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Diabetic nephropathy (DN) is a major cause of end-stage renal disease throughout the world; until now there is no specific drug
available. In this work, we use herba artemisiae capillaris extract (HACE) to alleviate renal fibrosis characterized by the excessive
accumulation of extracellular matrix (ECM) in rats, aiming to investigate the protective effect of the HACE on DN. We found that
the intragastric treatment of high-dose HACE could reverse the effect of streptozotocin not only to decrease the level of blood
glucose and blood lipid in different degree but also further to improve renal functions. It is worth mentioning that the effect of
HACE treatment was comparable to the positive drug benazepril. Moreover, we found that HACE treatment could on one hand
inhibit oxidative stress in DN rats through regulating enzymatic activity for scavenging reactive oxygen species and on the other
hand increase the ECM degradation through regulating the activity of metalloproteinase-2 (MMP-2) and the expression of tissue
transglutaminase (tTG), which explained why HACE treatment inhibited ECM accumulation. On the basis of above experimental
results, we conclude that HACE prevents DN development in a streptozotocin-induced DN rat model, and HACE is a promising
candidate to cure DN in clinic.

1. Introduction

Diabetes mellitus is a group of metabolic disorders in which
there are high blood sugar levels over a prolonged period, and
the incidence of diabetes in the world is increasing because
of high sugar intake, high-fat diet intake, lack of physical
exercise, and so on [1]. Chronic high blood sugar leads to the
structural and functional lesion of multiple tissues, including
the retinopathy, peripheral neuropathy, diabetic cardiomy-
opathy and kidney injury, and even tissue failure [2–5].
Among those complications, one of the most serious is dia-
betic nephropathy (DN), which is mainly characterized by
accumulation of extracellular matrix (ECM) in glomeruli,

as well as other secondary features: glomerular hypertrophy,
proteinuria, renal fibrosis, and even renal damage [6, 7].
Now DN has become a global health problem; although the
level of clinical nursing for DN patients has been greatly
improved in recent years, the number of DN patients at end
stage is still increasing year by year [8]. Therefore, studies
should be conducted for better understanding of pathogenic
mechanisms and novel therapeutic agents of DN.

Oxidative stress is involved in the pathogenic mecha-
nisms of DN. Reactive oxygen species (ROS) are generated by
sustained high glucose challenge, which are found by differ-
ent teams [9, 10]; then ROS induce releasing of series fibrosis
factor, promoting ECM remodeling and finally leading to
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renal interstitial fibrosis and damage [11, 12]. Meanwhile at
DN stage, inhibiting the degradation of ECM usually leads to
the accumulation of ECM in glomeruli, whilematrixmetallo-
proteinases (MMPs) system is responsible for the degradation
of ECM [13, 14]. Under DN, state plasminogen activator
inhibitor (PAI-1), which is the main inhibitor of activating
plasminogen, is upregulated to inhibit the plasminogen
activities and then to decrease the activities of plasmin and
further subsequently to decrease the activates of plasmin-
dependentMMPs [15]. Numerous studies have indicated that
PAI-1 has a profound effect on the development of DN, and
the symptom of DN would be significantly retarded after
PAI-1 gene is knocked out [16]. Moreover, tissue inhibitor
of metalloproteinases (TIMPs) can inhibit the activities of
MMPs by noncovalent bonding to the activated MMPs on
the proportion of 1 : 1, and TIMPs can inhibit the activation
of MMP by combining with plasminogen [17]. Among the
MMPs family, MMP-2 as well as its inhibitor TIMP-2 has
been identified as the crucial mediator of ECM accumula-
tion in the DN kidney [18]. Apart from MMPs and their
regulators, tissue transglutaminase (tTG) can couple with
fibronectin, collagen, and collagen peptide through covalent
cross-linking effect, which are responsible for the widespread
of ECM proteins to promote ECM accumulation [19, 20].

Herba artemisiae capillaris (HAC) is a traditional Chinese
herbal medicine that is usually used in the liver protection,
and it has remarkable therapeutic and protective effect for
liver fibrosis [21], oxidative damage to liver [22], and any
other liver injury [23], whichwere characterized by the exces-
sive accumulation of ECM [24]. Meanwhile early research
showed that HAC had a similar hypoglycemic effect to
biguanide drugs in alloxan-induced mice [25]. But so far the
effect of HAC extract (HACE) on DN has not been clear.This
study is to provide theoretical basis for the treatment of DN
with HACE and detect its possible mechanism from two
aspects, the level of oxidative stress and regulating the ECM
synthesis and degradation. This study provides a novel agent
for a more specific therapy for DN.

2. Materials and Methods

2.1. Drug. The herba artemisiae capillaris extract (HACE)
was supplied byWuhan Yuancheng Gongchuang Technology
Co., Ltd. (Wuhan, China). The extract ratio is 10 : 1 through
water extract method; the contents of chlorogenic acid and
p-hydroxyacetophenone in HACEwere detected with HPLC.
According to the Chinese Pharmacopoeia (2015), the chloro-
genic acid content in HACE is 1.32% (>1.0%) and the p-
hydroxyacetophenone content in HACE is 0.18% (>0.10%);
its loss on drying is 4.6% (≤5.0%) and on ash it is 3.1%
(≤5.0%). Heavy metals’ purity is ≤10 ppm, arsenic ≤ 2 ppm,
pentachloronitrobenzene (PCNB) ≤ 0.1 ppm, and aflatoxin ≤
5 ppb, and the number of microbes is qualified.The drug was
sealed and kept in a shady and dry place.

2.2. Animals. Wistar rats (male, weighing 200–220 g) were
obtained from the Experimental Animal Center of Jilin Uni-
versity. The rats were housed in a pathogen-free facility with
free access to the standard dried chow diet and water

throughout the study. All the animal experiments were
conducted following internationally recognized guidelines
on animal welfare; moreover, this study was conducted in
accordancewith theDeclaration ofHelsinki, and the protocol
was approved by the Ethics Committee at the First Hospital
of Jilin University, and all animal experiments were approved
by the Animal Care and Use Committee at the First Hospital
of Jilin University.

2.3. Induction of Diabetes and Experimental Design. After
adaptive feeding for a week, Wistar rats were fasted for 12 h
and then received intraperitoneal single injection with
55mg/kg streptozotocin (Sigma, St. Louis, MO, USA) in cit-
rate solution (0.1M citric acid, pH 4.5, and 0.2M sodium
phosphate, pH 4.5). Normal rats as control (Con group, 𝑛 =
10) were given citrate buffer alone. One week later, the rats
with blood glucose levels between 13.8 and 25mmol/L and
urine glucose levels ≥ 3+ as diabetic group were used follow-
ing experiments.Then, the diabetic rats were randomly intra-
gastrically given low-doseHACE (2 g/kg, HACE-L group, 𝑛 =
10) and high-dose HACE (5 g/kg, HACE-H group, 𝑛 = 10)
for 12 weeks; diabetic rats treated with benazepril (Beijing
Novartis Pharma Co., Ltd., Beijing, China) were used as a
positive control (75mg/kg, Bena group, 𝑛 = 10). Control
group was treated with vehicle control (0.5% CMC-Na) for
12 weeks.

2.4. Measurement of Blood Glucose, Blood Lipids, and Renal
Function. The rats were sacrificed at 12 weeks after HACE
treatment. Getting the blood plasma for detecting blood glu-
cose, getting serum for detecting blood urine nitrogen, cre-
atinine, and blood lipids including total cholesterol, triglyc-
eride, low-density lipoprotein-cholesterol, and high-density
lipoprotein-cholesterol, and getting the urine in the last 24 h
for the detection of albuminuria, all samples were measured
according to the instruction utilizing aHitachi 7150Biochem-
ical Autoanalyzer (Hitachi, Tokyo, Japan).

2.5. Antioxidation Assays. In this experiment, the activities
of Cu/Zn superoxide dismutase (SOD), hydrogen peroxidase
(CAT), and glutathione peroxidase (GSH-PX) and content
of malondialdehyde (MDA) were analyzed by reagent kit
purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) according to the instruction.

2.6. Histological Examinations. One portion of kidney tissues
was fixed in 10% buffered formalin and embedded in paraffin
for a light microscopic study (Nikon, Japan). The degrees of
mesangial matrix expansion in different groups of rats were
determined as periodic acid-Schiff (PAS) reagent positive
staining in the mesangial region; the glycogen and mucus
proteins deposited on mesangial area were dyed deep purple
for PAS positive staining and the cell nuclei were dyed
blue. In addition, we observed the collagen fibrils content
in kidney through Masson staining; the collagen fibrils in
kidney tissue were stained by aniline blue. Staining results
were all observed under the microscope and photographed
and analyzed utilizing Image-Pro Plus 6 analysis software in
a blinded manner.
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Table 1: The value of blood glucose, blood lipid, and indicators of renal function after HACE treatment.

Con + Con DN + Con DN + HACE-L DN + HACE-H DN + Bena
Glucose (mmol/L) 8.20 ± 1.35 24.07 ± 11.93∗∗ 30.43 ± 0.93∗∗# 15.08 ± 11.80∗ 19.67 ± 8.43∗

BUN (𝜇mol/L) 4.19 ± 0.46 9.58 ± 4.18 10.10 ± 4.62 10.03 ± 5.62 11.43 ± 6.76∗

CREA (𝜇mol/L) 36.60 ± 2.73 31.30 ± 10.60 39.80 ± 0.52 34.10 ± 5.79 38.15 ± 4.52
Albuminuria (mg) 0.20 ± 0.11 0.50 ± 0.15∗ 0.45 ± 0.21∗ 0.34 ± 0.15∗ 0.34 ± 0.13∗

T-CHO (mmol/L) 1.84 ± 0.18 2.20 ± 0.48∗ 1.93 ± 0.54 1.61 ± 0.22 1.66 ± 0.15

TG (mmol/L) 1.09 ± 0.34 0.99 ± 0.59 0.72 ± 0.31 0.44 ± 0.19∗∗ 0.87 ± 0.74
LDL-C (mmol/L) 0.36 ± 0.05 0.62 ± 0.22∗∗ 0.51 ± 0.08 0.49 ± 0.12 0.48 ± 0.12
HDL-C (mmol/L) 1.18 ± 0.18 1.15 ± 0.31 1.21 ± 0.49 0.92 ± 0.25 0.94 ± 0.17
Twelve weeks after HACE treatment, blood glucose, blood lipid, and renal function parameters of the nondiabetic control group (Con), streptozotocin-induced
diabetic group (DN), and the low-dose-HACE-treated (HACE-L) and high-dose-HACE-treated (HACE-H) and benazepril (Bena) positive control groups
were tested. Except albuminuria in urine and blood glucose in plasma, other indicators were detected using the blood serum. BUN: blood urea nitrogen;
CREA: creatinine; T-CHO: total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein-cholesterol; HDL-C: high-density lipoprotein-cholesterol. Data
are presented as mean ± SD from 10 animals (𝑛 = 10) for each group. ∗𝑃 < 0.05 versus Con; ∗∗𝑃 < 0.01 versus Con; 𝑃 < 0.05 versus DN; 𝑃 < 0.01 versus
DN; #𝑃 < 0.05 versus Bena.

2.7. Immunohistochemistry. The protein levels of fibronectin,
type IV collagen, PAI-1, TIMP-2, and tTG in renal tissue
sections were examined by immunochemistry. Briefly, the
renal tissue sections were treatedwithmouse anti-fibronectin
monoclonal antibody, mouse anti-type IV collagen mono-
clonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA),
mouse anti-tTG monoclonal antibody (Lab Vision, USA),
and rabbit anti-PAI-1 polyclonal antibody and rabbit anti-
TIMP-2 polyclonal antibody (Proteintech Group, China);
then samples were incubated with horseradish peroxidase-
(HRP-) anti-rabbit IgG or HRP-anti-mouse IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) and then reacted with
diaminobenzidine (DAB); after that samples were coun-
terstained with hematoxylin. The percentages of positive
staining areas in the glomerulus were determined semiquan-
titatively using Image-Pro Plus 6 analysis system.

2.8. Western Blot Assays. Renal cortical tissues of rats were
sliced in different groups and, respectively, homogenized in
lysis buffer and the supernatants were collected. Following
quantification of protein concentrations, the tissue lysates
were separated by SDS-PAGE on a 10% polyacrylamide
gel, followed by transferring onto nitrocellulose mem-
branes (Millipore, Massachusetts, USA). The membranes
were incubated with rabbit anti-PAI-1 polyclonal antibody
(1 : 1000 dilution, Proteintech, Wuhan, China), anti-TIMP-2
polyclonal antibody (1 : 1000 dilution, Proteintech, Wuhan,
China), and mouse anti-tTG monoclonal antibody (1 : 300
dilution, Lab Vision, USA) at 4∘C overnight. The bound
antibodieswere severally detectedwithHRP-conjugated anti-
rabbit IgG or anti-mouse IgG and after that visualized using
an enhanced chemiluminescence kit, according to the man-
ufacturer’s instructions (Thermo, USA). The relative levels
of target proteins to control GAPDH were determined by
densimetric scanning.

2.9. Gelatin-Zymography. Renal cortical tissues of rats were
sliced for 30mg in different groups and, respectively, homog-
enized in cool buffer (100mM Tris-Cl, 1mM CaCl2, pH
7.4) for fully sonic disruption about 10 seconds and then

centrifuged and the supernatantswere collected for detection.
Then the samples were separated by 10% SDS-PAGE with
1mg/mL gelatin followed bymixing the supernatants with 1%
Triton X-100 (1 : 10). After electrophoresis, the gelatum was
rinsed in rinse buffer (2.5% Triton-100, 50mM Tris, 200mM
NaCl, 5mM CaCl2, 1 𝜇M ZnCl2, and 0.02% NaN3, pH 7.6)
for 3 times and incubated overnight. Next, the gelatum was
stained with Coomassie Brilliant Blue and decolorized with
corresponding bufferwhich contains different concentrations
of methanol and acetic acid. At last, the enzyme amount was
analyzed with statistical method.

2.10. Statistical Analyses. Data are presented as mean ± SD.
The difference among the five groups was analyzed by one-
way ANOVA and post hoc analysis by Bonferroni correction.
The difference between two groups was analyzed by Student’s
𝑡-test using SPSS 19.0 software. ∗𝑃 values less than 0.05 were
considered to represent a statistically significant difference.

3. Results

3.1. HACE Reduced Blood Glucose Levels and Improved Renal
Functions of Rats with Diabetic Nephropathy. In the present
study, intraperitoneal single injection of streptozotocin was
done for inducing diabetic nephropathy (DN), and HACE or
benazepril was administrated for the DN treatment; the time
schedule was shown in Figure 1. It was found that the glucose
value after intraperitoneal injection of streptozotocin was
24.07 ± 1.35mmol/L, which was nearly three times of that in
the control group (8.20±1.35mmol/L), and it was higher than
the maximum normal value of blood glucose (13.8mmol/L),
indicating that diabetic model in rat was successful. Low-
dose HACE treatment did not reduce the blood glucose level
of diabetic rat, while high-dose HACE treatment showed
significant reduction of the blood glucose level from 24.07 ±
1.35mmol/L to 15.08 ± 11.80mmol/L (𝑃 < 0.05, Table 1).
Therefore, high-dose HACE treatment could lower the blood
glucose level in diabetic model, and the results were the same
as those of Pan et al.’s study [25].

To examine the renal injury and dysfunction induced
by a single administration of streptozotocin and whether
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ig 75mg/kg of Bena in vehicle every day

ig vehicle (0.5% CMC-Na) every day

ip 55mg/kg of streptozotocin in citrate bu�er/single administration

Figure 1: The time schedule of this study.

HACE could improve renal function of diabetic rats or not,
indicators of renal function were detected in urine samples,
including blood urea nitrogen, creatinine, and albuminuria.
Among the indicators, blood urea nitrogen and creatinine
were not affected by streptozotocin injection compared to
control group; however, albuminuria, which was the protein
albumin abnormally present in the urine, was significantly
elevated in the diabetic model group compared with the
control group (Table 1), which further indicated that the
diabetic rats had suffered from renal dysfunction, and the
streptozotocin-induced DN model had been successfully
established. More importantly, after high-dose HACE treat-
ment, the albuminuria was declined from 0.50 ± 0.15mg
to 0.34 ± 0.15mg (𝑃 < 0.05), which was parallel to
positive drug treatment (0.34 ± 0.13mg, 𝑃 < 0.05, Table 1).
Therefore,HACE could improve the renal function of rat with
DN.

DN is characterized by not only hyperglycemia but
also endocrine disorder, because persistent hyperglycemia
can induce serious metabolic disturbance including lipid
metabolism [26, 27]; therefore, the levels of total cholesterol,
triglyceride, low-density lipoprotein-cholesterol, and high-
density lipoprotein-cholesterol which were related to blood
lipid level and lipid metabolism were detected. It was found
that low-density lipoprotein-cholesterol of diabetic rats (𝑃 <
0.01) and total cholesterol (𝑃 < 0.05) were obviously
increased compared to control group, indicating that in
DN rats abnormal lipid level and lipid metabolism occurred.
However, followed by treatment with high-dose HACE
or positive control drug benazepril, total cholesterol was
decreased compared to DN group (𝑃 < 0.01, Table 1).
Therefore, HACE could regulate the lipid level and lipid
metabolism.

Therewas no significant difference in the content of blood
urea nitrogen, creatinine, triglyceride, and high-density
lipoprotein-cholesterol in DN rats compared to control rats;
the symptoms of DN rat model induced by streptozotocin
are not totally consistent with DN patients in clinic. More
importantly, high-dose HACE treatment decreased the level
of triglyceride compared to DN group and even control
group (Table 1), indicating that HACE not only had renal
function protective effect but also could decrease the level of
lipid.

In summary, the protective effect of high dosage of HACE
on the kidneywas comparable to the positive drug benazepril,
and HACE had no obvious side effect.

3.2. HACE Inhibited ECM Accumulation in Glomeruli of Rats
withDN. ECMaccumulation is one character of pathological
alterations in glomeruli of DN patients and animal models
[2]. In the present study, the phenomenon of ECM accu-
mulation was evaluated by the periodic acid-Schiff (PAS)
reagent and Masson staining, respectively. In PAS staining,
increased glomerulus, mesangial hyperplasia, thick basement
membrane, and accumulation of ECM substances such as
glycogen and mucus proteins (dyed deeply prunosus) were
observed in the mesangial region of the streptozotocin-
induced DN group compared to control group (Figure 2(a)).
And, in the Masson staining, the deposition of collagen
fiber (dyed blue) was found in DN rats compared to control
group (Figure 2(b)), indicating that streptozotocin induced
the obvious renal damage. At the same time, it was observed
that high-dose HACE treatment reversed the renal damage
induced by streptozotocin, and the effect of high-dose HACE
treatment was similar to the positive drug benazepril (Figures
2(a) and 2(b), 𝑃 < 0.01).

It was reported that type IV collagen and fibronectin
were the predominant components of ECM and they were
generally considered as the predictors of ECM accumulation
[7], and this study found that the expressions of type IV
collagen and fibronectin were distinctly upregulated in the
DN group (𝑃 < 0.01), while expressions of type IV collagen
(Figure 2(c)) and fibronectin (Figure 2(d)) in glomeruli were
significantly reduced by HACE treatment (𝑃 < 0.01); in
particular high-dose HACE had comparable effect to positive
drug benazepril. These results indicated that HACE could
inhibit the ECM accumulation in glomeruli of DN rats.

3.3. HACE Relieved Oxidative Stress in Glomeruli of Rats with
DN. To elucidate whether oxidative stress was involved in
the progression of renal dysfunction andmorphological alter-
ations in streptozotocin-induced DN rats and confirm the
potential inhibitory effect of HACE on oxidative stress, the
activity of superoxide dismutase (SOD), hydrogen peroxidase
(CAT), and glutathione peroxidase (GSH-PX), whose main
biological role was to protect the organism from oxidative
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Figure 2: Continued.
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Figure 2: The effect of HACE treatment on the ECM accumulation in the diabetic kidney. ECM accumulation in the kidney was measured
by PAS staining (a) and Masson staining (b) under a light microscope (×400). Quantitative analysis for the percentage of PAS and Masson
in the glomerulus by the computer image analysis system is presented as the histogram. ((c) and (d)) Protein levels of type IV collagen (c)
and fibronectin (d) as the two main components of ECM were detected by immunohistochemistry. Positive staining is shown in brown.
Sections are counterstained with hematoxylin (magnification: ×400). Bar = 100 𝜇m. Quantitative results of these stain photos are shown in
the histogram, which represents the density mean (density mean = IOD/area). Each bar represents mean ± SD (𝑛 = 10). Con: nondiabetic
control group; DN: streptozotocin-induced diabetic group; HACE-L: low-dose-HACE-treated group; HACE-H: high-dose-HACE-treated
group; Bena: benazepril; Col IV: type IV collagen; FN: fibronectin. ∗∗𝑃 < 0.01 versus Con; 𝑃 < 0.01 versus DN.

damage, was detected in serum and glomeruli for analyzing
systemic and local antioxidant activity, respectively. Firstly,
the activity of GSH-PX was remarkably decreased in serum
and glomeruli in DN group compared to control group (𝑃 <
0.05), indicating that DN was accompanied with the loss of
GSH-PX activity, while low-dose HACE (𝑃 < 0.01), high-
dose HACE (𝑃 < 0.01), or benazepril (𝑃 < 0.01) treatment
significantly upregulated GSH-PX activity in glomeruli, and
only high-dose HACE increased the activity of GSH-PX in
serum compared to DN group (𝑃 < 0.01, Figure 3(a)).
Therefore, HACE treatment significantly improved the sys-
temic and local activity of GSH-PX, and high-dose HACE
treatment had better effect than positive drug treatment.
Secondly, SOD activity was analyzed; it was found that
the activity of SOD in DN group was similar to control
treatment group in either serum or glomeruli, indicating that
the SOD activity was not decreased in DN model, but low-
dose HACE, high-dose HACE, or positive drug benazepril
treatment could improve the activity of SOD in glomeruli
(𝑃 < 0.01, Figure 3(b)); therefore HACE and benazepril
could regulate the SOD activity to clean glomerulus reactive
oxygen species.Thirdly, CAT activity was analyzed, and it was
found that the activity of CAT was decreased in glomeruli in
DN model compared to control group (𝑃 < 0.05), but low-
dose HACE, high-dose HACE, or positive drug benazepril
only has trend to increase the activity of CAT; meanwhile
importantly it was found that in serum high-dose HACE
treatment increased the CAT activity which was even higher

than control group (Figure 3(c)); therefore HACE treatment
increased the systemic CAT activity to scavenge reactive
oxygen species. Finally, the level of MDAwas detected; it was
found that MDA level was increased in either glomeruli or
serum of diabetic model compared to control treatment (𝑃 <
0.05), and high-dose or low-dose HACE treatment decreased
the level of MDA compared to DN model group in either
glomeruli or serum (𝑃 < 0.05), but positive drug benazepril
only decreased the level of serum MDA (𝑃 < 0.01), not
glomeruli (Figure 3(d)).The results suggested thatHACEhad
an antioxidant activity and could relieve the oxidative stress
in serum and glomerular of streptozotocin-induced DN rats.

3.4. HACE Enhanced the MMP-2 Activity in Glomeruli of Rats
with DN. MMP-2 had been recognized as a major enzyme
promoting degradation of ECM [9]; it was found that, com-
pared with control group, the MMP-2 (62KD) activity and
the level of pro-MMP-2 (72KD) were distinctly decreased
(𝑃 < 0.01, Figures 4(a) and 4(b)) in glomeruli of DN rats.
After high-dose HACE or benazepril treatment, compared
with DN group, the MMP-2 activities and the level of pro-
MMP-2 were distinctly increased (𝑃 < 0.01, Figures 4(a) and
4(b)). Therefore, HACE could regulate the MMP-2 activity.

3.5. HACE Decreased the Expression of TIMP-2 in Glomeruli
of Rats with DN. Tissue inhibitor of metalloproteinases-2
(TIMP-2) is the main inhibitor of MMP-2; further it can
inhibit ECM degradation [11, 13]. To evaluate the effect of
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Figure 3: The effect of HACE treatment on the activity of GSH-PX, SOD, CAT, and MDA. (a) GSH-PX activity. (b) SOD activity. (c)
CAT activity. (d) MDA activity. Con: nondiabetic control group; DN: streptozotocin-induced diabetic group; HACE-L: low-dose-HACE-
treated group; HACE-H: high-dose-HACE-treated group; Bena: benazepril; SOD: superoxide dismutase; CAT: hydrogen peroxidase; GSH-
PX: glutathione peroxidase. Data are presented as mean ± SD from 10 animals (𝑛 = 10) for each group. ∗𝑃 < 0.05 versus Con; ∗∗𝑃 < 0.01
versus Con; 𝑃 < 0.05 versus DN; 𝑃 < 0.01 versus DN; #𝑃 < 0.05 versus Bena; ##𝑃 < 0.05 versus Bena.
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Figure 4:The activity ofMMP-2. (a)The activity ofMMP-2 was detected by zymography;MMP-2 will hydrolyze the gelatin at corresponding
position and reveal transparent visible band under blue background; the brightness of band represents the activity of the enzyme. 62KD
brand is the active form of MMP-2; 72 KD brand is the form of pro-MMP-2. (b) The relative value of MMP-2 and pro-MMP-2 activity.
Enzyme volume = strip area × (band gray − background gray). The results were standardized to MMP-2 enzyme volume and normalized to
1.0 in control group. Con: nondiabetic control group; DN: streptozotocin-induced diabetic group; HACE-L: low-dose-HACE-treated group;
HACE-H: high-dose-HACE-treated group; Bena: benazepril. ∗∗𝑃 < 0.01 versus Con; 𝑃 < 0.01 versus DN.
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Figure 5: HACE suppressed the expression of TIMP-2 in kidney. (a) The expression of TIMP-2 by immunohistochemistry. Bar = 100𝜇m.
(b) The expression of TIMP-2 by Western blot. GAPDH was shown as a loading control. The relative expression was the ratio of TIMP-2 to
GAPDH conducted by densitometric analysis. Con: nondiabetic control group; DN: streptozotocin-induced diabetic group; HACE-L: low-
dose-HACE-treated group; HACE-H: high-dose-HACE-treated group; Bena: benazepril. ∗∗𝑃 < 0.01 versus Con; 𝑃 < 0.01 versus DN;
##
𝑃 < 0.05 versus Bena.

HACE on TIMP-2, the expression of TIMP-2 in glomeruli
was determined by immunohistochemistry. Consequently,
the expression level of TIMP-2 was significantly upregulated
in the glomeruli of DN rats compared with the control group;
then the increased expression was strikingly reduced by
high-dose HACE and positive drug benazepril (Figure 5(a)).
Subsequently, it was further confirmed by the results of
Western blot in the present study; that is, the protein level of
TIMP-2 (Figure 5(b)) was evidently upregulated in the renal
cortex ofDN rats comparedwith control group (𝑃 < 0.01) but
was distinctly inhibited by high-dose HACE and benazepril
compared with the DN group (𝑃 < 0.01), and high-dose
HACE treatment had better effect than benazepril treatment
(𝑃 < 0.01). Therefore, HACE treatment could inhibit the
expression of TIMP-2.

3.6. HACE Inhibited the Expression of PAI-1 in Glomeruli of
Rats with DN. The activation of MMP required plasmino-
gen activator, but plasminogen activator inhibitor-1 (PAI-1)
inhibited the plasminogen activator [15, 17]. In the present
study, the expression of plasminogen activator inhibitor-1
(PAI-1) in glomeruli was determined by immunohistochem-
istry. Accordingly, the expression of PAI-1 was significantly
upregulated in the glomeruli of DN rats compared with the
control group; then the increased expression was strikingly
reduced by high-dose HACE-H and benazepril treatment
(Figure 6(a)). This indicated that HACE could inhibit the
expression of PAI-1 in glomeruli of DN rats. Following that,
the results were further confirmed by Western blot analysis;
that is, the protein level of PAI-1 (Figure 6(b)) was evidently
upregulated in the renal cortex of DN rats compared with
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Figure 6: HACE suppressed the expression of PAI-1 in kidney of rats with diabetic nephropathy. (a) The expression of PAI-1 by
immunohistochemistry. Bar = 100 𝜇m. (b) The expression of PAI-1 by Western blot. GAPDH was shown as a loading control. The relative
expression was the ratio of PAI-1 to GAPDH conducted by densitometric analysis. Con: nondiabetic control group; DN: streptozotocin-
induced diabetic group; HACE-L: low-dose-HACE-treated group; HACE-H: high-dose-HACE-treated group; Bena: benazepril. ∗𝑃 < 0.05
versus Con; ∗∗𝑃 < 0.01 versus Con; 𝑃 < 0.01 versus DN.

the control group (𝑃 < 0.01) but was distinctly inhibited by
high-dose HACE-H and benazepril (Figure 6(b), 𝑃 < 0.01).
Therefore, HACE treatment inhibited the expression of PAI-1
in glomeruli of DN rats.

3.7. HACE Inhibited the Expression of tTG in Glomeruli of
Rats with DN. Tissue transglutaminase (tTG) could lead to
the accumulation of ECM [20]; this study found that the
expression of tTG in renal cortex of rats was significantly
upregulated in the glomeruli of DN rats compared with the
control group by immunohistochemistry (Figure 7(a)); then
the increased expression was strikingly reduced by high-dose
HACE and benazepril treatment (Figure 7(a)).Then,Western
blot analysis further confirmed that the protein level of tTG
(Figure 7(b)) was evidently upregulated in the renal cortex of
DN rats compared with the control group (𝑃 < 0.01) but
was distinctly inhibited by high-dose HACE and benazepril
(Figure 7(b), 𝑃 < 0.01). Therefore, HACE inhibited the
expression of tTG in glomeruli of rats with DN.

4. Discussion

Diabetic nephropathy (DN) like any other chronic diabetic
complications is caused by various reasons, including poor
glycemic control [28], high blood pressure, and high choles-
terol (especially hypertriglyceridemia) [26]. In this study, it
was found that herba artemisiae capillaris extract (HACE)
treatment could decrease the level of blood glucose and lipid,
and the results were consistent with Pan et al.’s study [25];
thereforeHACE could control theDN inducements to inhibit
the development of DN disease. Meanwhile it was reported
that renal extracellular matrix (ECM) agglomeration was one
of pathological characters of DN [29], and this study found
that HACE treatment could inhibit the ECM accumulation
and decreased the expression of fibronectin and type IV
collagen, which were the components of ECM; therefore
HACE treatment could inhibit renal pathological alteration at
the DN stage. Herba artemisiae capillaris is used to alleviate
liver fibrosis characterized by the excessive accumulation of
ECM [21, 23, 30]; considering this study, it was concluded that
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Figure 7: HACE treatment regulated the expression of tTG in glomeruli of rats with diabetic nephropathy. (a) The expression of tTG by
immunohistochemistry. Bar = 100 𝜇m. (b) The expression of tTG by Western blot. GAPDH was shown as a loading control. The relative
expressionwas the ratio of tTG toGAPDHconducted by densitometric analysis. Con: nondiabetic control group;DN: streptozotocin-induced
diabetic group; HACE-L: low-dose-HACE-treated group; HACE-H: high-dose-HACE-treated group; Bena: benazepril. ∗∗𝑃 < 0.01 versus
Con; 𝑃 < 0.01 versus DN.

HACE treatment could inhibit ECM accumulation in kidney
and liver to protect those tissues from damage. Furthermore,
HACE treatment decreased the level of albuminuria of DN
rats, indicating that HACE treatment could improve the renal
function of DN rats. Therefore, it was concluded that HACE
could decrease the level of blood glucose and lipid to improve
renal structure and function of DN rats.

By the way, in this study, we used the classical strepto-
zotocin-induced DN model [31–34]. In this model, strepto-
zotocin increased the level of blood glucose and the level
of lipid (including low-density lipoprotein-cholesterol and
total cholesterol), which was consistent with previous study
[35, 36]. Meanwhile, in this model, streptozotocin did not
affect the level of blood urea nitrogen obviously compared to
control group, and HACE treatment groups were the same.
Moreover, in this model, high-dose HACE treatment obvi-
ously decreased the level of triglyceride compared to control
group, indicating that HACE treatment might have more
potential than benazepril. Benazepril has been considered as
a classic treatment drug for DN, which showed outstanding
improvement of DN by decreasing the level of urinary

albumin, promoting creatinine clearance, and reducing the
pathological damage of the renal tissues closely related to
reducing the expression of TGF-𝛽1 and Nephrin [37–39], and
this study confirmed that benazepril could decrease the level
of albuminuria and total cholesterol and decrease the ECM
accumulation in DN rats, which was consistent with previous
study [25]. At the same time, it was noted that low-dose
HACE has no striking reducing efficiency of blood glucose,
while high-dose HACE showed more reduction of blood
glucose thanDN group.Therefore, we should pay attention to
the appropriate dose of HACE in diabetic patients and should
carry out further experiments before medical application of
HACE.

Then, the mechanism of HACE preventing the develop-
ment of streptozotocin-induced DN in rat from the point
of decreasing the EMC accumulation was analyzed; the
main systems degrading content of ECM majorly consist
of matrix metalloproteinases (MMPs) and tissue transglu-
taminase (tTG) [11]. Under DN state, plasminogen activator
inhibitor-1 (PAI-1) is upregulated to inhibit the plasmino-
gen activities and thus decrease the activities of plasmin
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and further subsequently decrease the activates of plasmin-
dependent MMPs [15, 16, 18]. Moreover, tissue inhibitor
of metalloproteinases (TIMPs) can inhibit the activities of
MMPs by noncovalent bonding to the activatedMMPs on the
proportion of 1 : 1, and TIMPs can also inhibit the activation
of MMP by combining with plasminogen [17]. In this study,
MMP-2 expression was decreased, PAI-1 and TIMP-2 expres-
sionswere increased inDNgroup compared to control group,
and they were reversed by HACE or benazepril treatment,
respectively; therefore it was concluded that upregulated PAI-
1 and TIMP-2 inhibited the activity and expression of MMP-
2 and then led to the ECM accumulation in streptozotocin-
induced DN model, and HACE treatment inhibited ECM
accumulation through regulating MMP-2, PAI-1, and TIMP-
2 expressions. Apart from MMPs, tTG is also a key factor
to ECM accumulation in DN; it can couple with fibronectin,
collagen, and collagen peptide through covalent cross-linking
effect, leading to the widespread of ECM proteins which
promote ECM accumulation [40]; in this study, it was found
that tTG expression was upregulated in DN group compared
to control group, and HACE treatment could decrease the
expression of tTG.Therefore, HACE inhibited ECM accumu-
lation ofDNrats through regulating the expression ofMMP-2
and tTG.

Kidney is abnormally sensitive to oxidative stress; under
the condition of high glucose, reactive oxygen species (ROS)
can induce renal cell apoptosis and drop from basement
membrane, causing damaged glomerular filtration mem-
brane integrity and even proteinuria;moreover, ROSwill acti-
vate the signal transduction system of ECM protein synthesis
in the cells, thereby promoting the development of DN
[41]. There are mainly several kinds of antioxidant defense
system, including glutathione peroxidase (GSH-PX), hydro-
gen peroxidase (CAT), and superoxide dismutase (SOD)
[42]. In this study, the activities of GSH-PX, SOD, and
CAT and the content of MDA in serum and glomeruli
tissue for analyzing systemic and local ability to clean ROS
were detected. Compared with control group, the activ-
ity of GSH-PX in glomeruli and CAT in glomeruli was
decreased in streptozotocin-induced diabetic nephropathy of
rats; therefore the ability of scavenging ROS in local kidney
was destroyed in DN model, which was further confirmed
by increased level of glomerulus malondialdehyde (MDA)
which is another important indicating index of oxidative
stress in vivo [28], but, after HACE treatment, the activity of
GSH-PX in glomeruli was obviously increased, and the level
of MDA was obviously decreased; meanwhile it was noted
that SOD activity in glomeruli was significantly increased,
and CAT activity had an increasing trend; therefore HACE
treatment was promoted to scavenge ROS in kidney through
regulating enzymatic activity. Meanwhile HACE increased
the activity of GSH-PX in serum and CAT in serum, but
benazepril could not, indicating that HACE could clean
systemic reactive oxygen species better than benazepril.
Actually the major constituents of HACE were phenolic
acids, coumarins, flavonoids, and 4-hydroxyacetophenone,
which have been known to have pharmacological activity
against oxidative stress [43, 44]; therefore those studies were
consistent with our study.

5. Conclusion

In the present study, DN development was demonstrated
in the streptozotocin-induced rats, and HACE treatment
inhibited the DN progress through inhibiting the ECM
accumulation and cleaning ROS. Therefore, HACE might be
a promising drug for DN therapy.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Authors’ Contributions

JiananGeng andXiaoyanYu contributed equally to this work.

Acknowledgments

This work was supported by grants from the Science
and Technology Development Plan of Jilin Province (no.
20160101206JC) and theNationalNatural Science Foundation
of China (no. 81302818).

References

[1] C. W. Park, “Diabetic kidney disease: from epidemiology to
clinical perspectives,” Diabetes & Metabolism Journal, vol. 38,
no. 4, pp. 252–260, 2014.

[2] J. W. Albers and R. Pop-Busui, “Diabetic neuropathy: mecha-
nisms, emerging treatments, and subtypes,” Current Neurology
and Neuroscience Reports, vol. 14, no. 8, article 473, 2014.

[3] I. H. de Boer, T. C. Rue, Y. N.Hall, P. J. Heagerty, N. S.Weiss, and
J. Himmelfarb, “Temporal trends in the prevalence of diabetic
kidney disease in the United States,” Journal of the American
Medical Association, vol. 305, no. 24, pp. 2532–2539, 2011.

[4] M. M. Nentwich and M. W. Ulbig, “Diabetic retinopa-
thy—ocular complications of diabetes mellitus,” World Journal
of Diabetes, vol. 6, no. 3, pp. 489–499, 2015.

[5] R. Tarquini, C. Lazzeri, L. Pala, C. M. Rotella, and G. F. Gensini,
“The diabetic cardiomyopathy,” Acta Diabetologica, vol. 48, no.
3, pp. 173–181, 2011.

[6] S. O. Kolset, F. P. Reinholt, and T. Jenssen, “Diabetic nephropa-
thy and extracellular matrix,” Journal of Histochemistry &
Cytochemistry, vol. 60, no. 12, pp. 976–986, 2012.

[7] J. A. Dormandy, B. Charbonnel, D. J. A. Eckland et al., “Sec-
ondary prevention of macrovascular events in patients with
type 2 diabetes in the PROactive Study (PROspective piogli-
tAzone Clinical Trial in macroVascular Events): a randomised
controlled trial,” The Lancet, vol. 366, no. 9493, pp. 1279–1289,
2005.

[8] S. Bell, E. H. Fletcher, I. Brady et al., “End-stage renal disease
and survival in people with diabetes: a national database linkage
study,” QJM: Monthly Journal of the Association of Physicians,
vol. 108, no. 2, pp. 127–134, 2015.

[9] E. A. Lee, J. Y. Seo, Z. Jiang et al., “Reactive oxygen species
mediate high glucose-induced plasminogen activator inhibitor-
1 up-regulation in mesangial cells and in diabetic kidney,”
Kidney International, vol. 67, no. 5, pp. 1762–1771, 2005.

[10] P. Mohanty, W. Hamouda, R. Garg, A. Aljada, H. Ghanim, and
P. Dandona, “Glucose challenge stimulates reactive oxygen



12 Evidence-Based Complementary and Alternative Medicine

species (ROS) generation by leucocytes,”The Journal of Clinical
Endocrinology & Metabolism, vol. 85, no. 8, pp. 2970–2973,
2000.

[11] R. M. Mason and N. A. Wahab, “Extracellular matrix metabo-
lism in diabetic nephropathy,” Journal of the American Society of
Nephrology, vol. 14, no. 5, pp. 1358–1373, 2003.

[12] A. Pautz, R. Franzen, S. Dorsch et al., “Cross-talk between
nitric oxide and superoxide determines ceramide formation and
apoptosis in glomerular cells,” Kidney International, vol. 61, no.
3, pp. 790–796, 2002.

[13] W. L. Chandler, “A kinetic model of the circulatory regulation
of tissue plasminogen activator,” Thromb Haemost, vol. 66, no.
3, pp. 321–328, 1991.

[14] J. Keeling and G. A. Herrera, “Human matrix metallopro-
teinases: characteristics and pathologic role in altering mesan-
gial homeostasis,” Microscopy Research and Technique, vol. 71,
no. 5, pp. 371–379, 2008.

[15] A. K. Ghosh and D. E. Vaughan, “PAI-1 in tissue fibrosis,”
Journal of Cellular Physiology, vol. 227, no. 2, pp. 493–507, 2012.

[16] S. B. Nicholas, E. Aguiniga, Y. Ren et al., “Plasminogen activator
inhibitor-1 deficiency retards diabetic nephropathy,” Kidney
International, vol. 67, no. 4, pp. 1297–1307, 2005.

[17] G. Murphy, “Tissue inhibitors of metalloproteinases,” Genome
Biology, vol. 12, no. 11, p. 233, 2011.

[18] C. M. Overall, “Molecular determinants of metalloproteinase
substrate specificity: matrix metalloproteinase substrate bind-
ing domains, modules, and exosites,” Molecular Biotechnology,
vol. 22, no. 1, pp. 51–86, 2002.

[19] B. Fleckenstein, S.-W. Qiao,M. R. Larsen, G. Jung, P. Roepstorff,
and L. M. Sollid, “Molecular characterization of covalent com-
plexes between tissue transglutaminase and gliadin peptides,”
The Journal of Biological Chemistry, vol. 279, no. 17, pp. 17607–
17616, 2004.

[20] L. Lorand and R.M. Graham, “Transglutaminases: crosslinking
enzymes with pleiotropic functions,” Nature Reviews Molecular
Cell Biology, vol. 4, no. 2, pp. 140–156, 2003.

[21] J.-M. Han, H.-G. Kim, M.-K. Choi et al., “Artemisia capillaris
extract protects against bile duct ligation-induced liver fibrosis
in rats,” Experimental and Toxicologic Pathology, vol. 65, no. 6,
pp. 837–844, 2013.

[22] C.-S. He, H.-Y. Yue, J. Xu et al., “Protective effects of capillary
artemisia polysaccharide on oxidative injury to the liver in
rats with obstructive jaundice,” Experimental and Therapeutic
Medicine, vol. 4, no. 4, pp. 645–648, 2012.

[23] H. S. Lee, H. H. Kim, and S. K. Ku, “Hepatoprotective effects of
Artemisiae capillaris herba and picrorrhiza rhizoma combina-
tions on carbon tetrachloride-induced subacute liver damage in
rats,” Nutrition Research, vol. 28, no. 4, pp. 270–277, 2008.

[24] A. Kowalski, A. Krikorian, and E. V. Lerma, “Diabetic nephrop-
athy for the primary care provider: newunderstandings on early
detection and treatment,” Ochsner Journal, vol. 14, 369, no. 3, p.
379, 2014.

[25] J. Pan, G. Liu, H. Liu, Z. Qiu, and L. Chen, “Effects of artemisia
capillaris on blood glucose and lipid in mice,” Zhong Yao Cai,
vol. 21, no. 8, pp. 408–411, 1998.

[26] Y.-H. Chang, D.-M. Chang, K.-C. Lin, C.-H. Hsieh, and Y.-
J. Lee, “High-density lipoprotein cholesterol and the risk of
nephropathy in type 2 diabetic patients,” Nutrition, Metabolism
& Cardiovascular Diseases, vol. 23, no. 8, pp. 751–757, 2013.

[27] R. A. Kowluru, M. Mishra, A. Kowluru, and B. Kumar, “Hy-
perlipidemia and the development of diabetic retinopathy:

Comparison between type 1 and type 2 animal models,”
Metabolism—Clinical and Experimental, vol. 65, no. 10, pp.
1570–1581, 2016.

[28] R. Kakkar, S. V. Mantha, J. Radhi, K. Prasad, and J. Kalra,
“Antioxidant defense system in diabetic kidney: a time course
study,” Life Sciences, vol. 60, no. 9, pp. 667–679, 1997.

[29] P. M. Garcia-Garcia, M. A. Getino-Melian, V. Dominguez-
Pimentel, and J. F.Navarro-Gonzalez, “Inflammation in diabetic
kidney disease,”World Journal of Diabetes, vol. 5, no. 4, pp. 431–
443, 2014.

[30] F. P. Chen, Y. Y. Kung, Y. C. Chen et al., “Frequency and pattern
of Chinese herbal medicine prescriptions for chronic hepatitis
in Taiwan,” Journal of Ethnopharmacology, vol. 117, no. 1, pp. 84–
91, 2008.

[31] A. M. Blazquez-Medela, J. M. Lopez-Novoa, and C. Martinez-
Salgado, “Mechanisms involved in the genesis of diabetic
nephropathy,” Current Diabetes Reviews, vol. 6, no. 2, pp. 68–87,
2010.

[32] A. Flyvbjerg, “Inhibition and reversibility of renal changes:
lessons from diabetic kidney disease,” Acta Paediatrica, vol. 95,
no. 451, pp. 83–92, 2006.

[33] A. Girach and L. Vignati, “Diabetic microvascular compli-
cations-can the presence of one predict the development of
another?” Journal of Diabetes and Its Complications, vol. 20, no.
4, pp. 228–237, 2006.

[34] P. Hovind, “Initiation, progression and remission of diabetic
nephropathy,” Danish Medical Bulletin, vol. 52, no. 4, pp. 119–
142, 2005.

[35] M. Y. Ali, S. Paul, E. M. Tanvir et al., “Antihyperglycemic,
antidiabetic, and antioxidant effects of garcinia pedunculata in
rats,” Evidence-Based Complementary and Alternative Medicine,
vol. 2017, Article ID 2979760, 15 pages, 2017.

[36] Y. J. Jung, W. Park, T. Nguyen-Thanh et al., “COMP-angio-
poietin-1 mitigates changes in lipid droplet size, macrophage
infiltration of adipose tissue and renal inflammation in
streptozotocin-induced diabetic mice,” Oncotarget, vol. 8, no.
55, pp. 94805–94818, 2017.

[37] H. Niu, L. Nie, M. Liu, Y. Chi, T. Zhang, and Y. Li, “Benazepril
affects integrin-linked kinase and smooth muscle 𝛼-actin
expression in diabetic rat glomerulus and cultured mesangial
cells,” BMC Nephrology, vol. 15, no. 1, article no. 135, 2014.

[38] T. Peng, X. Chang, J. Wang, J. Zhen, X. Yang, and Z. Hu,
“Protective effects of tacrolimus on podocytes in early diabetic
nephropathy in rats,”Molecular Medicine Reports, vol. 15, no. 5,
pp. 3172–3178, 2017.

[39] L. Xue, X. Feng, C. Wang, X. Zhang, W. Sun, and K. Yu,
“Benazepril hydrochloride improves diabetic nephropathy and
decreases proteinuria by decreasing ANGPTL-4 expression,”
BMC Nephrology, vol. 18, no. 1, article no. 307, 2017.

[40] L. Huang, J. L. Haylor, Z. Hau et al., “Transglutaminase inhi-
bition ameliorates experimental diabetic nephropathy,” Kidney
International, vol. 76, no. 4, pp. 383–394, 2009.

[41] K. Susztak, A. C. Raff,M. Schiffer, and E. P. Böttinger, “Glucose-
induced reactive oxygen species cause apoptosis of podocytes
and podocyte depletion at the onset of diabetic nephropathy,”
Diabetes, vol. 55, no. 1, pp. 225–233, 2006.

[42] V. Gupta, S. S. Lahiri, S. Sultana, and R. Kumar, “Mechanism of
action of Rhodiola imbricata Edgew during exposure to cold,
hypoxia and restraint (C-H-R) stress induced hypothermia and
post stress recovery in rats,” Food and Chemical Toxicology, vol.
47, no. 6, pp. 1239–1245, 2009.



Evidence-Based Complementary and Alternative Medicine 13

[43] J.-H. Hong, E.-Y. Hwang, H.-J. Kim, Y.-J. Jeong, and I. S.
Lee, “Artemisia capillaris inhibits lipid accumulation in 3T3-L1
adipocytes and obesity in C57BL/6J mice fed a high fat diet,”
Journal of Medicinal Food, vol. 12, no. 4, pp. 736–745, 2009.

[44] J. H. Hong and I. S. Lee, “Effects of Artemisia capillaris ethyl
acetate fraction on oxidative stress and antioxidant enzyme in
high-fat diet induced obese mice,” Chemico-Biological Interac-
tions, vol. 179, no. 2-3, pp. 88–93, 2009.


