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Objective: To investigate the protective effects and possible mechanisms of Shenkang Injection (SKI) on
the diabetic nephropathy in streptozotocin-induced mice.
Methods: STZ with the feeding of high fat diet (HFD) was used to induce diabetic mice. The balb/c mice
and diabetic mice were then randomly divided into five groups: (1) control group, (2) model group, (3)
alprostadil (Alp, 1.5 pg/kg) group, (4) SKI (30 ml/kg) group, (5) Alp (1.5 pg/kg) + SKI (15 ml/kg) group.
After six weeks’ treatment, blood, urine and kidney tissues were collected for biochemical assay, ELISA
assay, and pathological analysis.
Results: Diabetic mice exhibited evident manifestations of diabetic nephropathy (DN), as indicated by
increased 24-h urine volume, urinary albumin and kidney weight index (P < 0.01), which could be atten-
uated by SKI treatment (P < 0.01). SKI was further found to improve abnormal morphology in glomerulus
with increased glomerular volume and to decrease urinary N-acetyl-b-D-glucpsaminidase (NAG), p2-
microglobulin (B2-MG), and kidney injury molecules-1 (KIM-1) levels (P < 0.05, P < 0.01). Plasma levels
of anti-oxidant enzymes significantly reduced in the diabetic mice, and those decreases could be reversed
by SKI and Alp treatments. Additionally, SKI obviously suppressed the diabetes-induced increases of pro-
inflammatory cytokines (IL-6, IL-1B and TNF-a) (P < 0.01). Meanwhile, SKI was found to effectively atten-
uate the diabetes-induced coagulation dysfunction, as evidenced by lengthening prothrombin and
thrombin time, and decreasing plasma levels of fibrinogen (FIB), 6-K-PGFlor and thromboxane B2
(TXB2) (P <0.05, P<0.01). With SKI and Alp combined treatment, the anti-oxidant activities and improve-
ments of coagulation dysfunction were enhanced.
Conclusion: SKI possesses a remarkable property to prevent diabetic nephropathy. The improvements of
kidney function and hypercoagulability by SKI were enhanced with Alp combined treatment. The molec-
ular mechanisms underlying the protection of SKI against DN may be related to enhancing the anti-
oxidant and anti-inflammatory activities, and improving the coagulation dysfunction.

© 2020 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction glomerulosclerosis, glomerular basement membrane thickening,

tubulointerstitial fibrosis and albuminuria (Tervaert et al., 2010;

Diabetic nephropathy (DN) is one of the devastating diabetic
microvascular complications and the leading cause of end stage
renal disease (ESRD) (Papadopoulou-Marketou et al., 2018). About
21.3% of the diabetes suffer from DN in China (Zhang et al., 2016).
ESRD caused by DN has been the leading cause of death in nearly
half of the diabetic patients (Ritz, 2013). Pathologically, the struc-
tural and functional changes of DN involve many aspects, including
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Alomari et al., 2019). These pathological alterations can be induced
by many factors including hyperglycemia, reactive oxygen species
(ROS), and inflammation (Ding et al., 2018). Endogenous anti-
oxidant enzymes play key roles in the protection of DN through
clearing ROS. Thus, the effects of SKI on anti-oxidant enzymes
including CAT, SOD and GSH-Px were detected in the present
study. Previous studies have indicated that the herbs contained
in SKI, such as Salvia miltiorrhiza Bge. (Danshen in Chinese), which
possesses the anti-inflammatory potential. Chronic inflammation
could promote the progression of DN. We speculated that SKI may
reduce diabetes-induced inflammation. Thus, the inflammatory
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cytokines were also measured in the present study. Abnormality of
glucose and lipids metabolism causes injury of vascular endothelial
cells, which subsequently leads to platelet activation and aggrega-
tion, and further causes hypercoagulability (Bochenek & Schafer,
2019). Coagulation dysfunction can cause thrombogenesis,
decreased renal blood flow and glomerulosclerosis, and eventually
results in the progression of DN (Kaizu et al., 1993). Alprostadil
(Alp) is widely used in the clinic based on its vasodilatory action
to dilate blood vessels and its anti-platelet effects to suppress pla-
telet aggregation. Clinical studies also indicate that Alp signifi-
cantly improves renal function, reduces urinary protein, and
alleviates the inflammatory response (Luo et al., 2014; Qin, Qin,
Wang, & Lin, 2017). Thus, Alp was selected as a positive drug to
explore the protective roles of SKI in the treatment of DN.

Shenkang Injection (SKI), approved by State Food and Drug
Administration of China (CFDA) in 1999, was used to treat chronic
kidney diseases (CKD) (Permission No. YBZ08522004) (Fu et al.,
2019). This treatment is composed of Rhei Radix et Rhizoma
(Dahuang in Chinese, RRR), Salviae Miltiorrhizae Radix et Rhizoma
(Danshen in Chinese, SMRR), Astragali Radix (Huangqi in Chinese,
AR), and Carthami Flos (Honghua in Chinese, CF) (Wu et al.,
2015). Clinical studies have indicated that 73.05% of patients with
CDK treated with SKI exhibit improved renal function (Yong, Yang,
& Chen, 2015). SKI protects against CDK through inhibiting oxida-
tive stress-induced renal injury and preventing interstitial fibrosis
(Wu et al., 2015). Although SKI has been reported to play beneficial
roles in the treatment of CDK, little is known about its effects on
DN. In the present study, we applied STZ-induced diabetic mouse
model to investigate the protective effects of SKI on DN, and also
study its possible molecular mechanisms.

2. Materials and methods
2.1. Animals

Male balb/c mice (20-22 g) were purchased from Beijing Hua-
fukang Laboratory Animal Technology Co., Ltd. All animal experi-
ments were approved by the Laboratory Animal Ethics
Committee of the Institute of Medicinal Plant Development, Peking
Union Medical College, and conformed to the Guide for the Care
and Use of Laboratory Animals (Permit Number: SYXK 2017-0020).

2.2. Reagents

SKI (TYZ20181001) was supplied by Shijishenkang Co., Ltd.
(Xi'an, China). Alprostadil injection (Alp) was purchased from Hai-
nan Bikai Pharmaceutical Co., Ltd. (Hainan, China). STZ was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Primary
antibody against collagen IIl (ab7778) was obtained from Abcam
(Cambridge, UK). The albumin, N-acetyl-b-D-glucpsaminidase
(NAG), HbA1c, catalase (CAT), superoxide dismutase (SOD), glu-
tathione peroxidase (GSH-PX) and malondialdehyde (MDA) kits
were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Mouse interleukin-1p (IL-1B), interleukin-6 (IL-
6), tumor necrosis factor-o (TNF-a), interleukin-4 (IL-4),
interleukin-10 (IL-10), nitric oxide (NO), C-reactive protein (CRP),
urinary B2-microglobulin (p2-MG), kidney injury molecules-1
(KIM-1), 6-K-PGF10a,, and thromboxane B2 (TXB2) ELISA kits were
purchased from Sinoukbio (Beijing, China).

2.3. Establishment of diabetic mouse model

Experimental diabetic mice were fed with high fat diet (20 kcal
% protein, 20 kcal% carbohydrate and 60 kcal% fat) for 4 weeks and
then they were induced by intraperitoneal (i.p.) injection of strep-

tozotocin (STZ) (150 mg/kg, STZ was dissolved in 0.1 mmol/L
citrate buffer, pH 4.5). Animals with glucose levels no less than
11.1 mmol/L were regarded as diabetes (DM) (Wang, Song, Ding,
& Wei, 2019).

2.4. Grouping and treatment

The diabetic mice were randomly divided into five groups: (1)
control group, (2) model group, (3) Alprostadil (Alp, 1.5 pg/kg, clin-
ical equivalent dose) group, (4) SKI (30 ml/kg, clinical two-fold
dose) group, (5) Alp (1.5 pg/kg) + SKI (15 ml/kg, clinical equivalent
dose) group. Alp and SKI were injected intraperitoneally once a day
for 6 weeks. Mice in the control and model groups were given the
same dose of saline solution.

2.5. Measurement of body weight, fasting blood glucose and kidney
weight index (KWI)

After 6 weeks’ treatment, the body weight in each group was
determined, and fasting blood glucose was measured by an auto-
matic glucometer (One Touch Ultra, Lifescan, USA). The kidney
weight index (KWI) in each group was estimated by calculating
the ratio of the kidney weight to the body weight.

2.6. Glucose tolerance test

Fasted overnight mice were subjected to a glucose tolerance
test (GTT) through oral administration of 2 g/kg glucose. Blood glu-
cose levels were measured by an automatic glucometer at indi-
cated time points.

2.7. Measurement of 24-h urine volume and biochemical parameters
in urine

The 24-h urine was collected and urine volume was recorded at
the last administration of SKI. Urinary albumin and N-acetyl-b-D-
glucpsaminidase (NAG) levels were detected using the kits from
Nanjing Jiancheng bioengineering Institute (Nanjing, China). pB2-
Microglobulin (p2-MG), Kidney injury molecules-1 (KIM-1) levels
were measured by ELISA kits according to the manufacturer’s
instructions (Sinoukbio, Beijing, China).

2.8. Measurement of biochemical parameters in blood

The animals were anesthetized with intraperitoneal injection of
sodium pentobarbital (40 mg/kg). The blood sample was collected
from the orbital plexus of the eyes and then genteelly mixed with
55 pL 3.8% citrate sodium anticoagulant in centrifuge tube. The
plasma was separated by centrifugation at 3800 g for 15 min.

Activated partial thromboplastin time (APTT), prothrombin
time (PT), thrombin time (TT), and fibrinogen (FIB) were assayed
by a PUN-208A (BECKMAN COULTER, USA) automated blood coag-
ulation analyzer.

The antioxidant enzymes (CAT, SOD and GXH-PX) and MDA
levels were determined by the kits from Nanjing Jiancheng bio-
engineering Institute (Nanjing, China). Inflammatory cytokines
(IL-4, IL-10, IL-1B, IL-6 and TNF-a), NO, CRP, 6-K-PGF1a and
TXB2 levels were detected by ELISA kits according to the manufac-
turer’s instructions (Sinoukbio, Beijing, China).

2.9. Pathological analysis and Immunohistochemistry staining

The kidney tissue samples fixed in 4% buffered paraformalde-
hyde, dehydrated, and then embedded in paraffin. Sections of
about 5 pm thickness were sliced from each embedded sample
and stained with hematoxylin and eosin (H&E).
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Immunohistochemistry assay (IHC) was performed as previ-
ously (Zhang et al., 2015). Briefly, kidney sections were incubated
with 3% hydrogen peroxide and 2.5% normal horse serum, followed
by incubation with rabbit polyclonal anti-collagen III primary anti-
body overnight at 4 °C and with second antibody (goat anti-rabbit
anti-body) at 37 °C for 30 min. Whole-slide digital images were
collected at 400x magnification with an Aperio Scan Scope slide
scanner (Aperio, Vista, CA, USA).

2.10. Statistical analysis

All data were expressed as Mean + SD, and comparison among
multiple groups was performed with One-way analysis of variance
(ANOVA) followed by Student-Newman-Keuls test using statistical
software (SPSS v.22, USA). P < 0.05 was considered statistically
significant.

3. Results

3.1. Effects of SKI on body weight, fasting blood glucose (FBG), and
kidney weight index (KWI)

After 6 weeks’ treatment, we detected body weight and fasting
blood glucose in each group. Compared with the control group, the
diabetic mice in the model exhibited high levels of FBG, decreased
body weight and increased KWI (P < 0.01, Fig. 1A and B). SKI and
Alp treatments had no obvious impact on the FBG and body weight
in comparison with the model group. After combined treatment
with SKI and Alp, the KWI significantly decreased compared with
the model group (P < 0.05, Fig. 1C).

3.2. Effects of SKI on glucose tolerance and plasma HbAlc levels

To assess the impact of SKI on elimination of blood glucose, oral
glucose tolerance test (OGTT) was performed. Compared with the
control group, the capability to reduce the blood glucose in the
model markedly impaired, which could be improved by SKI, Alp
and combined treatment (Fig. 2A). Meanwhile, SKI, Alp and com-
bined treatment could reduce the high levels of HbAlc (Fig. 2B).

3.3. Effects of SKI on 24-h urine volume and urinary albumin levels

Compared with the control group, the mice in the model group
showed increased 24-h urine volume and high levels of urinary
albumin, those increases of which could be significantly attenuated
by SKI treatment (Fig. 3). Noteworthily, the inhibitive effects of
combined treatment on the 24-h urine volume and urinary albu-
min were more significant compared with the single Alp treatment
(P <0.01).

3.4. Effects of SKI on urinary f2-MG, NAG and KIM-1 levels

Clinically, B2-MG, NAG and KIM-1 are considered as key mark-
ers of renal dysfunction. Compared with the control group, urinary
NAG, B2-MG and KIM-1 levels were drastically elevated in the
model group (P < 0.01). The high levels of NAG, B2-MG and
KIM-1 were obviously reduced in the diabetic mice with SKI
treatment for 6 weeks (P < 0.05, P < 0.01), indicating that SKI can
improve the renal function (Fig. 4).

3.5. Effects of SKI on pathological alterations and collagen III protein
levels in diabetic kidneys

Compared with the control group, the kidney from the model
group showed abnormal morphology in glomerulus with increased
glomerular volume and mesangial cell proliferation. These patho-
logical alterations were significantly attenuated with SKI and Alp
treatment. The improvement of structural abnormalities of dia-
betic kidney by combined treatment was more obvious compared
with the Alp group (Fig. 5A). Results from IHC showed that collagen
1T highly expressed in the diabetic kidney, and the protein levels of
collagen III in the diabetic kidney were reduced by SKI and Alp
treatments (Fig. 5B).

3.6. Effects of SKI on plasma levels of anti-oxidant enzymes, NO and
MDA

Oxidative stress induced by hyperglycemia is closely associated
with DN (Kashihara, Haruna, Kondeti, & Kanwar, 2010). Anti-
oxidant enzymes including CAT, SOD and GSH-PX play key roles
in the protection of DN. Compared with the control group, CAT,
SOD, GSH-PX and NO levels were significantly decreased in the
plasma from the model group, and oppositely, MDA levels were
increased (P < 0.01). Both SKI and Alp treatments could elevate
the anti-oxidant enzymes levels and reduce MDA levels (P < 0.05,
P < 0.01). Compared with the Alp group, the anti-oxidant enzymes
levels (SOD, GSH-PX) in the co-treatment group were found to be
obviously elevated (P < 0.05, P = 0.055), and NO levels were also
found to increase in the combined treatment group (P < 0.01).
The MDA levels in the co-treatment group markedly reduced com-
pared with the SKI group (P < 0.05, Fig. 6E). These data collectively
indicated that the anti-oxidant effects can be enhanced with Alp
and SKI combined treatment.

3.7. Effects of SKI on levels of inflammatory cytokines in diabetic mice
Chronic inflammation in the diabetes is related to the progres-

sion of DN (Wada & Makino, 2013). In line with these researches,
pro-inflammatory cytokines including IL-6, IL-18 and TNF-a, and
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Fig. 1. Effects of SKI on body weight (A), fasting blood glucose (B) and kidney weight index (C) in diabetic mice (n = 10). *#P < 0.01 vs control group, *P < 0.05 vs model group.
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Fig. 4. Effects of SKI on urinary p2-MG (A), NAG (B) and KIM-1 (C) levels in diabetic mice (n = 10). **P < 0.01 vs control group, *P < 0.05, **P < 0.01 vs model group, *P < 0.05 vs
Alp group.

CRP levels were significantly increased in the model group, but 3.8. Effects of SKI on coagulation activity in diabetic mice
anti-inflammatory cytokines including IL-4 and IL-10 levels were

reduced (P < 0.01). Compared with the model group, SKI and Alp Clinically, numerous diabetic patients suffer from hypercoagu-
treatments reduced high levels of pro-inflammatory cytokines lability (Pretorius et al., 2018). The diabetic mice in the model
and CRP, and increased anti-inflammatory cytokines levels of IL- group were found in a hypercoagulable state, as indicated by

4, and IL-10 (P < 0.01, Fig. 7), indicating that SKI possesses remark- reduced activated partial thromboplastin time (APTT), prothrom-
able anti-inflammatory activities. bin time (PT) and thrombin time (TT) (P < 0.01). Meanwhile,
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plasma levels of fibrinogen (FIB), 6-K-PGF1a and thromboxane B2
(TXB2) were found increased in the model group (P < 0.01, Fig. 8A-
D). With SKI and Alp treatments, the hypercoagulable state in the
diabetic mice was obviously attenuated, as evidenced by the ele-
vated APTT, PT and TT (P < 0.05, P < 0.01). Compared with the
SKI group, the inhibitive effects of combined treatment on the 6-
K-PGF1a and TXB2 were superior (P < 0.05, Fig. 8E and F).

4. Discussion

DN has been the leading cause of ESRD, contributing to severe
morbidity and mortality in the diabetes (Hofni, EI-Moselhy, Taye,
& Khalifa, 2014). Strategy used to treat DN remains limited in the
clinical setting. Thus, exploring novel methods is urgent and has
important clinical value in the treatment of DN. Chinese medicine
experts depict the characteristics of symptoms of DN, including qi
deficiency, blood stasis, yin deficiency, turbid dampness, phlegm
dampness, yang deficiency, blood deficiency and qi stagnation

(Chen et al,, 2011). Based on the clinical characteristics of DN,
the treatment principles of DN include tonifying qi, nourishing
yin, reinforcing kidney, removing stasis, clearing collaterals and
resolving dampness (Wen, Yan, Zhang, & Li, 2017). SKI is composed
of Rhei Radix et Rhizoma, Salviae Miltiorrhizae Radix et Rhizoma,
Astragali Radix, and Carthami Flos, which has been reported to
tonify gi, nourish yin and promote circulation. Meanwhile, this
drug has been used to treat chronic kidney diseases for many years.
Thus, we speculated that SKI may protect the diabetic mice against
DN.

We firstly observed the impact of SKI on the body weight.
Although the diabetic mice were treated with high fat diet for four
weeks, they showed obvious body weight loss because they were
injected high dose of STZ. It was found that SKI had no obvious
impact on the body weight. Increasing evidence indicates that
HbA1c levels elevate in the diabetic complications. HbAlc can be
used to predict the risk of DN (Kilpatrick, Rigby, & Atkin, 2008).
Patients with high HbA1c variability index may be more likely to
develop DN (Zhong et al., 2019). In the present study, diabetic mice
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in the model showed high levels of FBG and HbA1c, accompanied
with severe glucose intolerance. Treatment with SKI and Alp signif-
icantly attenuated glucose intolerance and reduced the HbAlc

levels. High levels of HbA1lc can also predict microalbuminuria,
an early clinical characteristic in patients with DN (Waden et al.,
2009). In line with these studies, 24-h urine volume and albuminuria
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were highly increased in the diabetic mice, which could be allevi-
ated by SKI administration. Meanwhile, SKI treatment could reduce
the increased levels of B2-MG, NAG and KIM-1 in the diabetic ani-
mals, indicating that SKI can protect against renal injury induced
by diabetes. Combined treatment with SKI and Apl enhanced the
inhibitive effects on 24-h urine volume and albuminuria, suggest-
ing that the renal protective effects are more potent in the com-
bined treatment group.

Oxidative stress induced by chronic hyperglycemia is closely
associated with the progression of DN (Kashihara et al., 2010).
Oxidative stress can cause mitochondria injury in the kidney
(Chen & Fang, 2018), and it can also activate transforming growth
factor B (TGF-B) pathway, which mediates much collagen accumu-
lation in the glomerulus (Kashihara et al., 2010). Anti-oxidant
enzymes regulated by Nrf2 pathway are found to prevent DN
through inhibition of inflammasome (Du et al., 2019). Thus,
enhancing the anti-oxidative activity may suppress the progres-
sion of DN. In this research, SKI treatment could improve the defi-
ciency of anti-oxidant enzymes, and meanwhile, it inhibited
diabetes-induced inflammation, as indicated by reduction of IL-6,
IL-1B8 and CRP levels. The anti-oxidative activities were enhanced
with SKI and Alp combined treatment, as evidenced by the
increased levels of SOD and GSH-PX, and the decreased levels of
MDA. These data collectively indicated that Alp may enhance the
renal-protective effect of SKI through reinforcing the anti-oxidant
activities.

Clinical trials have showed that some diabetic patients suffer
from hypercoagulability (Yamada et al., 2000; Pretorius et al.,
2018). Mechanistic study suggests that chronic hyperglycemia
can lead to vascular endothelial cells injury, the abnormality of
which subsequently causes platelet activation and aggregation
(Bochenek & Schafer, 2019). Thus, the coagulation dysfunction in
the diabetes facilitates the progression of DN. Increased levels of
coagulation factor Xa in the diabetes can cause severe inflamma-
tion, which in turn exacerbates DN (Oe et al., 2016). Hypercoagula-
bility induced by hyperglycemia causes the decreased blood flow
and subsequently leads to renal ischemia and hypoxia, which
forms the basis for the DN, including oxidative stress, cell apoptosis
and mesangial cell proliferation (Tanaka et al., 2005; Wu et al.,
2020). Alprostadil (Alp) is widely used in the clinic because of its
vasodilatory effects to dilate blood vessels and its anti-platelet
effects to suppress platelet aggregation. Alp has been reported to
exert the renal-protective roles through improving local capillary
circulation, and increasing blood flow and the glomerular filtration
rate. Accordingly, Alp was used as a positive drug, and it was also
observed whether the renal-protective effects of SKI were
enhanced when Alp and SKI were combined treatment. Herein,
the diabetic mice in the model were found in a hypercoagulability
state, as indicated by decreased APTT, PT and TT, and increased
levels of FIB, 6-K-PGF1ow and TXB2. These abnormal changes can
be attenuated with the SKI and Alp intervention. Noteworthily,
the inhibition of FIB, 6-K-PGF1o. and TXB2 in the co-treatment
group was more obvious than that in the SKI group. Nitric oxide
(NO) has been reported to possess numerous key functions includ-
ing the regulation of renal haemodynamics and medullary blood
flow (Mount & Power, 2006). In the present research, NO levels
were obviously elevated in the combined treatment group, sug-
gesting that the effects of SKI on vascular dilation may be improved
when combined with Alp. These data collectively suggest that the
improvement of hypercoagulability was enhanced when Alp and
SKI were combined treatment, although SKI was used in a low dose
(15 ml/kg) in the combined treatment group.

However, the present study presents certain limitations. Dose-
dependent effects of SKI have not been observed, and the impact
of SKI on Nrf2 and NF-«B signaling has not been determined. Thus,
our future work will address these questions.

In summary, SKI possesses a remarkable property to prevent
diabetic nephropathy. The improvements of kidney function and
hypercoagulability by SKI were enhanced with Alp combined treat-
ment. The molecular mechanisms underlying the protection of SKI
against DN may be related to enhancing the anti-oxidant and anti-
inflammatory activities, and improving the coagulation
dysfunction.
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