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Diabetic kidney disease (DKD) is the current leading cause of end-stage renal disease.
Inonotus obliquus (chaga), a medicinal fungus, has been used in treatment of diabetes.
Here, we aim to identify the renal protective effects of chaga extracts on a DKD rat model
which was induced by a high-fat diet and streptozotocin injection. During the total 17-
weeks experiment, the biological parameters of serum and urine were examined, and the
color Doppler ultrasound of renal artery, the periodic acid-Schiff staining, and electron
microscopy of kidney tissue were performed. The compositions of chaga extracts were
analyzed and the intervention effects of the extracts were also observed. Compared with
the normal control group, the biochemical research showed that insulin resistance was
developed, blood glucose and total cholesterol were elevated, urinary protein excretion
and serum creatinine levels were significantly increased in the DKD model. The ultrasound
examinations confirmed the deteriorated blood flow parameters of the left renal interlobar
artery in the rat models. Finally, histopathological data supported renal injury on the
thickened glomerular basement membrane and fusion of the foot processes. 8 weeks
intervention of chaga improved the above changes significantly, and the 100mg/kg/d
chaga group experienced significant effects compared with the 50 mg/kg/d in some
parameters. Our findings suggested that Doppler ultrasound examinations guided with
biochemical indicators played important roles in evaluating the renal injury as an effective,
noninvasive, and repeatable method in rats. Based on biochemical, ultrasound, and
histopathological evidence, we confirmed that chaga had pharmacodynamic effects on
diabetes-induced kidney injury and the aforementioned effects may be related to delaying
the progression of DKD.
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INTRODUCTION

Diabetic kidney disease (DKD), one of the most severe
complications of diabetes mellitus (DM), is currently a leading
cause of the end-stage renal disease (ESRD) (Brosius et al., 2009;
Azushima et al., 2018; Giralt-Lopez et al., 2020). It is reported that
more than 40% of patients with DM will eventually develop DKD
(KDIGO Executive Committee, 2020). Accordingly, there is an
urgent need to prevent or treat kidney failure in diabetic patients.
Some previous studies have shown that nontoxic biological
macromolecules, mainly polysaccharides from natural sources,
possess prominent efficacies on DM (Wang et al., 2016). The
polysaccharides from Inonotus obliquus (chaga), a white-rot
fungus belonging to the family Hymenochaetaceae, were
reported to have antidiabetic activities and ameliorate
glucolipotoxicity-induced renal fibrosis in diabetic mice (Chou
et al., 2016; Wang et al., 2017a). In this article, we showed further
interest in finding more evidence about chaga on renal protection
in DKD rats.

The availability of animal models is essential for pathological
and preclinical research on DKD therapies (Azushima et al.,
2018). In 2009, the Animal Models of Diabetic Complications
Consortium (AMDCC) defined the criteria for the validation of
DKD murine models (Brosius et al., 2009). The main
measurement indicators include a decline in glomerular
filtration rate (GFR), an increase in albuminuria, the

thickening of the glomerular basement membrane (GBM) and
the presence of advanced mesangial matrix expansion, arteriolar
hyalinosis, and tubulointerstitial fibrosis (Brosius et al., 2009). A
noninvasive, robust, and reproducible method to image arteriolar
microangiopathy is provided with renal Doppler ultrasound
(RDUS), which can give better insight into the structure,
function, and physiology of an animal’s kidney (Meyer et al.,
2021).

In clinical practice, RDUS provides an accurate renal
indication as a significant auxiliary diagnostic technique (Li
et al., 2020) and more deterioration predictors on renal
functions in DKD patients (Di Nicolo and Granata, 2019).
With RDUS, it will be particularly helpful to elucidate whether
renal function is aggravated in any of these DKD models. In the
current study, we established a DKD rat model guided by
biochemical indicators, RDUS assessment, and verified by
histopathological evidence. Based on our previous study (Liao
et al., 2020), we observed the effects of chaga extracts on the
above model.

METHODS

Preparation of Chaga Extracts
Chaga was collected from Huzhong National Nature Reserve of
the Greater Khingan range in Heilongjiang province. The process

FIGURE 1 | Flowchart of Inonotus obliquus extracts and composition analyses. DNS, dinitrosalicylic acid.
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for extracting chaga was shown in Figure 1 and described in brief
as follows: 2–3 cm2 chaga was soaked in water at 1:10 (w/w) at
room temperature for 3 h, and then boiled at 100°C for 1 h. The
supernatant was removed and the residue was extracted two other
times. The total supernatant was collected and precipitated by
80% ethanol (v/v) at 4°C for 12 h and finally the powder was
obtained. Its composition was first determined before it was
tested in DKD rat models (Liao et al., 2020).

Composition Analyses of Chaga Extracts
The total polysaccharide contents (TPCCs), total polyphenol
contents (TPCs) and total flavonoid contents (TFCs) in the
above extracts were analyzed according to current literatures
(Song et al., 2016; Liao et al., 2020; Zhao et al., 2020; Fanali
et al., 2021), and described in brief as follows.

Analyses of TPCCs
TPCCs were the reducing sugar subtracted from the total sugar
content. Total sugar was tested with a phenol-sulfuric acid
method using glucose as the standard (Liao et al., 2020), and
reducing sugar was determined by 3,5-dinitrosalicylic acid (DNS)
assay (Song et al., 2016).

Preparation of Total Sugar Standard Curve
1.0 mg/ml D-glucose (Solarbio, Beijing) stock solution was
pipetted in deionized water at final concentrations of 25, 30,
35, 40, 45, 50, 55, and 60 μg/ml in 2 ml total volume and mixed
with 2 ml of 5% phenol solution (v/v) and 10 ml of concentrated
sulfuric acid (Shidande, Shanghai, P.R. China) separately. The
mixture was placed in a water bath at 80°C and kept for 30 min. It
was then cooled to room temperature, and the A values were
measured at 486 nm using a spectrophotometer (Persee, Beijing).
The standard curve of total sugar was obtained using the A value
as the ordinate and the concentration as the abscissa.

Preparation of Reducing Sugar Standard Curve
50 mg of glucose (Solarbio, Beijing) was weighed accurately and
dissolved in 100 ml deionized water, and 0.5 mg/ml glucose
standard solution was prepared. 0.0, 0.6, 0.8, 1.0, 1.2, and
1.4 ml of the prepared glucose standard solution were added
to 2.0, 1.4, 1.2, 1.0, 0.8, and 0.6 ml deionized water respectively,
and mixed with 1.5 ml DNS (Shidande, Shanghai, P.R. China)
reagent separately. The mixtures were boiled in a water bath at
100°C for 5 min, and then quickly cooled with running water,
diluted to 10 ml, and the absorbances were measured at a
wavelength of 540 nm. A standard curve of reducing sugar
was drawn using glucose concentration as the ordinate and
absorbance as the abscissa.

Determination of Total Sugar and Reducing Sugar
The samples were accurately weighed and dissolved in
deionized water, and 0.2 mg/ml solution of the samples was
made separately. Then, 2 ml of the 0.2 mg/ml solution was
mixed as aforementioned. The values of total sugar and
reducing sugar were calculated according to the standard
curve obtained above.

Analyses of TPCs
TPCs were analyzed using the Folin-Ciocalteu method which was
optimized by response surface methodology (Fanali et al.,
2021).In brief, 20 µl of 1 mg/ml sample was mixed with 100 µl
of Folin–Ciocalteu’s reagent and 1,580 µl of 50% EtOH. The
mixture was kept in the dark for 10 min. Then, 300 µl of an
aqueous solution of 0.2 g/ml Na2CO3 was added and put back in
the dark for 2 h with continuous stirring. Finally, the mixture was
centrifuged at 10,000 g for 3 min and 200 µl of the sample was put
in a Greiner microplate (Solarbio, Beijing). The absorbance was
measured with the Infinite M200 PRO microplate
spectrophotometer (Tecan Trading AG, Switzerland) at
765 nm. The concentration of the samples was calculated
according to a calibration curve made using gallic acid as an
analytical standard.

Analyses of TFCs
TFCs were determined with UV colorimetric assay (Zhao et al.,
2020). In brief, 0.5 ml of chaga extracts was added to 1 ml of
sodium nitrite, and allowed to sit for 6 min, 1 ml of 10%
aluminum nitrate was then added, and allowed to sit for
another 6 min. Then, 10 ml of 1.0 M sodium hydroxide was
added to the above mixture, the volume was made up to 20 ml
by adding water, and the solution was kept for 15 min. Finally,
UV-VIS spectrometry (UH4150, Guangzhou, China) was used to
detect the absorbance at 510 nm. The standard curve of the
absorbance value of rutin (Product number: YZ100080, purity
>95%, Beijing Suolaibao Technology Co. LTD., Beijing, China)
concentration solution was then determined. TFC was indicated
as mg of rutin equivalent per g of weight of the extract after
drying.

Animal Models, Grouping and Treatment
Sprague Dawley rats (male, 5-week-old, 130 ± 20 g) were
purchased from the Laboratory Animal Center, Fifth Hospital
of Shanxi Medical University (Shanxi Provincial People’s
Hospital). All animal experimental procedures were performed
in accordance with the guidelines of the Ethics Review Committee
for Animal Experimentation of Shanxi Provincial People’s
Hospital (Approval No. 2021-004). All efforts were made to
minimize the suffering of the animals. After free access to
food and water at a controlled temperature (24 ± 2°C) and
humidity (50 ± 5%) for 1 week, the rats were randomly
assigned to the following four groups (n � 8 per group).

DKD model group: SD rats were fed with high-fat chow
(35.5% fat, 20.6% protein and 43.9% carbohydrates, Beijing
Boaigang Biotechnology Co. LTD., China) for 8 weeks. After
insulin resistance was confirmed, the rats were
intraperitoneally injected with streptozotocin (STZ, Sigma,
United States) in a single dose of 35 mg/kg. Random blood
glucose (RBG) was measured after 72 h of STZ injection, and
the rats were confirmed to be type 2 DM (T2DM) when their RBG
levels were ≥16.7 mmol/L for three consecutive times (Naidoo
and Islam, 2014; Huang et al., 2019). The rats were fed with the
high-fat diet and 0.25 ml/100 g tap water by gavage once a day for
8 weeks until the end of the study.
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Chaga groups: The rats in the chaga intervention groups
were given chaga extracts obtained from Figure 1 by gavage in
a dose of 50 mg/kg (Chaga50) and 100 mg/kg (Chaga100)
respectively, once a day for 8 weeks. The interventions
started when the T2DM model was established just as the
DKD model described above. While using the chaga extracts,
the two groups continued to feed on the high-fat diet. Figure 2
showed the procedure of chaga intervention in high-fat diet/
STZ-induced DKD rats.

Normal control group: After being fed with ordinary chow
(12.0% fat, 20.6% protein and 67.4% carbohydrates, Beijing
Boaigang Biotechnology Co. LTD., China) for 8 weeks, the rats
were intraperitoneally injected with an equivalent volume of
buffer. The rats continued ordinary chow and were given the
equal volume of tap water by gavage once a day for another
8 weeks.

Biological Parameters
The Ratio of Kidney Weight/Body Weight
Body weight (BW) was measured at the baseline of (0th week),
8th, 13th, and 17th week. Kidney weight (KW) was measured
after the rats were sacrificed in the 17th week. The ratio of KW/
BW (Wang et al., 2018) of each rat was calculated and the average
ratio was determined per group.

Blood Biological Parameters
RBG was detected at the baseline of 8th, 9th, 13th, and 17th
week. Serum creatinine (SCr) was detected at the 8th, 13th, and
17th week. Triglyceride (TG), total cholesterol (TC), fasting
blood glucose (FBG) and fasting insulin were tested at the 8th
and 17th week. The blood glucose level was analyzed using
Roche ACCU-CHEK Performa (Roche Diabetes Care GmbH,
Mannheim, Germany). The plasma insulin was measured with
an insulin ELISA kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and the plasma SCr, TG, and TC
were measured by the ISE AU5800 biochemistry analyzers.
The insulin resistance index (IRI) at the 8th and 17th week was
calculated using the HOMA-IR formula (Wang et al., 2018;
Huang et al., 2019):

IRI � FBG (mmol/L) × fasting insulin (mIU/L)
22.5

Urine Biological Parameters
At the 8th, 13th, and 17th week, 24 h urine was collected, and
urinary protein excretion was determined. The rats were placed in
metabolic cages (Suzhou Fengshi Laboratory Animal Equipment
Co. Ltd., Suzhou, China) without food but with water for 24 h to
collect all the urine. All samples were then stored in a −80°C
freezer for subsequent analysis. Urine protein level was detected
using commercial kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Color Doppler Ultrasonography of Renal
Arteries
Doppler ultrasonography was performed with MyLab 60
equipment (Esaote, Genova, Italy), equipped with a 4–13 MHz
transducer (LA523). All groups underwent ultrasound
examination one after the other by the same sonographer at
the 17th week before being sacrificed, while another experienced
sonographer supervised the examination. Before the ultrasound
examination, the animals were fasted for 6 h, and were
anesthetized by intraperitoneal injection of pentobarbitone
sodium (Beijing Solarbio Technology Co., Ltd., Beijing, China)
in a dose of 35 mg/kg.

The lower abdomens were depilated and cleaned, and a proper
amount of ultrasonic couplant was used. The probe was gently
placed on the lower abdomens of the rats. The position and angle
of the probe, and the depth, gain and focus of the ultrasonic image
were adjusted accordingly. The color Doppler procedure was
performed to display the blood flow of the main renal artery,
intersegmental artery, and interlobar artery and all animals were
tested on the left kidney. Hemodynamic parameters were
measured by using a pulse Doppler with a sampling volume of
0.5 mm and an angle less than 60°. After obtaining a stable
spectrum of blood flow, peak systolic velocity (PSV), end-
diastolic flow velocity (EDV), mean velocity (MV), systolic

FIGURE 2 | Intervention of chaga extracts on high-fat diet/STZ-induced DKD rats. RBG, random blood glucose; FBG, fasting blood glucose; FSI, fasting serum
insulin; TC, total cholesterol; TG, triglyceride; SCr, serum creatinine; STZ, streptozotocin; DKD, diabetic kidney disease.
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acceleration (SAC), systolic acceleration time (SAT) of the above
arteries were measured, respectively. The pulsatility index (PI)
was calculated according to the following formula (Zou et al.,
2017):

PI � PSV − EDV
MV

and resistive index (RI) also was calculated as follows (Zou et al.,
2017; Petrucci et al., 2018):

RI � PSV − EDV
PSV

All measurements were carried out in triplicate in every rat,
and the average was further calculated.

Histological Analysis
Histological Analysis With Light Microscopy
Freshly dissected kidneys were fixed overnight using a 10%
neutral formalin buffer, embedded in paraffin, and cut into
3 μm-thick sections with Leica microtome. The sections were
stained with periodic acid-Schiff (PAS) reagent and
morphological changes were scanned by a KF-PRO-005-EX
digital scanner (KFMI, China). Twenty images of glomerular
maximal profiles with a vascular pole and/or urinary pole were
randomly selected using K-Viewer (1.5.3.1) image analysis
software (×400, KFMI, China) and morphological changes
were examined and analyzed using Image-Pro plus 6.0 (Media
Cybernetics, Maryland, United States).

The length (μm) of the two longest perpendicular
diameters in every glomerular capillary tuft without
Bowman’s space was measured, and then the mean value
was calculated. The areas of the glomerular mesangial
region and capillary tuft were also measured, and the
relative area of the mesangial region (%) was calculated
according to the formula (Wang et al., 2018):

Relative area of the mesangial region

� area of the mesangial region
area of the capillary tuf t

× 100%

Histological Analysis With Electron Microscopy
Freshly dissected kidneys were fixed overnight using 2.5%
glutaraldehyde and processed according to the standard
techniques. The ultrathin sections were stained with uranium
acetate-lead citrate for electron microscopy. For each specimen,
ten photographs (×20,000 magnification) covering different
regions in the glomerular cross section were taken separately.

The thickness of the GBM, the length (μm) of the peripheral
GBM, and the number of slit pores were all measured under the
electron microscope. Images were selected and analyzed using the
RADIUS Control & Imaging software (EMSIS ASIA, Germany).
The average of the foot process width ( �WFP) was calculated as
follows (Wang et al., 2018):

�W
F
P � π

4
× ∑GBM length

∑slits

Statistical Analysis
GraphPad Prism 9.0 software was used for statistical analysis. All
the data of continuous variables were expressed as mean ±
standard error of the mean. Two-way analysis of variance
(ANOVA), one-way ANOVA and student’s t-test were used to
detect the statistical significance. All the reported p values were
two-tailed, and a p < 0.05 was considered statistically significant.

RESULTS

During the experiment, two rats died in the Chaga50 group, and
one died in both the DKD model group and Chaga100 group.
Therefore, at the end of the experiment, the data of the remaining
twenty-eight rats (eight in the control, seven in the DKD, seven in
the Chaga100, and six in the Chaga50 group) were statistically
analyzed.

The Composition of Chaga Extracts
Among three tested ingredients, the polysaccharide content was
the highest, which was 18.21 mg/g, total phenols ranked second,
11.32 mg/g, while flavonoid content was the lowest, 2.76 mg/g.
The total amount of the three compositions mentioned was
32.29 mg/g.

Effects of Chaga Extracts on Biological
Parameters
Influences of Chaga Extracts on BW
As shown in Figure 3A, the baseline BW among the four groups
had no significant difference (p � ns). After being fed with the
high-fat diet for 8 weeks, the BW of the DKD model group and
the two chaga-treated groups did not show any difference
compared with the normal control group which was fed with
ordinary chow (p � ns).

At the 13th week, the BW of the DKD model group was
significantly lower than that of the control group (p < 0.001).
There was no significant difference in BWs of the DKD, Chaga50
and Chaga100 groups (p � ns).

At the 17th week, the BW of the DKD model group was still
significantly lower than that of the control group (p < 0.001). The
BW of the Chaga100 group (treated with 100 mg/kg of chaga) was
significantly decreased compared to the DKD group (p � 0.01)
(Figure 3A).

Influence of Chaga Extracts on the Ratio of KW/BW
The results of KW/BW in the four groups were demonstrated in
Figure 3B. At the end of the experiment, the KW/BW was 12.6 ±
0.5 mg/g in the DKD group which was significantly higher than
that of the normal rats (7.4 ± 0.3 mg/g) (p < 0.001). The KW/BW
in the Chaga100 group (11.5 ± 0.3 mg/g) was lower than that of
the DKD and Chaga50 groups (12.7 ± 0.5 mg/g), but these
differences were not statistically significant.

Effects of Chaga Extract on RBG
As shown in Figure 3C, at the baseline and 8th week of high-fat
diet, the RBG among the four groups had no statistical difference
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FIGURE 3 | Biological parameters among four groups in different week. (A) Body weight of rats in each group. (B) The ratio of KW/BW of rats in each group. (C)
Blood glucose of rats in each group. (D) Serum insulin of rats in each group. (E) Insulin resistance index of rats in each group. (F) Total cholesterol of rats in each group.
(G) Serum creatinine of rats in each group. (H) Urinary protein excretion of 24 h in each group. Data were presented as mean ± SE. DKD, diabetic kidney disease;
Chaga50, treatment with 50 mg/kg of chaga group; Chaga100, treatment with 100 mg/kg of chaga group; KW/BW, kidney weight/body weight. *p < 0.05 vs.
Normal control group, #p < 0.05 vs. DKD group, + p < 0.05 vs. Chaga50 group.
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(p � ns). After STZ injection, RBG levels at the 9th week in the
DKD group (28.3 ± 0.6 mmol/L) and the two chaga groups
(28.4 ± 0.8 mmol/L and 29.5 ± 0.5 mmol/L) were significantly
higher than that of the control group (6.6 ± 0.1 mmol/L) (All: p <
0.001).

Compared with the DKD group, the significant decreasing
effects of chaga on RBG could be seen in the Chaga50 group at
the 13th and 17th week, and in the Chaga100 group at the 17th
week (All: p < 0.001). There was no significant difference
between the Chaga50 and Chaga100 groups at the 17th
week (p � ns).

It could also be seen from Figure 3C that with the prolonged
course of T2DM, the RBG at the 17th week was significantly
higher than at the 9th week (p < 0.001). Conversely, the RBG at
the 17th week in the Chaga100 group was significantly lower than
at the 9th week (p � 0.009).

Effects of Chaga Extracts on Insulin Level and IRI
As shown in Figure 3D, the levels of fasting serum insulin of the
DKD rats (24.2 ± 0.4 mIU/L) and the two chaga groups (24.0 ±
0.3 mIU/L and 24.6 ± 0.4 mIU/L) were significantly higher than
that of the normal control (18.7 ± 0.2 mIU/L) after being fed with
a different diet for 8 weeks (All: p < 0.01). At the 17th week, the
blood insulin level of the DKD group was significantly lower than
that of the control group (p � 0.020), but the insulin levels of
Chaga50 and Chaga100 increased significantly compared with
the DKD model (Both: p < 0.05), while there was no significant
difference between the normal group and the Chaga100
group (p � ns).

The FBG was observed at the 8th and 17th week (data not
shown). Then IRI was calculated using the HOMA-IR formula,
and the results were shown in Figure 3E. At the 8th week, the IRIs
of the DKD rats (5.7 ± 0.1) and the two chaga groups (5.8 ± 0.2
and 5.8 ± 0.1) were significantly higher than the IRI of the control
group (4.5 ± 0.1) (Three: p < 0.05). It could also be seen from
Figure 3E that with the prolonged course of T2DM, the IRI at the
17th week in the DKD group was significantly higher than that of
the 8th week (p < 0.001).

Compared with the DKD rat group, the levels of IRI in the two
chaga groups had no significant difference at the 8th week (p �
ns). After 8 weeks intervention with chaga, the IRIs of the 50 and
100 mg/kg chaga groups (21.1 ± 0.8 and 21.5 ± 0.5) were
significantly lower than that of the DKD model group (24.9 ±
0.7) (Both: p < 0.05).

Effects of Chaga Extracts on TG, TC and SCr Levels
At the 8th week, the levels of TG among the four groups had not
shown any statistical difference after being fed with different diets
for 8 weeks. At the end of the experiment, the level of TG in the
DKD group still had not shown the statistical difference when
compared with the normal control as well as the two chaga groups
(data not shown).

As seen in Figure 3F, compared with the normal control
group, the levels of TC in the DKD group and the two chaga
groups were significantly increased after being fed with the high-
fat diet for 8 weeks (p < 0.05, separately). Similar results were also
presented at the 17th week (All: p < 0.001). At the 17th week, the

TC level of the group treated with 100 mg/kg chaga was
significantly lower than that of the DKD group as well as the
group treated with 50 mg/kg group (p < 0.001). It could also be
seen from Figure 3F that the TC level of the DKD group at the
17th week was significantly higher than at the 8th week (p <
0.001). Figure 3G showed the SCr results. At the 8th week, the
SCr levels among the four animal groups had no statistical
difference (p � ns). However, with the prolonged course of
DKD, the SCr levels of the DKD model group displayed an
increase from 61.3 ± 24.6 μmol/L at the 8th week to 97.0 ±
0.8 μmol/L at the 13th week (p ± 0.001), and further increased
to 131.5 ± 2.6 μmol/L at the 17th week (p ± 0.001).

At the 13th week, the SCr level of the DKDmodel group was
significantly higher than that of the control group (p � 0.004).
Compared to the DKD model, the two chaga groups did not
show significant decreased effects on the SCr levels
(Both: p � ns).

At the 17th week, the SCr level of the DKD model (131.5 ±
2.6 μmol/L) was still significantly higher than that of the
control group (60.0 ± 4.3 μmol/L) (p < 0.001). The SCr level
of the Chaga50 decreased to 82.1 ± 7.8 μmol/L and the Chaga100
decreased to 70.4 ± 5.3 μmol/L, and both showed significant
differences compared to the DKD model (Both: p < 0.001). It is
interesting to see the change in the SCr levels of the Chaga100
group during the experiment: SCr level increased significantly
from the 8th week to the 13th week (p < 0.001), but decreased
significantly from the 13th week to the 17th week (p < 0.001).
Finally, the SCr level of the Chaga100 at the 17th week did not
show any difference compared to that of the 8th week (p � ns).
Furthermore, the SCr level of the Chaga100 had not shown the
significant difference compared to that of the normal group at the
17th week (p � ns).

Effects of Chaga Extracts on Proteinuria
Figure 3H showed urinary protein excretion results. After eight
weeks on different diets, 24 h urinary protein excretion among
the four animal groups had no statistical difference. However,
with the prolonged course of DKD, the urinary protein
excretion of the DKD model group increased from 3.9 ±
0.4 mg/24 h at the 8th week to 20.7 ± 2.8 mg/24 h at the 13th
week (p < 0.001), and further increased to 42.3 ± 2.2 mg/24 h at
the 17th week (p < 0.001). At the 13th week, the urinary protein
excretion of the DKD group (20.7 ± 2.8 mg/24 h) was
significantly higher than that of the control group (5.4 ±
2.1 mg/24 h) (p < 0.001). Compared to the DKD model, the
two chaga groups (19.5 ± 2.3 mg/24 h and 19.2 ± 2.0 mg/24 h)
did not show significant decreased effects on the urinary protein
excretion (Both: p � ns).

At the 17th week, the urinary protein excretion in the DKD
group was still significantly higher than that of the control group
(7.6 ± 1.0 mg/24 h, p < 0.001). After 8 weeks of intervention with
chaga, the excretions in the two chaga groups (24.1 ± 2.2 mg/24 h
and 34.1 ± 1.9 mg/24 h) were significantly lower than that of the
DKD model group (Both: p < 0.001). The change in urinary
protein in the Chaga100 increased from the 8th week to the 13th
week (p < 0.001), but it did not change significantly from the 13th
week to the 17th week (p � ns).
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Effects of Chaga Extracts on Renal Artery
With Color Doppler Ultrasonography
Figure 4A showed the location of the left renal interlobar artery
(LRILA). The color Doppler ultrasonography images of LRILA of
rats in the normal control, DKD model, Chaga50, and Chaga100
were shown in Figures 4B–4E. Figure 4F showed that PSV, MV,
and EDV of LRILA in the DKD group were significantly lower
than those in the normal control (All: p < 0.001). The parameters
above in the group treated with 100 mg/kg chaga were
significantly higher than those in the DKD model group (All:
p < 0.001) as well as the group treated with 50 mg/kg chaga (p <
0.001).

RI and PI in Figure 4G, SAC in Figure 4H, and SAT in
Figure 4I of the DKD group, all showed significant differences
compared to those of the normal control group(Four: p < 0.001).
No significant effects could be seen in the two chaga groups on RI,
PI, SAC, and SAT while they all were compared with the DKD
rats (Eight: p � ns).

Effects of Chaga Extracts on Renal
Pathological Parameters
Histological Results With Light Microscopy
Light microscopic images of the glomerulus (PAS staining × 400)
were shown in Figure 5A for the normal control group,
Figure 5B for the DKD model, Figure 5C for the Chaga50,
and Figure 5D for the Chaga100 group. Histopathological PAS
staining revealed that DKD rats exhibited obvious glomerular
hypertrophy and mesangial matrix expansion compared to
normal rats. Chaga markedly attenuated these renal
pathological changes in a dose-dependent way.

The results in Figure 5E showed that the average glomerular
size, which was represented as an average glomerular diameter, in
the DKD group (127.1 ± 7.9 μm) was significantly larger than in
the control group (113.6 ± 1.6 μm) (p < 0.001), while the sizes in
the two intervention groups (119.5 ± 3.8 μm in the Chaga50 and
114.7 ± 2.6 μm in the Chaga100 group) were significantly smaller
than in the DKD group (p < 0.05).

FIGURE 4 | Anatomical location of the LRILA and the effects of chaga extracts on the LRILA with color Doppler ultrasonography. (A) The anatomical location of the
renal interlobar artery. (B–E)Color Doppler ultrasonography images of LRILA of rats in each group. (B)Normal control group. (C)DKDmodel group. (D)Chaga50 group.
(E) Chaga100 group. (F–I) Color Doppler ultrasonography parameters of LRILA of rats in each group. (F) peak systolic velocity (PSV), mean velocity (MV) and end-
diastolic velocity (EDV) of the LRILA in different groups. (G) resistive index (RI) and pulsatility index (PI) of the LRILA in different groups. (H) systolic acceleration (SAC)
of the LRILA in different groups. (I) systolic acceleration time (SAT) of the LRILA in different groups. Data were presented as mean ± SE. DKD, diabetic kidney disease;
Chaga50, treatment with 50 mg/kg of chaga group; Chaga100, treatment with 100 mg/kg of chaga group; LRILA, left renal interlobar artery. *p < 0.05 vs. Normal control
group, #p < 0.05 vs. DKD model group. + p < 0.05 vs. Chaga50 group.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7439318

Zhang et al. Renal Protective Effects of Chaga

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


Figure 5F showed that compared with normal control group,
the relative area of the mesangial region in the DKD model
increased significantly (p < 0.05). The areas decreased in the two
chaga groups significantly, compared to the DKD rats. And the
results of the Chaga100 group were significantly smaller than that
of the Chaga50 group (p � 0.01).

Histological Results With Electron Microscopy
Figures 6A–6D showed electron microscopic images of the
basement membrane of the glomerulus and foot processes of
podocytes (×20,000) for the four groups are: normal control,
DKD model, Chaga50, and Chaga100.

Figure 6E indicated that the average thickness of GBM in the
DKD group was significantly larger than in the control group (p <
0.001), while the thickness in the two intervention groups was
significantly smaller than in the DKD group (Both: p < 0.001),
and the result of the Chaga100 was significantly smaller than that
of the Chaga50 group (p < 0.001).

The foot processes of podocytes appeared to be segmental
fusion and the average width of foot processes in the DKD group
was larger than in the control group (p < 0.001). Compared with
the DKD group, only the Chaga100 group showed a significant
effect on decreasing the width of foot processes (p � 0.045). The
results were shown in Figure 6F.

FIGURE 5 | Effects of chaga on the pathological parameters of DKD rat model under the light microscope. (A–D) Light microscopic images of glomerulus (PAS
staining × 400). (A) Normal control group. (B) DKD model group. (C) Chaga50 group. (D) Chaga100 group. (E) Average glomerular diameter of rats in each group. (F)
Relative area of the mesangial region of rats in each group. Data were presented as mean ± SE. DKD, diabetic kidney disease; Chaga50, treatment with 50 mg/kg of
chaga group; Chaga100, treatment with 100 mg/kg of chaga group. *p < 0.05 vs. Normal control group, #p < 0.05 vs. DKD group, + p < 0.05 vs. Chaga50 group.
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FIGURE 6 | Effects of chaga on the pathological parameters of DKD rat model under the electron microscope. (A–D) Electron microscopic images of the basement
membrane of the glomerulus and foot processes of podocytes (×20,000). (A) Normal control group. (B) DKD model group. (C) Chaga50 group. (D) Chaga100 group.
(E) Thickness of GBM of rats in each group. (F) Foot process width of rats in each group. Data were presented as mean ± SE. DKD, diabetic kidney disease; Chaga50,
treatment with 50 mg/kg of chaga group; Chaga100, treatment with 100 mg/kg of chaga group; GBM, glomerular basement membrane. *p < 0.05 vs. Normal
control group, #p < 0.05 vs. DKD group, + p < 0.05 vs. Chaga50 group.
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DISCUSSION

As a new type of medicinal fungus, chaga possesses antitumor,
antioxidant, hypoglycemic, and hypolipidemic effects (Wang et al.,
2017b; Yu et al., 2020; Duru et al., 2019; Burmasova et al., 2019; Lu
et al., 2021). In recent years, the use of medicinal fungi in the
treatment of kidney disease has been widely examined (Zhong et al.,
2015;Wang et al., 2018). However, there are only a few reports about
the influence of chaga on renal injury (Chou et al., 2016; Yong et al.,
2018; Wang et al., 2017a). In this study, we established a DKD rat
model induced by T2DM with the high-fat diet and low-dose STZ
injection, and the treatment of chaga was observed.

The T2DM rat model was characterized by insulin resistance
and hyperglycemia (Gheibi et al., 2017; Chao et al., 2018). During
the progression of DM, the renal injury indexes including
enhanced urinary protein and SCr were all observed in our
study. According to the criteria of DKD diagnosis, glomerular
hypertrophy, increased mesangial matrix, thickened GBM, and
foot process fusion are the “Gold Standard” (Expert Group of
Chinese Society of Nephrology, 2021). In order to determine the
severity of kidney injury before the rats were sacrificed, we tried
the RDUS technique, a noninvasive method, which plays an
important role in the observation of the renal size, structure,
and blood flow parameters clinically (Hoi et al., 2018; Petrucci
et al., 2018). Our results demonstrated that 8 weeks of chaga
administration showed remarkable hypoglycemic and
hypolipidemic effects in high-fat diet/STZ-induced T2DM rats.
Guided with biochemistry and LRILA, DM-induced renal injury
was further assessed and the effects of chaga were observed.
Finally, the results from light microscopy and electron
microscopy confirmed the renal protection of chaga.
Compared to the previous studies (Chou et al., 2016; Wang
et al., 2017a), the present study showed more evidence based
on biochemical parameters, RDUS, and electron microscopy.

The clinical features of DKD include an increase in persistent
albumin excretion, and/or a progressive decrease in renal GFR,
eventually leading to the development of ESRD (Expert Group of
Chinese Society of Nephrology, 2021). DKD is a progressive
disease, and the mortality of DKD increases with the progress of
the disease (Sagoo and Gnudi, 2020). One of the current therapies
is to slow down the progression of DKD (KDIGO Executive
Committee, 2020; Expert Group of Chinese Society of
Nephrology, 2021). SCr level is the most used biochemical
parameter to estimate the progression of renal disease
(Asmamaw et al., 2020). In our study, the evidence including
SCr and urinary protein excretion indicated that kidney injury
appeared at the 13th week and injury aggravation was shown at
the 17th week based on SCr level. More findings were remarkable:
the levels of RBG, SCr and urinary protein excretion did not show
significant improvement after 4 weeks of continuous treatment
with chaga, but the obvious effects were shown after another
4 weeks of being continuously treated with chaga. These results
suggested that the protective effect of chaga might be related to
delaying the deterioration of SCr, etc.

In addition, it has been reported that chaga extracts could
reduce the blood lipid level, lipid accumulation, and body weight
in DKDmice induced by the high-fat diet (Yu et al., 2020). This is

consistent with the result of the present study that the body
weights of the two intervention groups were lower than that of the
DKD model group. However, the result is inconsistent with the
two previous studies (Wang et al., 2017a; Yong et al., 2018), and
the reasons were mainly due to the different drug components as
a result of the different extraction methods of chaga were used,
the different dose of drug intervention, and the different species
of rodents were involved in testing.

As an effective, noninvasive, and repeatable method, Doppler
ultrasound could rapidly and directly reveal the condition of renal
hemodynamics, such as blood flow and vascular resistance (Abe
et al., 2019). Deterioration of renal function can also be predicted
with RDUS (Sener et al., 2018). According to the wave pattern of
arterial blood flow in each region on renal Doppler
ultrasonography, PSV, EDV, and MV of arterial flow can be
measured (Abe et al., 2019). The levels of vascular resistance, also
known as RI and PI, can be calculated based on PSV, EDV, and
MV (Zou et al., 2017; Petrucci et al., 2018).

The impairment of PSV, MV, EDV, PI, and RI of the renal
artery would affect renal physiology and functions. The
progression of chronic kidney disease was accompanied by
a decline in the renal artery blood flow velocity and an increase
in renal artery resistance (Yang et al., 2021). It is suggested that
EDV and RI may be the best two indexes to evaluate renal
function (Abe et al., 2019; Di Nicolo and Granata, 2019). It has
been reported that the PSV and EDV of the intrarenal artery
were significantly positively correlated with renal function
(Gao et al., 2017), while RI and PI were negatively
correlated with renal function (Sener et al., 2018). In
addition, the variation of the MV is more sensitive which
evolves with the hemodynamic resistance following the
Poiseuille law (Zheng and Qin, 2017). With the Doppler
ultrasound technique, our research suggested that renal
function was impaired by the significantly decreased PSV,
MV, EDV and increased PI and RI in the DKD group. On
the other hand, the protection of chaga was also confirmed
from the points of significantly increased PSV, MV, and EDV.

The above evidence from RDUS indicated significant renal
injury before the pathological confirmations. Our results
suggested that, as a certain predictive indicating index in
clinical practice (Meyer et al., 2021), RDUS showed its
advantage in evaluating renal injury in the DKD rat model.
Our RDUS results also suggested that the improvement of
interlobar artery PSV, MV, and EDV were consistent with the
improvement of renal pathology in DKD rats after chaga
intervention.

The study also found that the average thickness of GBM,
segmental fusion of podocytes and the average width of foot
processes were all improved after chaga intervention. Electron
microscopy is a mainstay in the analysis of renal biopsies, where it
is typically employed in a correlative fashion along with light and
immunofluorescence microscopy (Haas et al., 2020; Howell and
Herrera, 2021). Electron microscopy can identify the lesions of
glomerular podocytes better than light microscopy, which is
helpful for further study about podocyte injury of DKD (Haas
et al., 2020). The present study showed first the renal protective
effect of chaga based on electron microscopy.
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Based on biochemical indicators such as RBG, IRI, TC, SCr
and urinary protein excretion above, color Doppler ultrasound
assessment on PSV, EDV, MV, RI, PI and histopathological
evidence including PAS light and electron microscopy, the
renal protective effects of chaga on T2DM-induced renal
injury were confirmed.

Total phenols, flavonoids and polysaccharides were analyzed
in this study. Till now, the renal protective effects of chaga are
mostly attributed to its polysaccharide (Chou et al., 2016; Wang
et al., 2017a). Our research confirmed that the content of total
polysaccharide was the highest among the three ingredients
investigated. This is consistent with the results of some
previous studies (Duru et al., 2019; Lu et al., 2021). Like
polysaccharides, both phenols and flavonoids obtained from
other mushrooms already showed their effects on diabetes and
DKD (Onuekwuzu et al., 2019; Wang et al., 2019). The
antidiabetic effect of some flavonoids from Pleurotus
tuberregium was observed in alloxan-induced diabetic rabbits
(Onuekwuzu et al., 2019). The renoprotective activities of
phenolic meroterpenoids from Ganoderma cochlear were
evaluated using rat renal interstitial fibroblast cells (Wang
et al., 2019). Additionally, phenolic compounds and flavonoids
from chaga also played important roles in antioxidant and
hypoglycemic functions (Duru et al., 2019; Poyedinok et al.,
2020). Further research of purified polysaccharides, active
phenols or flavonoids from chaga should be conducted on
renal protection separately. These results might be very
interesting and important to the future use of chaga in DKD.
Moreover, further chemical experiments are required in order to
elucidate the chemical structure of the active compounds in the
extract.

The limitation of the study is that the color Doppler
ultrasound was not performed while SCr and proteinuria
results already showed renal injury at the 13th week. If the
images at the 13th and the 17th week could be compared, it
would help us to understand the aggravation of renal injury from
renal blood flow velocity and the influence of chaga.

Moreover, the level of serum α-klotho decreased in the DKD
group, meanwhile, it increased in the chaga-treated groups in this
study (data not shown). It was recently discovered that α-klotho can
alleviate podocyte injury by inhibiting calcium ions influx mediated
by transient receptor potential channel 6 (Kim et al., 2017). Research
on the pathway α-klotho involved is being carried out, and related
results may be presented in our follow-up articles.

In conclusion, our experiments conducted on the DKD rat
model indicated that RDUS is an effective, noninvasive, and
repeatable method to evaluate renal injury. The renal

protective effects of chaga are confirmed by biochemical, color
Doppler ultrasound, and histopathological evidence.
Additionally, the protection of chaga is related to its effects on
delaying the progression of renal injury. Furthermore, our
research might provide a valuable basis for the clinical
application of chaga in the prevention and treatment of DKD.
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