
ORIGINAL PAPER

Hyperoside reduces albuminuria in diabetic nephropathy
at the early stage through ameliorating renal damage
and podocyte injury

Jisheng Zhang1,4 • Haiyan Fu2 • Yan Xu1 • Yunfei Niu3 • Xiaofei An4

Received: 29 October 2014 /Accepted: 30 April 2016 / Published online: 2 June 2016

� The Japanese Society of Pharmacognosy and Springer Japan 2016

Abstract Diabetic nephropathy (DN) is one of the major

microvascular complications in diabetes. Podocyte injury

such as slit diaphragm effacement is regarded as a deter-

minant in the occurrence and development of albuminuria

in DN. In this study, we examined the effect of hyperoside,

an active flavonoid glycoside, on proteinuria and renal

damage in a streptozotocin-induced DN mouse model at

the early stage. The results showed that oral administration

of hyperoside (30 mg/kg/day for 4 weeks could signifi-

cantly decrease urinary microalbumin excretion and

glomerular hyperfiltration in DN mice, but did not affect

the glucose and lipid metabolism. Periodic acid-Schiff

staining and transmission electron microscopy showed that

glomerular mesangial matrix expansion and podocyte

process effacement in DN mice were significantly

improved by hyperoside. Further investigations via

immunofluorescence staining, real-time reverse transcrip-

tion polymerase chain reaction and Western blot analysis

showed that the decreased slit diaphragm protein nephrin

and podocin mRNA expression and protein levels in DN

mice were restored by hyperoside treatment. Collectively,

these findings demonstrated that hyperoside could decrease

albuminuria at the early stage of DN by ameliorating renal

damage and podocyte injury.

Keywords Diabetic nephropathy � Podocyte � Hyperoside �
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Introduction

Diabetic nephropathy (DN) occurs in 20–40 % of diabetes

patients and is the leading cause of end-stage renal disease

[1]. Persistent albuminuria in the range of 30–299 mg/24 h

(microalbuminuria) is regarded as a marker for the onset of

DN and can contribute to the development of DN [2].

Moreover, the level of microalbuminuria is also a well-

established risk factor of cardiovascular disease in diabetes

patients [3]. It is important to screen and treat the disease at

the early stage. At the current time, despite intensive blood

glucose control and the widespread use of angiotensin-

converting enzyme inhibitors and angiotensin receptor

blockers, progression in the level of albuminuria in some

DN patients is unavoidable [4, 5].

Accumulated studies suggest that podocyte injury plays

a pivotal role in the occurrence of albuminuria and the

pathogenesis of DN [6, 7]. Damage to the podocyte slit

diaphragm results in the loss of maintaining the size-se-

lective barrier in proteinuria disease [8]. The major slit

diaphragm-associated proteins, nephrin and podocin, have

been identified to be important determinants of glomerular

permeability and play a significant role in the pathology of

glomerular proteinuria [9, 10]. The low expression of

nephrin and podocin mRNA and protein are an early event

in DN patients and are closely linked to the development of
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proteinuria in both DN patients and animal models

[11, 12]. A recent study demonstrated that maintenance of

podocyte slit diaphragm proteins could improve podocyte

injury and ameliorate proteinuria [13].

Hyperoside is a major active flavonoid glycoside in

many medicinal plants which are commonly used in clin-

ical practice in Traditional Chinese Medicine. Hyperoside

has a therapeutic effect on several diseases such as cerebral

ischemic reperfusion injury, neurotoxicity and hepatitis

[14–17]. Recent studies suggested that hyperoside showed

a therapeutic effect on inflammation in mice [18] and renal

fibrosis in rats with unilateral ureteral obstruction [19].

Notably, hyperoside could downregulate the expression of

receptor for advanced glycation end-products (RAGE)

which plays an important role in the initiation of DN [20].

In addition, hyperoside could inhibit high glucose-induced

vascular inflammation in vitro and in vivo [21]. Accumu-

lated evidence suggests hyperoside could improve some

diabetic vascular injury and complications.

In the present study, we aimed to investigate the pos-

sible therapeutic effect of hyperoside on proteinuria in a

streptozotocin (STZ)-induced DN mice model. Further-

more, its effect on renal damage and podocyte injury was

also explored to elucidate the underlying molecular

mechanism.

Materials and methods

Reagents

Hyperoside (Fig. 4a) was purchased from Zelang Biologi-

cal Technology Company (Nanjing, China) and was sus-

pended in 1 % carboxymethyl cellulose (CMC) solution at

different concentrations for the animal experiments.

Diabetic nephropathy model

Type 1 diabetes was induced by low-dose STZ injection as

detailed by the Animal Models of Diabetic Complications

Consortium protocol in National Institute of Diabetes and

Digestive and Kidney Diseases [22]. Female C57BL6 mice

aged 7–8 weeks received three intraperitoneal injections of

STZ (Sigma, St Louis, MO, USA; 100 mg/kg body weight)

dissolved in 10 mM sodium citrate (pH 5.5) every 48 h.

Those with high blood glucose (13.9–22.2 mmol/l) were

regarded as diabetic mice and their ratio of urinary

microalbumin to creatinine (mAlb/Cr) was assayed every

2 weeks. Approximately 12 weeks after STZ treatment, the

diabetic mice showed significant elevation of urinary

mAlb/Cr compared with the non-diabetic mice. Mice that

received the same volume of citrate buffer served as non-

diabetic normal mice (control group). The diabetic mice

with urinary mAlb/Cr (30–300 mg/g) were considered as

DN mice. Immediately after the establishment of DN

models, the mice were randomly divided into three

groups—DN mice orally treated with CMC solution (DN

group), and those receiving either a low or high dose of

hyperoside (10 or 30 mg/kg once every day, respectively)

for 4 weeks. Each of the groups, including the control

group, comprised 10 mice. All mice were fed a standard

laboratory diet and were provided with water ad libitum.

Experimental protocols

The experimental protocol was approved by the Animal

Ethics Committee of Qingdao University. Blood glucose

levels of the diabetic mice were monitored twice every

week using the Bayer glucose monitor (Bayer, Bergkamen,

Germany) and their urine was tested for ketone bodies.

When necessary, the diabetic mice were given insulin

treatment (Ultratard; Novo Nordisk, Denmark) at a dose of

1 IU/kg body weight (twice a week) to maintain blood

glucose in the range of 13.9–22.2 mmol/l for preventing

apparent exhaustion or ketosis during the experiment.

Every 2 weeks after drug administration, individual 24-h

urine sample collections were performed using metabolic

cages.

Blood glucose was measured in tail vein blood and

serum and urinary creatinine levels were measured by the

enzymatic colorimetric method. Urinary albumin concen-

tration was measured by Exocell kits using anti-mouse

albumin antibody. Data were normalized to the urinary

creatinine levels and expressed as urinary mAlb/Cr. Crea-

tinine clearance (CCr) was calculated and expressed as ml/

min/100 g body weight. Kidney weight was measured

immediately after the animals were killed. Fresh kidney

cortices were excised and stored at -80 �C until further

analysis.

ELISA

The characterized AGE carboxymethyl-lysine (CML)

(USCN Life Science Inc., Double Lake, MO, USA) in

serum was measured by ELISA as in our previous study

[23]. The intra-assay and the inter-assay coefficient of

variation was 4.8–3.5 %, respectively (range 4.5–128.5 ng/

ml). Serum angiotensin II and aldosterone were also

measured by commercial ELISA kits (R&D, Wiesbaden,

Germany) according to the manufacturer’s instructions.

Light and electron microscopic examination

Half of the rat kidney was fixed in 10 % formalin buffer and

then embedded in paraffin for light microscopic observa-

tion. Three sections of 5 lm thickness (an interval of

J Nat Med (2016) 70:740–748 741

123



100 lm) for every animal were chosen using an unbiased

sampling method and stained by periodic acid-Schiff

(PAS) reagent. Mesangial matrix expansion was determined

by assessing PAS-positive material in the mesangial region

excluding cellular elements [24, 25]. A percentage of the

PAS-positive area was analyzed using Image-Pro Plus

(Media Cybernetics, Silver Spring, MD, USA) and Leica

Q500MC image analysis software. Semi-quantitative anal-

ysis was performed with 50 glomeruli randomly selected

fields for each subject (at least five mice in each group) and

evaluations were made by a blinded investigator.

For ultrastructural evaluation, the renal cortex was cut

into small pieces and prefixed with 2.5 % glutaraldehyde

(pH 7.4) for 4 h, then postfixed in 1 % buffered sodium

tetroxide for 1 h and embedded in Epon 812. Ultra-thin

sections were stained with lead citrate/uranyl acetate and

examined under a JEM-1010 EX transmission electron

microscope. Three samples were selected from every kid-

ney and each with five electron micrographs at 925,000

magnification. Five glomeruli in every electron micrograph

were randomly selected for further measurement. Image-

Pro Plus software was utilized to measure the mean

glomerular basement membrane (GBM) thickness at three

different cross section sites.

Immunofluorescence

Immunofluorescence staining for nephrin and podocin was

performed using frozen kidney sections. Sections (5 lm)

were fixed in acetone and blocked with 10 % bovine

serum albumin (BSA) before overnight incubation with

polyclonal rabbit anti-mouse nephrin or podocin antibody

(Abcam Ltd, Cambridge, MA, USA) at a concentration of

1:1000. After washing in PBS (5 min 9 3 times), the

sections were stained with fluorescein isothiocyanate

conjugated anti-rabbit IgG secondary antibodies for

60 min at room temperature. After washing in PBS

(5 min 9 3 times), sections were observed by a fluores-

cence microscope (LSM-510, Carl Zeiss, Germany). The

immunoreactivity of nephrin and podocin was quantified

by the color images obtained as TIF files. The brightness

of each image file was inverted to gray-scale mode by

Photoshop software (Adobe Systems, San Jose, CA, USA)

and analyzed by National Institute of Health (NIH) Image

software. The nephrin and podocin indexes were calcu-

lated using the following formula: [X (density) 9 positive

area (lm2)]/glomerular total area (lm2), where the stain-

ing density is indicated by a number from 0-256 in gray-

scale.

Fig. 1 Hyperoside ameliorated proteinuria and impairment of kidney

function in DN mice (n = 10). a–c Urinary mAlb/Cr, 24 h-UTP and

creatinine clearance (CCr) were measured 4 weeks after hyperoside

treatment. d Kidney/body weight ratio was determined before

termination of the experiments. Control non-diabetic normal mice;

DN diabetic nephropathy (mice were treated with vehicle CMC

solution); LHPS and HHPS DN mice treated with 10 or 30 mg/kg/day

of hyperoside, respectively. Data are presented as mean ± SE.

P\ 0.05 is statistically significant. aIndicates significant vs control,
bIndicates significant vs DN
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Real-time reverse transcriptase polymerase chain

reaction (RT-PCR)

Total RNA was isolated from kidney cortices or cultured

cells using Trizol reagent according to the manufacturer’s

directions (Qiagen, San Diego, CA, USA). RNA (1 lg)
was reverse transcribed into cDNA using Oligo-dT priming

and superscript reverse transcriptase (Promega Corpora-

tion, Madison, WI). Target gene expression was quantified

by real-time PCR using SYBR� Green Supermix and the

ABI Real-Time PCR Reaction System (Bio-Rad Labora-

tories). PCR conditions were as follows—denaturation at

95 �C for 3 min, followed by 40 cycles of 95 �C for 15 s,

57 �C for 30 s, and 72 �C for 30 s and finally elongation at

72 �C for 10 min. Mouse nephrin primers: 50-TCACTAC
CCCAGGTCTCCAC-30 (forward) and 50-CCCTGCCTCT
GTCTTCTCTG-30 (reverse). Mouse podocin primers: 50-G
AAAGGAAGAG ATTGCCCAAG-30 (forward) and

50-TGTGGACAGCGACTGAAGAGTGTG-30 (reverse).

Expression of the housekeeping gene b-actin was used to

quantify nephrin and podocin expression by the delta–delta

cycle time (Ct) method. Mouse housekeeping gene b-actin
primers: 50-AGTGTGACGTTGACATCCGTA-30 (for-

ward) and 50-GCCAGAGCAGTAATCTCCTTCT-30 (re-

verse). Four independent experiments were performed.

Western blot

The mouse kidney cortices were homogenized in

radioimmunoprecipitation assay buffer at 4 �C. After cen-
trifugation at 15,000 rpm for 30 min at 4 �C, supernatant
was collected and stored at -80 �C until measurement.

Total protein concentration was determined using the

Pierce BCA Protein Assay Kit (Thermo Scientific, Rock-

ford, IL, USA) using BSA as the standard. Samples were

processed for SDS-PAGE and 30 lg protein obtained from

kidney cortex was loaded in each lane. Proteins were

electrotransferred onto nitrocellulose membrane (Hybond

ECL, Amersham). The membranes were blocked with 5 %

defatted milk powder in 19 TBS (0.1 % Tween-20) for

30 min and incubated overnight with polyclonal rabbit

anti-mouse nephrin or podocin antibody (Abcam) at a

dilution of 1:2,000 at 4 �C. After incubation with horse-

radish peroxidase labeled secondary antibodies for 60 min,

signals were detected with an enhanced chemilumines-

cence (ECL) kit (Promega). Membranes were incubated

with rabbit polyclonal anti-b-actin antibodies (Cell Sig-

naling Technology, USA) to serve as controls for equal

loading. The density of nephrin or podocin in each band

was determined using NIH Image software and expressed

as a relative value to the density of the corresponding band

b-actin immunoblot.

Statistical analysis

All results were expressed as mean ± standard error

(SE) and analyzed by Graphpad Prism 6.0 software (San

Diego, CA, USA). One-way ANOVA with a one-tailed

Student’s t test was used to identify significant differ-

ences in multiple comparisons. The post hoc compar-

isons using the Student-Newman–Keuls test were used

for inter-group comparisons of multiple variables. A

probability of P\ 0.05 was considered to be statistically

significant.

Table 1 Effect of hyperoside

treatment for 4 weeks on blood

pressure, glucose and lipid

metabolic parameters in STZ-

induced DN mice (n = 10)

Index Control DN LHPS HHPS

Body weight (g) 28.6 ± 2.2 23.4 ± 2.2a 24.8 ± 2.2a 24.6 ± 1.8a

Kidney weight (mg) 315.4 ± 25.5 328.3 ± 23.4 325.4 ± 24.8 321.4 ± 20.2

SBP (mmHg) 105.5 ± 7.8 109.8 ± 5.7 108.5 ± 6.8 102.7 ± 5.9

DBP (mmHg) 66.2 ± 3.4 69.4 ± 4.8 65.2 ± 5.1 65.4 ± 5.2

Blood glucose (mmol/l) 6.8 ± 1.3 19.4 ± 3.2a 18.3 ± 2.4a 18.8 ± 2.2a

HbA1c (%) 6.4 ± 1.2 11.2 ± 1.8a 10.4 ± 1.3a 10.6 ± 1.6a

TC (mmol/l) 4.4 ± 0.6 5.2 ± 0.6 4.6 ± 0.5 4.5 ± 0.4

TG (mmol/l) 1.3 ± 0.2 1.9 ± 0.4a 1.8 ± 0.2a 1.8 ± 0.3a

HDL (mmol/l) 1.2 ± 0.2 1.1 ± 0.3 1.3 ± 0.4 1.3 ± 0.3

LDL (mmol/l) 2.5 ± 0.6 3.4 ± 0.9a 3.2 ± 0.7a 3.5 ± 0.8a

CML (ng/ml) 16.5 ± 4.2 54.2 ± 8.4a 51.9 ± 7.3a 48.6 ± 7.6a

Angiotensin II (pg/ml) 76.4 ± 10.3 82.8 ± 12.3 79.1 ± 15.2 74.2 ± 13.7

Aldosterone (pg/ml) 138.1 ± 16.8 146.9 ± 16.1 141.2 ± 19.2 144.3 ± 18.7

Data are presented as mean ± SE P\ 0.05 is statistically significant
a Indicates significant vs control
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Results

Hyperoside treatment could ameliorate albuminuria

and kidney function in DN mice

To evaluate the effect of hyperoside on albuminuria and

hyperfiltration status in STZ-induced DN mice, we mea-

sured urinary mAlb/Cr, 24-h urinary total protein (24 h-

UTP) and CCr. Compared with the control group, treat-

ment with hyperoside at a higher dose (30 mg/kg/day) for

4 weeks resulted in a significant suppression of increased

urinary mAlb/Cr, 24 h-UTP and CCr in DN mice (Fig. 1a–

c). DN mice exhibited a significant increase in kidney/body

weight ratio compared with non-diabetic mice. Unexpect-

edly there was no difference in kidney/body weight ratio

between hyperoside- and vehicle-treated DN mice

(Fig. 1d). Moreover, blood pressure, plasma glucose and

lipid metabolic parameters, CML-AGE, plasma

angiotensin II and aldosterone were also measured and

analyzed in the four groups. The data showed that hyper-

oside (10 or 30 mg/kg/day) administration for 4 weeks had

no significant effect on blood pressure and blood bio-

chemical indexes in DN mice (Table 1).

Hyperoside treatment could improve renal

morphological abnormalities in DN mice

PAS staining was used to represent renal expandedmesangial

regions in light microscopic appearance. Hyperoside treat-

ment (30 mg/kg/day) for 4 weeks could significantly inhibit

renal mesangial expansion and extracellular matrix accumu-

lation observed in DN mice (Fig. 2a, b). Glomerular ultra-

structural changes were assessed by transmission electron

microscopy. In contrast with non-diabetic mice, decreased

podocyte foot processes and widely fused podocytes (Fig. 2c,

d) were observed in DN mice. Treatment with hyperoside

Fig. 2 Hyperoside attenuated renal mesangial expansion and foot

process effacement in DN mice (n = 6). a Light microscopy of renal

mesangial regions stained by PAS. b Quantification of PAS staining

was shown by PAS staining score. c Widely fused podocytes and

decreased foot process number were observed by transmission

electron microscopy (925,000 magnification). d Semiquantitative

analysis of foot process number on GBM was assessed in subtus

columns. Data are presented as mean ± SE. P\ 0.05 is statistically

significant. aIndicates significant vs control, bIndicates significant vs

DN
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(30 mg/kg/day) for 4 weeks could significantly improve those

renal morphological abnormalities in DN mice.

Hyperoside treatment could restore decreased

nephrin and podocin immunoreactivity in DN mice

The immunoreactivity of podocyte slit diagram proteins,

nephrin and podocin, was mainly distributed in a linear

pattern along the glomerular capillaries of the glomerular

basement membrane in DN mice. The amount of

glomerular nephrin and podocin positive area was

decreased in the DN group in comparison with non-dia-

betic mice in the control group (P\ 0.05). Hyperoside

(30 mg/kg/day) showed a significant protective effect on

decreased glomerular nephrin and podocin immunoreac-

tivity in DN mice compared with the vehicle solution after

4 weeks of treatment (Fig. 3a, b).

Hyperoside treatment could restore decreased

nephrin and podocin expression in DN mice

The renal cortex which mainly contains glomerulus was

carefully dissected for real-time PCR and Western blotting.

The data showed that nephrin and podocin mRNA

expression in renal cortex was dramatically decreased

compared with the control group (P\ 0.05). Hyperoside

(30 mg/kg/day) for 4 weeks could restore the decreased

nephrin and podocin mRNA levels in DN mice (Fig. 3c, d).

Western blot analysis also showed decreased nephrin and

podocin protein levels were enhanced with hyperoside

treatment in DN mice (Fig. 4b–d), which is inconsistent

with the results from immunofluorescence staining and

real-time PCR analysis.

Discussion

Proteinuria is the clinical hallmark of the onset and

development of DN [1, 26]. The early loss of glomerular

permeability selectivity plays a pivotal role in the patho-

genesis for microalbuminuria of DN [26]. Podocytes are

glomerular inherent cells with high differentiation and

limited dividing ability [6]. The central role of the podo-

cyte slit diaphragm in maintaining the size-selective barrier

has been verified by accumulating studies on mutiple slit

diaphragm-associated proteins such as nephrin, podocin

Fig. 3 Hyperoside restored decreased glomerular nephrin and

podocin expression in DN mice. a–b Immunoreactivity of nephrin

and podocin was determined by immunofluorescence staining. The

columns quantified the amount of immunoreactive nephrin and

podocin determined by NIH Image software in gray-scale mode

(n = 6). c–d Expression of nephrin and podocin mRNA detected by

real-time RT-PCR; the columns show the amount of nephrin mRNA

relative to b-actin. Data are presented as mean ± SE. P\ 0.05 is

statistically significant. aIndicates significant vs control, bIndicates

significant vs DN
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and CD2-associated protein [27]. Mutations in the nephrin

gene could result in marked proteinuria in patients with

congenital nephrotic syndrome of the Finnish type [28].

The correlation between slit diaphragm protein impairment

and proteinuria has been indicated in DN patients and

animals [11, 12, 29]. Moreover, nephrin has recently been

essential for insulin responsiveness of podocytes [30]. The

effacement of podocyte nephrin and podocin in DN was

regarded as an early morphologic marker for podocyte

injury and potential therapeutic target.

As an active flavonoid glycoside in many medicinal

plants, hyperoside is known for its potential anti-inflam-

matory effect especially on high glucose-induced inflam-

mation [18, 21]. Recent studies suggested that hyperoside

might have a therapeutic effect on diabetic vascular injury

and diabetic complications [18, 21]. Our present study

showed that oral administration of hyperoside (30 mg/

kg/day) for 4 weeks could significantly ameliorate urinary

albumin excretion (urinary mAlb/Cr and 24 h-UTP) in DN

mice at its early stage. Although the increased kidney/body

weight ratio was not improved, hyperoside (30 mg/kg/day)

for 4 weeks could suppress the elevated CCr of DN mice,

suggesting that it could reverse increased glomerular

hyperfiltration in DN mice. This therapeutic effect of

hyperoside was probably not due to metabolic

improvement because the glucose and lipid metabolic

factors showed no significant change such as blood glu-

cose, TC, TG, LDL, HbA1c and the characterized CML-

AGE. Although blood pressure, serum angiotensin II and

aldosterone levels did not show a significant difference, we

could not absolutely exclude the possible role of the

improvement of hemodynamic factors. PAS staining

showed that renal mesangial expansion and extracellular

matrix accumulation could be significantly inhibited by

hyperoside treatment. Furthermore, the morphologic

observations by electron microscopy showed that hyper-

oside could also improve podocyte foot process effacement

in DN mice. Together, our data indicated that hyperoside

has a comprehensive protective effect on the renal struc-

tural abnormalities of the diabetic kidney.

The alteration in podocyte slit diaphragm protein

expression is an early event in DN. Our study showed

podocyte slit diaphragm molecule nephrin and podocin

mRNA and protein expression were significantly decreased

in DN mice when compared with the control, which is

consistent with previous observations [11, 12, 29]. Either

immunofluorescence staining or mRNA and protein anal-

ysis suggested that the decreased renal nephrin and podocin

expression in DN mice was significantly restored by

hyperoside at dose of 30 mg/kg/day for 4 weeks.

Fig. 4 a The chemical structural formula of hyperoside. b–d Expres-

sion of nephrin and podocin protein expression detected by Western

blot analysis; the columns show the amount of nephrin protein levels

relative to b-actin. Data are presented as mean ± SE. P\ 0.05 is

statistically significant. aIndicates significant vs control, bIndicates

significant vs DN
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Hyperoside might have a protective effect on podocyte slit

diagram dysfunction by upregulating nephrin and podocin

expression and/or decreasing their impairment. Due to the

importance of nephrin and podocin in podocyte slit dia-

phragm, their reduction was taken as a determinant of

glomerular hyperpermeability in DN status. The preserva-

tion of nephrin and podocin expression by hyperoside

treatment might be associated with improved urinary

microalbumin excretion in the DN model.

A recent pharmacokinetic study suggested that unbound

hyperoside existed in rat blood circulation and kidney after

oral administration [31], indicating that the effect of

hyperoside depends on its original type, not its metabolites.

To clarify the protective effect of hyperoside on diabetes-

related podocyte injury and decipher the detailed molecular

mechanisms, we need to further investigate its effect on

nephrin and podocin expression in cultured podocytes

under diabetes-related stimulus in future work.

Conclusions

In summary, our study provided the first experimental

evidence of the therapeutic effect of hyperoside on albu-

minuria and renal injury in DN mice at the early stage.

Hyperoside could protect podocyte slit diagram effacement

by restoring podocyte nephrin and podocin maintenance,

which might be involved in its therapeutic mechanisms.
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