nivel de glucosa en sangre, ayudo a recuperar el peso corporal y mejorar la sensibilidad a la insulina, la tolerancia
Sensibilidad a la insulina. alainsulina y la tolerancia a la glucosa en ratones diabéticos. Ademas, el 10 revirtié el dafio organico inducido por HFD y STZ.
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TYPE 2 DIABETIC MICE

INTRODUCTION

Diabetes is a chronic disease caused by many factors, and its
prevalence has increased significantly in recent years (1). It is
estimated that, by 2045, 629 million people will be affected by
diabetes, and 90 % to 95 % of them will have type 2 diabetes
(T2DM) (2). Due to the increase in childhood obesity, the inci-
dence of T2DM has increased significantly among adolescents,
which has brought a great social burden (3). T2DM is mainly
caused by decreased insulin sensitivity, and its symptoms are in-
sufficient insulin secretion and insulin resistance (4). At present,
drugs for the treatment of T2DM mainly focus on mechanisms
such as promoting insulin secretion and inhibiting sodium-glu-
cose cotransporter 2 (5). Although these drugs have certain cu-
rative effects, there are also some adverse reactions (6).

Traditional Chinese medicine has been practiced in China for
thousands of years, and has accumulated rich experience in the
treatment of various diseases (7). Compared with Western med-
icine, traditional Chinese medicine has a lower risk of inducing
adverse reactions (8). Moreover, traditional Chinese medicine has
mild properties, and it is considered safe to consume them as a
preventive treatment for chronic diseases (9). Traditional Chinese
medicine has shown great potential in the treatment of various
complex diseases in modern society, such as cardiovascular dis-
eases, infectious diseases, metabolic diseases and neurodegen-
erative diseases (10). A number of studies have shown that Chi-
nese medicine extracts have the effect of treating T2DM (11,12).

Inonotus obliquus (10), a medicinal mushroom, is mainly dis-
tributed in the sub-cold and cold regions of the Northern hemi-
sphere, such as in Finland (13). Recent studies have confirmed
that 10 contains more than 200 different types of biologically ac-
tive ingredients, including polysaccharides, triterpenes, flavones,
sterols, polyphenols, melanin, etc., which implies that 10 pos-
sesses multiple pharmacological effects identical to TCM (14,15).
The oral administration of crude polysaccharides extracted from
|0 has been found to improve the symptoms of streptozocin
(STZ)-induced diabetes in rats (16). Thus, 10 has several phar-
macological effects as a fungus, used both as medicine and food
product, which has important clinical value in drug development.

This study explored the role of |0 in diabetic mice induced by
the combination of high-fat diet (HFD) and STZ, and analyzed the
effects of 10 on the body weight, blood sugar, blood lipids, insulin
sensitivity and organs of diabetic mice.

MATERIALS AND METHODS

CHEMICALS AND REAGENTS

STZ was obtained from Sigma Aldrich (USA). The Jiancheng Bio-
engineering Institute (Nanjing, China) provided biochemical kits for
estimating the levels of low-density lipoprotein (LDL), glycogen, in-
sulin, triacylglycerol (TG), total cholesterol (TCHO) and high-density
lipoprotein (HDL). The remaining chemicals were analytical-grade
reagents. A glucometer was used to estimate blood glucose levels.

[Nutr Hosp 2022;39(6):1256-1263]

ANIMALS

C57BL6/J male mice (age: six weeks) were procured from Beijing
Vital River Laboratory Animal Technology Co., Ltd. The mice were
acclimatized for one week to a relative humidity of 55 + 15 %, light/
dark cycle (08:00/20:00), temperature of 23 = 3 °C, ventilation
frequency of 10-20 times/hour, and luminous intensity of 150-300
Lux in the animal room of Center for Drug Safety Evaluation and Re-
search, Zhengzhou University, whose Institutional Animal Care and
Use Committee (IACUC) sanctioned all experimental procedures.

EXPERIMENT DESIGN

In this study, mice were first divided into two parts, labeled
ND group and diabetes group. The mice in the ND group were
fed only normal diet, the mice in the diabetes group were fed
HFD (60 kcal % fat) for five weeks, and then an injection of a
fresh preparation of 1 % STZ (40 mg/kg) was administered in-
traperitoneally, thrice a week, in the dark (to avoid inactivation) to
induce diabetes in the mice. Next, on days 3, 6, and 9, a drop of
tail blood was used to estimate the blood glucose levels (Yuyell,
Jiangsu, China). Mice that had a blood glucose > 11.1 mM were
labeled as diabetic. Diabetic mice were divided into groups and
labeled as HFD+STZ group and HFD+STZ+0 (10) group (n = 7
in each group). Next, the mice in the 10 group were orally treated
with 10 (150 mg/kg) at 10 ml/kg for five weeks. The correspond-
ing ND and STZ+HFD group were administered a solution of di-
methyl sulfoxide (DMSO) and water. Body weight, fasting blood
glucose levels, food consumption, and water consumption were
measured on a weekly basis. After the five-week measurement
period, we performed the oral glucose tolerance test (OGTT) and
insulin tolerance test (ITT). After all experiments, all mice were
anesthetized with ether and the mice were sacrificed. Fresh
blood was obtained from mice and serum was collected by cen-
trifugation; in addition, liver, kidney, and pancreas tissues of mice
were obtained for pathological observation.

GLUCOSE TOLERANCE TEST (GTT)

On the third day before the end of the experiment, GTT was
done post-overnight fasting in mice. After the measurement of
fasting blood glucose levels, the mice were orally administrat-
ed an aqueous glucose solution (2 g/kg). The blood glucose
levels in the tail vein blood samples were measured at 30, 60,
and 90 minutes. Blood glucose change curve was drawn at each
time point and the area under the curve (AUC) was calculated.

INSULIN TOLERANCE TESTS (ITT)

On the day before the end of the experiment, ITT was per-
formed after a four-hour fasting period (9:00 a.m.-13:00 p.m.).
After the measurement of fasting blood glucose, the mice were
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injected with insulin (0.5 U/kg) intraperitoneally. The blood glu-
cose levels in the tail vein blood samples were measured at 15,
30, 45, and 60 minutes. The blood glucose change curve was
drawn at each time point and the area under the curve (AUC)
was calculated.

THE MEASUREMENT OF BLOOD LIPID
CONTENT IN SERUM

ELISA kit was used to detect the content of LDL, HDL, TG and
TCHO in mouse serum. All experimental procedures were con-
ducted following the manufacturer’s guidelines.

HISTOPATHOLOGY

The mice tissue specimens were fixed in 4 % paraformalde-
hyde for a minimum of 24 hours. The paraffin-embedded tis-
sues were divided into sections with 4-5 pm thickness. The H&E
stained specimens were examined microscopically.

STATISTICAL ANALYSIS

The data are expressed as mean + standard deviation (SD). A
statistical comparison of the data was performed using one
way or two-way analysis of variance followed by t-tests in SPSS
21.0 for Windows to evaluate differences between the groups. A
p-value of less than 0.05 was considered to indicate statistical
significance.

RESULTS

EFFECTS OF 10 ON BODY WEIGHT
AND GLUCOSE LEVEL

By recording the body weight of the mice in each week, we
found that the body weight of the mice in the HFD+STZ group
was slightly higher than that of the other two groups in the first
week of administration. After that, the body weight of the mice
in the HFD+STZ group began to show a downward trend, and
gradually lower than the ND group. As time went by, the weight
difference between the ND group and HFD+STZ group mice be-
came more and more obvious. The 10 administration reduced the
difference in body weight and increased the body weight of the
diabetes model mice, making the body weight closer to the ND
group (Fig. 1). During treatment, we observed that blood glucose
levels of the ND group mice were normal, while the HFD+STZ
group mice were in a hyperglycemic state. 10 administration sig-
nificantly reduced the high blood glucose level of mice induced
by HFD combined with STZ (p < 0.01) (Fig. 2). These results
indicated that 10 intake can improve weight loss and increased
blood sugar levels in diabetic mice.
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Figure 1.

Mice body weight changes. ND: no high-fat diet; HFD + STZ: high-fat diet + strep-
tozocin; 10: high-fat diet + streptozocin + 10.
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Figure 2.

Mice glucose level. *p < 0.05 as compared to the HFD + STZ group. **p < 0.01
as compared to the HFD + STZ group. ND: no high-fat diet; HFD + STZ: high-fat
diet + streptozocin; 10: high-fat diet + streptozocin + 10.

EFFECT OF 10 ON FOOD INTAKE AND WATER
CONSUMPTION

By examining the diet of mice, we found that the food intake
and water consumption of the diabetic model mice were higher
than normal. Compared with the HFD+STZ group, |0 administra-
tion slightly reduced food intake but did not produce a significant
difference (Fig. 3A). After three weeks of |0 administration, the
water consumption of diabetic mice was significantly reduced
(p < 0.01) (Fig. 3B). 10 administration improved the symptoms of
diabetes in mice to a certain extent.

[Nutr Hosp 2022;39(6):1256-1263]
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Figure 3.

Consumption of food and water by mice. A. Food intake of mice. B. Mice water consumption changes. *p < 0.05 as compared to the HFD + STZ group. **p < 0.01 as
compared to the HFD + STZ group. ND: no high-fat diet; HFD + STZ: high-fat diet + streptozocin; 10: high-fat diet + streptozocin + 10.

EFFECTS OF 10 ON GLUCOSE TOLERANCE
AND INSULIN TOLERANCE

Next, we tested the effect of 10 extract on glucose tolerance
and insulin tolerance in mice before the end of the study. We
found that after 30 minutes of glucose administration, the blood
glucose level of mice in the 10 group decreased faster than
that of the HFD+STZ group, and showed a statistical difference
at 60 minutes (p < 0.01). 10 administration significantly reduced
the area under the curve (AUC) (Fig. 4A and B). Similarly, after
insulin injection, compared with the HFD+STZ group, the blood
glucose level of the 10 group decreased faster, but the AUC re-
sults did not show a difference (Fig. 4C and D). |0 administration
helped to improve glucose tolerance and insulin resistance of the
diabetic mice.

10 CAN IMPROVE SERUM LIPID
HOMEOSTASIS AND INSULIN SENSITIVITY
IN MICE

By testing the blood lipid levels in the serum of mice, we found
that, compared with the ND group, the HFD+STZ group mice had
a higher level of LDL, which was significantly reduced after oral
administration of 10 (p < 0.05) (Fig. 5A). In addition, the level
of HDL also increased significantly after |0 administration (Fig.
5B). Similarly, compared with the ND group, the HFD+STZ group
mice showed higher levels of TG and TCHO, as well as 10 admin-
istration significantly reduced the TG content of diabetic mice
(p < 0.01) (Fig. 5C). However, 10 administration did not change
the level of TCHO (Fig. 5D). In addition, a slight decrease in se-
rum insulin levels after 10 administration was observed (Fig. 6).
Combined with the results of insulin tolerance, we believe that

[Nutr Hosp 2022;39(6):1256-1263]

|0 administration could improve insulin sensitivity in mice. These
results indicated that 10 significantly improved the blood lipid lev-
els of diabetic mice.

10 CAN IMPROVE THE STATUS OF ORGANS
IN DIABETIC MICE

Next, pathological analysis on the liver, kidney, and pancreas
tissues of the mice was performed. Compared with the ND group,
the livers of diabetic mice induced by HFD combined with STZ
had more white lipid droplets, which were regular in shape and
larger in size. The boundary between cell and cell is not clear, and
the nucleus is squeezed to one side, accompanied by inflamma-
tory cell infiltration. This may indicate the production of fatty liver
and fatty degeneration of liver cells. |0 significantly improved this
pathological state, reducing the accumulation of lipid droplets
and inflammatory cell infiltration in the liver. In the kidney tissue,
mice in the HFD+STZ group showed infiltration of renal intersti-
tial inflammatory cells. In pancreatic tissue, mice in the HFD+STZ
group showed central venous congestion and a decrease in the
number of islet B cells. 10 administration reduced the infiltration
of inflammatory cells in the kidney and increased the number
of islet B cells with normal morphology (Fig. 7). These results
indicated that 10 can improve the pathological state of various
organs in diabetic mice.

DISCUSSION

As a chronic disease, T2DM is a risk factor for hyperten-
sion and cardiovascular disease in addition to its health haz-
ards (17). The main features of T2DM are peripheral insulin
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Figure 4.

Changes in glucose tolerance and insulin tolerance. A. Glucose level 0, 30, 60 and 90 minutes after the mice were administrated orally with glucose aqueous solution.
B. AUC of glucose tolerance. C. Glucose level 0, 15, 30, 45 and 60 minutes after the mice were injected intraperitoneally with insulin. D. AUC of insulin tolerance. #p < 0.05
as compared to the HFD + STZ group. *p < 0.01 as compared to the ND group. **p < 0.01 as compared to the HFD + STZ group. ND: no high-fat diet; HFD + STZ: high-fat

diet + streptozocin; 10: high-fat diet + streptozocin + 10.

resistance, B-cell dysfunction and insufficient compensatory
insulin secretion response. The destruction of pancreatic islet
function prevents insulin secretion from maintaining glucose
homeostasis, resulting in hyperglycemia (18). Improving insu-
lin secretion and controlling blood sugar are currently the main
methods for the treatment of T2DM. Many plant ingredients have
shown anti-diabetic potential, such as curcumin, rutin, quercetin,
etc. (19). In this study, we focused on exploring the role of 10
in diabetic mice. The results showed that, compared with the
ND group, the HFD+STZ group mice showed lower body weight
and high blood sugar levels, while 10 treatment improved the
mice’s weight loss and increased blood sugar levels. The typical
symptoms of T2DM are polyphagia, polyuria, and weight loss
(20,21). 10 treatment also improved the symptoms of polyuria
in diabetic mice.

The function of insulin is to bind to the insulin receptor on the
plasma membrane of the target cell, regulate the production and
output of glucose, and maintain the blood glucose level within
a steady-state range (22). This is crucial in the development of
T2DM. In general, insulin resistance and hyperinsulinemia are
considered to precede the development of hyperglycemia, which
only develops when  cells cannot compensate for peripheral
insulin resistance (23). Prolonged insulin resistance and com-
pensatory responses will lead to B-cell dysfunction, which will
aggravate T2DM (24). In this study, we tested glucose tolerance,
insulin tolerance and serum insulin content and found that 10
administration helped to improve the glucose tolerance and in-
sulin resistance of diabetic mice, and reduced the serum insulin
level to a certain extent. This indicated that 10 has the effect of
enhancing insulin sensitivity in mice.

[Nutr Hosp 2022;39(6):1256-1263]
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Effects of 10 on serum levels in T2DM mice. A. Low-density lipoprotein (LDL). B. High-density lipoprotein (HDL). C. Triacylglycerol (TG). D. Total cholesterol (TCHO). #p < 0.05
as compared to the HFD + STZ group. *##p < 0.01 as compared to the ND group. *p < 0.001 as compared to the ND group. **p < 0.01 as compared to the HFD + STZ group.
***n < 0.001 as compared to the HFD + STZ group. ND: no high-fat diet; HFD + STZ: high-fat diet + streptozocin; 10: high-fat diet + streptozocin + 10.
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Figure 6.

Effects of 10 on insulin sensitivity. ND: no high-fat diet; HFD + STZ: high-fat
diet + streptozocin; 10: high-fat diet + streptozocin + 10.
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Effects of 10 on the protection of liver, kidney and pancreas against damages in
T2DM mice (ND: no high-fat diet; HFD + STZ: high-fat diet + streptozocin; 10:
high-fat diet + streptozocin + 10).
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Studies have shown that the prevalence of dyslipidemia in
T2DM patients is very high. Especially in men, older, obese, and
long-term diabetes patients (25). Insulin deficiency and resist-
ance can affect the enzymes and pathways of lipid metabo-
lism, leading to dyslipidemia (26). Dyslipidemia in the context
of T2DM increases the risk of cardiovascular disease complica-
tions (27). In this study, we found that 10 significantly reduced
LDL and TG levels in diabetic model mice, and increased HDL
levels. 10 treatment helped maintain lipid homeostasis, which is
essential in T2DM.

Organs involved in the development of T2DM include the
pancreas (B cells and o cells), kidney, liver, skeletal muscle,
brain, small intestine, and adipose tissue (28). The pancreas is
the organ producing pancreatic B-cells (29). Pancreatic -cells
have the ability to sense circulating glucose levels and secrete
an appropriate amount of insulin to keep blood sugar within the
normal range. The dysregulation of pancreatic or pancreatic
islet B-cell function is the main mechanism of T2DM (22). The
kidney is responsible for filtering all blood sugar. In the case of
hyperglycemia, the increased filtering load has been shown to
cause oxidative damage and damage the fragile vasculature and
surrounding tubules (30). This will cause diabetic nephropathy.
The liver is one of the main organs that control metabolic ho-
meostasis, and it is essential for maintaining normal glucose ho-
meostasis. In T2DM, the liver’s ability to regulate blood sugar is
imbalanced, leading to hyperglycemia in fasting and postprandial
states, which may be due to the occurrence of hepatic insulin
resistance (31). In this study, the effects of 10 on the liver, kidney,
and pancreas were explored. |0 improved the pathological state
of various organs in diabetic mice. However, the effect of 10 in
the kidney is not significant, which may be due to the short ad-
ministration time.

Based on the literature, we found that |0 has the effect of
reducing blood sugar and anti-diabetes (32). There were differ-
ences in the dosage of 10 in different studies, including 900 mg/
kg, 125 mg/kg and 50 mg/kg (33-35). The difference in the ex-
traction process may lead to differences in the ratio or content
of various components in the 10 extract, which may affect the
therapeutic effect of 10. In this study, we used 10 (150 mg/kg)
to treat diabetic mice. The dose of 10 showed the potential of
anti-diabetes. Therefore, the extraction method of 10 is feasible,
but it also has some limitations. Next, we will continue to sep-
arate monomer substances, especially polysaccharides from 10
extracts, and verify their ability to resist diabetes.

CONCLUSION

We successfully confirmed the anti-diabetic characteristics of
10 in HFD combined with STZ-induced diabetic mice. 10 reduced
the level of blood glucose and blood lipids in HFD combined with
STZ-induced diabetic mice, and enhanced insulin sensitivity. 10
treatment improved the pathological changes of organs in dia-
betic mice. Therefore, [0 may be a potential drug for the treat-
ment of T2DM.

S. Chen et al.
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