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Background: Diabetic nephropathy has become the most common cause of morbidity and
mortality in diabetic patients. Therefore, there is an urgent need for more effective and safer
drugs for use in this condition.

Purpose: The aims of this study were to investigate the ameliorative effects of total saponin of
Dioscoreae hypoglaucae thizoma (TSD) on diabetic nephropathy and to explore the potential
underlying mechanism(s).

Methods: Rats with streptozotocin-induced diabetes were orally treated with TSD at 40, 80,
and 160 mg/kg/d for 12 weeks. At the end of the treatment, blood, urine, and kidneys were
collected for biochemical and histological examination.

Results: The results demonstrated that TSD significantly decreased the fasting blood glucose,
glycosylated hemoglobin, urinary protein, serum creatinine, and blood urea nitrogen levels in
diabetic rats. The results of histological examinations showed that TSD ameliorated glomerular
and tubular pathological changes in diabetic rats. Furthermore, TSD significantly prevented
oxidative stress and reduced the renal levels of advanced glycation end products, transforming
growth factor-f1, connective tissue growth factor, and tumor necrosis factor-o.

Conclusion: This study demonstrated the renoprotective effects of TSD in experimental diabetic
nephropathy via a number of different mechanisms.

Keywords: total saponin of Dioscoreae hypoglaucae rhizoma, diabetic nephropathy, oxidative
stress, AGEs, TGF-B1

Introduction

The number of people with diabetes worldwide has been predicted to increase from
over 366 million in 2011 to 552 million by 2030.! Diabetic nephropathy is one of the
most serious and common complications associated with diabetes. It has become the
major cause of mortality in diabetic patients and the major contributor to end-stage
renal failure.>® The symptoms of diabetic nephropathy include renal hypertrophy,
extracellular matrix (ECM) accumulation, glomerular hyperfiltration, and microal-
buminuria. Among these symptoms, albuminuria is an early marker, and hence,
a major biochemical feature in the clinical diagnosis of diabetic nephropathy.>** The
mechanisms of diabetic nephropathy are not yet fully understood, but a host of studies
have demonstrated that hyperglycemia is the key initiating factor in its progression.®
Oxidative stress and the accumulation of advanced glycation end products (AGEs),
as a result of hyperglycemia, are acknowledged as the major factors contributing
to the development of diabetic nephropathy.”® Inflammatory cytokines also play an
important role during the initial stages, an example being the damage to the glomerular
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permeability barrier caused by tumor necrosis factor-o
(TNF-o).” It is reported that transforming growth factor-f1
(TGF-B1) is widely expressed in all kidney cells. Following
activation by reactive oxygen species, TGF-B1 stimulates
the synthesis of matrix components, the deposition of ECM,
and the formation of albuminuria.'* Moreover, as a cytokine,
TGF-B1 has a role in the increase of blood urea nitrogen
(BUN) and serum creatinine (Cr) in diabetic patients.!!
Atpresent, only a few of the available drugs are effective in
the clinical treatment of diabetic nephropathy; therefore, there
is an urgent need to search for safe and effective drugs against
the condition. Dioscoreae hypoglaucae thizoma (Fen-Bixie
in Chinese) is the dried rhizome of Dioscoreae hypoglaucae
Palibin and has been used in traditional Chinese medicine for
centuries in turbid urine therapy.'? Total saponin of Dioscoreae
hypoglaucae rhizoma (TSD) contains dioscin, diosgenin, gra-
cillin, protodioscin, and methyl protodioscin and is the main
bioactive component in this herbal medicine (Figure 1). TSD
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has various pharmacological activities, such as antioxidative,
anti-inflammatory, and lipid-lowering properties.'*!3

Based on the pharmacological effects of TSD and the
mechanisms of diabetic nephropathy, we hypothesized that
TSD may have a beneficial effect on diabetic nephropathy
progression. Hence, this study was performed to examine
the effects of TSD on diabetic nephropathy in streptozoto-
cin (STZ)-induced diabetic rats. To elucidate its potential
mechanisms of action, this study further investigated the
effect of TSD on oxidative stress, inflammatory cytokines,
and TGF-B1.

Materials and methods

Plant material

Dioscoreae hypoglaucae rhizoma was collected in
November 2014 from Anhui, People’s Republic of China.
The identity of the plants was confirmed by comparison with
herbarium specimens. Voucher specimens were deposited at
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Figure | The HPLC chromatograms of TSD.
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Abbreivations: HPLC, high-performance liquid chromatography; TSD, total saponin of Dioscoreae hypoglaucae Palibin.
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the Department of Chinese Medicine, China Pharmaceutical
University, Nanjing, People’s Republic of China.

Preparation of TSD

The dried Dioscoreae hypoglaucae rhizoma (5 kg) were
extracted three times with boiling 70% ethanol (50 L) for
2 hours each. The combined extracts were filtered and con-
centrated under reduced pressure. The concentrated solutions
(10 L) were extracted with petroleum ether (3x5 L) and
n-butanol (5x5 L) successively. After evaporation of the
solvents, the n-butanol extract resulted in 125 g of brown
solid. Subsequently, the brown solid was redissolved in
10 L of water and loaded onto an AB-8 macroporous resin
column. The column was eluted with a gradient elution of
ethanol-water (0%, 50%, and 70%). The 70% ethanol eluent
was concentrated by rotary evaporation and lyophilized to
obtain TSD in the form of a light brown powder.

HPLC analysis of TSD

High-performance liquid chromatography (HPLC) analysis
was performed using an Agilent 1200 Series HPLC (Agilent
Technologies, Santa Clara, CA, USA), coupled with a diode
array detector. An Agilent C18 column (4.6 mm X250 mm,
5 um; Agilent Technologies) with the column temperature
set at 30°C was used. Solvent A and B were H,O and
acetonitrile, respectively. An elution program was set up
as follows: 0—5 minutes, 5% B; 5-20 minutes, 5%—15% B;
20-65 minutes, 15%—-55% B; 65-85 minutes, 55%—-100% B.
The flow rate was set at 1.0 mL/min, and the detection wave-
length was set as 208 nm.

Chemicals and reagents

Metformin hydrochloride (Met, 99.1% purity) was supplied
by Jingfeng Pharmaceutical Inc., Beijing, People’s Republic
of China. STZ was obtained from Sigma-Aldrich Inc.,
St Louis, MO, USA. Kits for protein, blood glucose, super-
oxide dismutase (SOD), glutathione peroxidase (GSH-Px),
catalase (CAT), malondialdehyde (MDA), Cr, BUN, hemo-
globin, and glycosylated hemoglobin (GHb) were purchased
from Nanjing Jiancheng Institute, Nanjing, People’s Republic
of China. Enzyme-linked immunosorbent assay (ELISA)
kits for TNF-q, interleukin-1f3 (IL-1B), interleukin-6 (IL-6),
TGF-B1, and connective tissue growth factor (CTGF) were
obtained from Cusabio Biotech Co. Ltd, Wuhan, People’s
Republic of China. Rabbit anti-rat AGEs monoclonal anti-
body and rabbit anti-rat type IV collagen monoclonal anti-
body were purchased from Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA.

Animals

Sprague-Dawley rats (male, 180-220 g), with the animal
quality certificate number Su-SCKX2013-0011, were pur-
chased from Jiangsu University Laboratory Animal Center,
Nanjing, People’s Republic of China. All the animals were
maintained at a constant temperature of 23°C+2°C on a
12-hour light/dark cycle with free access to normal laboratory
food and water. Animal experimentation was approved by
the ethics committee of the China Pharmaceutical University
(CEAE-235, January 20, 2015). All procedures were in
strict accordance with the Guide for the Care and Use of
Laboratory Animals.!®

Experimental design and treatment

protocol
After 7 days of adaptive feeding, the rats were fasted overnight.
Diabetes was induced by injecting STZ (60 mg/kg, dissolved
in 0.01 M sodium citrate buffer, pH 4.4) intraperitoneally. The
normal control group (NC, 10 rats) received an equivalent
amount of citrate buffer.'” Diabetes was confirmed by measur-
ing the fasting blood glucose (FBG) 72 hours after injection.
The rats with an FBG level >16.7 mmol/L were considered
diabetic and selected for further pharmacological studies.'
The diabetic rats were randomly divided into five groups
of eight rats each. The diabetic control group (DC) consisted
of diabetic rats treated with 0.4% carboxymethylcellulose
sodium (CMC-Na) solution in a matched volume. The Met
group was the positive control in this experiment and con-
sisted of diabetic rats administered with Met 200 mg/kg/d.
TSD-40, TSD-80, and TSD-160 groups consisted of diabetic
rats administered with TSD 40, 80, and 160 mg/kg/day,
respectively. The NC group was treated with 0.4% CMC-Na
solution in a matched volume. All drugs were suspended
in 0.4% CMC-Na solution and administered orally via an
orogastric cannula, continuously for 12 weeks. The FBG
was measured every 4 weeks. A schematic diagram of the
induction and treatment schedule is shown in Figure 2.

TSD treatment

STZ
injection

Measuring
the FBG Sacrifice

| 4 weeks | 4 weeks

1 week 3 days 4 weeks
| | 3day | >

| Adaptive | |
feeding  Measuring the FBG;
selecting diabetic rats;
grouping

Measuring
the FBG

Figure 2 Schematic diagram of the induction and treatment schedule of diabetic rats.
Abbreviations: TSD, total saponin of Dioscoreae hypoglaucae Palibin; STZ, streptozoin;
FBG, fasting blood glucose.
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At the end of the treatment, urine samples were collected
from the rats housed in individual metabolic cages after
24 hours for analysis of the urine volume and biochemical
parameters. After 12 hours of fasting, all rats were anes-
thetized, and blood was collected via the abdominal aorta,
with or without heparin, for anticoagulant blood or serum,
respectively. The right kidneys were weighed and fixed in
4% neutral formaldehyde solution for histology examination
and immunohistochemistry. The renal cortexes of the left
kidneys were immediately separated and stored at —80°C
for biochemical estimations.

Analysis of blood biochemical parameters
Hemoglobin and GHb in whole blood were determined using
commercially available kits according to the manufacturers’
instructions. GHb was calculated as the optical density value
per 10 g of hemoglobin. The blood samples without heparin
were centrifuged at 4,000x g for 10 minutes to separate the
serum from the other components. The serum levels of FBG,
serum Cr, and BUN were determined using diagnostic kits.

Analysis of urine biochemical parameters
Urine samples were centrifuged at 2,000x g for 5 minutes to
obtain the supernatant. Urinary Cr and urinary protein were
measured using commercially available kits according to the
manufacturers’ instructions. The creatinine clearance ratio
(CCR) was calculated as per our previous study: CCR =
urinary Cr (mg/mL) X urine volume (mL/kg)/serum Cr
(mg/mL)/1,440 (min)."”

Analysis of cytokine levels in kidney

tissues

The renal cortex was sliced into pieces and homogenized with
nine volumes of Tris—HCI (5§ mmol/L containing 2 mmol/L
EDTA, pH 7.4). Homogenates were centrifuged at 4,000x g
for 10 minutes at 4°C to separate the supernatants. The
levels of TNF-a, IL-1PB, IL-6, TGF-B1, and CTGF in the
supernatants were measured using ELISA kits according to
the manufacturer’s protocols. The levels of these cytokines
in renal tissue were normalized to the protein content, which
was measured using the Bradford method.

Analysis of renal oxidative stress

As in our previous report, the activity of SOD, GSH-Px, CAT,
and levels of MDA in renal homogenates were measured
using commercially available kits according to the manufac-
turers’ instructions. Levels were normalized as U/mg protein
or nmol/mg protein.*

Histological examination of rat kidneys

The renal samples were fixed in 10% neutral formalin for 1 day
at room temperature, dehydrated in a graded series of ethanol,
embedded in paraffin, and cut into 4 um thick sections on a
rotary microtome. These sections were stained with hematoxy-
lin—eosin (HE) and periodic acid—Schiff (PAS) reagent to assess
alterations in the glomerulus and tubules. Renal sections were
observed under a light microscope at a 200x magnification. In
each section, at least 25 random glomeruli were observed by an
investigator blinded to their origins. The cross-sectional areas
and glomerular radii were assessed using a computer image
analysis system. The glomerular volume was calculated using
the following formula: glomerular volume =47?/3.2° The index
of mesangial expansion was scored using a quantitative estimate
of the mesangial zone width in each glomerulus, expressed as
a function of the total glomerular area: 0, normal glomeruli;
1, matrix expansion occurred in up to 50% of a glomeru-
lus; 2, matrix expansion occurred in 50%—75% of a glomeru-
lus; and 3, matrix expansion occurred in more than 75% of a
glomerulus.”!

Immunohistochemical analysis of AGEs
and type IV collagen

The renal sections were deparaffinized, rehydrated, and
microwaved in citrate buffer (pH 6.0) for 10 minutes. They
were then treated with 3% H O, buffer for 10 minutes.
Subsequently, the sections were thoroughly washed in tap
water and blocked with 10% (w/v) normal goat serum for
1 hour. Sections were then incubated with the rabbit mono-
clonal AGEs or type IV collagen antibody (primary anti-
bodies) at 4°C overnight, followed by incubation with goat
anti-rabbit IgG horseradish peroxidase (secondary antibody)
for 30 minutes at 37°C. The sections were stained with the
chromogen, diaminobenzidine, for 10 minutes to visualize
AGEs and type IV collagen, followed by counterstaining
with hematoxylin for 20 seconds. Finally, the sections
were rinsed with phosphate-buffered saline and dried using
gradient alcohol. The sections were evaluated under a light
microscope, and at least 25 random fields per section were
analyzed. Image-pro plus 6.0 (Media Cybernetics, Silver
Spring, MD, USA) was used to calculate the value of the
positive integrated optical density (IOD).

Cell culture and treatment

Rat mesangial cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma-Aldrich Inc.), supple-
mented with 10% fetal calf serum (FCS). After the mesangial
cells reached 80% confluence, their growth was arrested by
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exposing them to 0.5% FCS for 24 hours. Following this,
mesangial cells were treated with a low glucose solution
(5.6 mM) in the control group, and a high glucose solution
(30 mM) with or without TSD (20, 40, and 80 pg/mL) for
24 hours.? The levels of TGF-B1, type IV collagen, and IL-6
in mesangial cells were measured using ELISA kits.

Statistical analysis

All the values are represented as mean + SD with eight rats
in each group. Data sets with multiple comparisons were
evaluated with one-way analysis of variance (ANOVA),
followed by a post hoc test (Dunnett’s test). P-values lower
than 0.05 were considered statistically significant.

Results

HPLC chromatogram of TSD

The typical HPLC chromatograms of a TSD sample are
shown in Figure 1. By comparing the retention times and
the UV spectra to the reference standard, five compounds
(protodioscin, methyl protodioscin, gracillin, dioscin, and
diosgenin) were clearly identified.

Hypoglycemic effect of TSD

Table 1 shows the effect of TSD on FBG. Before treatment,
the FBG levels of the five diabetic groups were almost
identical and significantly higher than those of the normal
control group (P<<0.01). However, after treatment with TSD
for 4, §, and 12 weeks, the FBG levels were significantly
decreased (P<<0.05).

To further evaluate the hypoglycemic effect of TSD, the
GHD levels in rats were determined. As shown in Figure 3,
the levels of GHb in diabetic rats were significantly increased
(P<<0.01), which was 161% of the value for normal rats.
However, treatment with TSD for 12 weeks significantly
decreased the GHDb levels of diabetic rats (TSD-40, P<<0.05;
TSD-80 and TSD-160, P<<0.01).

Table | Effects of different treatments on FBG in diabetic rats

200 1

150 1

100

GHb (% of normal control)
g

0 pd L ; ; ; ;
NC DC  Met TSD-40 TSD-80 TSD-160

Figure 3 Effect of TSD on GHb in diabetic rats.

Notes: Values are presented as mean * SD for eight rats in each group. *P<<0.01 as
compared with the normal control group. **P<<0.0| as compared with the diabetic
control group. **P<0.05 as compared with the diabetic control group.
Abbreviations: GHb, glycosylated hemoglobin; NC, normal control group;
DC, diabetic control group; Met, metformin hydrochloride group; TSD, total
saponin of Dioscorea hypoglaucae Palibin.

Effects of TSD on kidney index, serum Cr,
and BUN

As shown in Table 2, the kidney index significantly increased
in the diabetic control group as compared with the normal
control group (P<<0.01). However, treatment with TSD for
12 weeks significantly reduced the increase in the kidney
index (TSD-40, P<<0.05; TSD-80 and TSD-160, P<<0.01).
Likewise, the serum Cr and BUN levels in diabetic rats were
significantly higher than normal rats (P<<0.01). Treatment
with TSD for 12 weeks produced a significant reduction in
serum Cr (TSD-40, P<<0.05; TSD-80 and TSD-160, P<<0.01)
and BUN (TSD-80, P<<0.05; TSD-160, P<<0.01) levels.

Effects of TSD on urinary protein and
CCR

Urinary protein is an important indicator of glomerular dys-
function and tubular impairment. As shown in Table 2, the
excretion of urinary protein was markedly elevated in the

Groups FBG (mmol/L)
Before treatment 4 weeks after treatment 8 weeks after treatment 12 weeks after treatment
NC 5.30+0.72 6.05+1.05 6.39+0.84 5.75£1.20
DC 25.95+3.63* 31.50+2.77* 30.20+3.82% 25.56+3.85*
Met 25.03+3.15 23.7314.82%* 24.59+3.5 | #FF 18.23+4.28**
TSD-40 25.72+4.20 28.50+3.70 28.11£3.39 21.8612.| 3+
TSD-80 25.55+3.99 26.681+2.61** 26.01£2.75%* 20.161+2.30%*
TSD-160 26.27+£2.22 24.82+2.73*% 23.71£3.14%F 19.45+2.16%*

Notes: Values are mean + SD for eight rats in each group. *P<<0.0| as compared with the normal control group. **P<<0.01 as compared with the diabetic control group.

###Pp<0.05 as compared with the diabetic control group.

Abbreviations: FBG, fasting blood glucose; NC, normal control group; DC, diabetic control group; Met, metformin hydrochloride group; TSD, total saponin of Dioscorea

hypoglaucae Palibin; SD, standard deviation.
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Table 2 Effect of TSD on kidney index, BUN, serum Cr, CCR, and urine protein in diabetic rats

Groups Kl (g/100 g) BUN (mmol/L) Serum Cr (umol/L) CCR (mL/min/kg) Urine protein (mg/kg/24 h)
NC 0.251+0.021 4.87+0.62 100.6:16.7 3.44+0.54 25.049.2

DC 0.448+0.043* 5.88+0.61* 149.9+26.9* 2.70+0.3 1% 192.6+48.8*

Met 0.371+0.042°** 5.39+0.58 120.4423.9%+* 2.78+0.56 139.5+38.7%+

TSD-40 0.397£0.035%%* 5.31+0.51 116.8+16.0%% 2.87+0.39 139.6+36.9%%

TSD-80 0.380£0.026** 5.13£0.30°%** 115.2413.3% 3.27£0.3 1% 127.0427.6%*

TSD-160 0.360£0.018** 4.95+0.44+* 112.3£10.5%* 3.4240.49%* 113.7443.6%

Notes: Values are mean + SD for eight rats in each group. *P<<0.0| as compared with the normal control group. **P<<0.01 as compared with the diabetic control group.
##*P<0.05 as compared with the diabetic control group.
Abbreviations: BUN, blood urea nitrogen; CCR, creatinine clearance ratio; Cr, creatinine; Kl, kidney index; NC, normal control group; DC, diabetic control group;

Met, metformin hydrochloride group; TSD, total saponin of Dioscorea hypoglaucae Palibin; SD, standard deviation.

diabetic control group (P<<0.01), which suggests that the
creation of an early diabetic nephropathy model was suc-
cessful. However, treatment with TSD for 12 weeks signifi-
cantly decreased the urinary protein excretion of diabetic rats
(TSD-40, P<<0.05; TSD-80 and TSD-160, P<<0.01). CCR
is another marker of glomerular dysfunction. In our experi-
ment, the CCR of diabetic rats was significantly lower when
compared with the normal rats (P<<0.01). However, treat-
ment with TSD at doses of 80 and 160 mg/kg for 12 weeks
significantly elevated their CCR (P<<0.01).

Effects of TSD on kidney histology

The sections from normal control rats showed normal or almost-
normal histology of the kidney. The glomerulus, glomerular
capsules, and tubules were very clear and prominent (Figures 4A
and 5A). Figures 4B and 5B showed the representative glomeru-
lar and tubular changes in the diabetic rats. The tubular necrosis
with vacuolar degeneration of proximal tubules, thickened

basement membranes, and mononuclear cell infiltration were
observed in diabetic rats’ kidneys (Figure 4B). The glomeruli of
diabetic rats exhibited segmental sclerosis, with basement mem-
brane thickening and mesangial matrix expansion (Figure 5B).
Treatment with TSD for 12 weeks significantly ameliorated
these changes in the kidneys. Furthermore, morphometric
analysis indicated that TSD significantly inhibited the increase
in glomerular volume and mesangial expansion index compared
with vehicle treatment (Figure 5G and H).

Effects of TSD on renal type IV collagen

Type IV collagen, a major component of basement mem-
branes, is expressed in both the glomerular and tubular base-
ment membranes. The effect of TSD on the expression level of
type IV collagen was evaluated using immunohistochemistry.
As shown in Figure 6, there was a significant increase in the
expression of type IV collagen in the renal glomeruli and
tubules of the diabetic control rats (P<<0.01). Treatment

Figure 4 Representative micrographs of kidney tissue stained with hematoxylin-eosin.

Notes: Arrows show vacuolar degeneration of proximal tubules. (A) NC group, (B) DC group, (C) Met group, (D) TSD-40 group, (E) TSD-80 group, and (F) TSD-160 group.
Abbreviations: NC, normal control group; DC, diabetic control group; Met, metformin hydrochloride group; TSD, total saponin of Dioscorea hypoglaucae Palibin.
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Figure 5 Representative micrographs of kidney tissue stained with periodic acid—Schiff.
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Notes: Arrows show the thickened basement membrane. (A) NC group, (B) DC group, (C) Met group, (D) TSD-40 group, (E) TSD-80 group, (F) TSD-160 group,
(G) glomerular volume, and (H) expansion of matrix index. Values are presented as mean * SD for eight rats in each group. 2*P<<0.01 as compared with the normal control
group. *P<0.05 as compared with the diabetic control group. *P<<0.01 as compared with the diabetic control group.

Abbreviations: NC, normal control group; DC, diabetic control group; Met, metformin hydrochloride group; TSD, total saponin of Dioscorea hypoglaucae Palibin.

with TSD for 12 weeks significantly attenuated the increased
expression of type I'V collagen in diabetic kidneys (TSD-40,
P<0.05; TSD-80 and TSD-160, P<<0.01).

Effects of TSD on renal oxidative stress

Oxidative stress plays an important role in the development of
diabetic nephropathy.? From Table 3, the antioxidative effect,
the renal SOD, GSH-Px, and CAT activities in the diabetic
control group can be seen to be markedly lower than those
ofthe normal control group (P<<0.01). However, renal MDA
content was markedly higher than the normal control group
(P<0.01). Treatment with TSD for 12 weeks effectively
elevated the activities of SOD (TSD-80, P<<0.05; TSD-160,
P<0.01), GSH-Px (TSD-40 and TSD-80, P<<0.05; TSD-160,
P<0.01), and CAT (TSD-80 and TSD-160, P<<0.05).

Furthermore, the MDA content was reduced (TSD-80 and
TSD-160, P<<0.05). The results indicate that TSD effectively
inhibits renal oxidative stress in diabetic rats.

Effects of TSD on renal inflammatory

cytokines

TNF-o., IL-1B, and IL-6 are key pathogenic factors involved
in the development of diabetic nephropathy and are key
therapeutic targets.’ In this study, we investigated the effect
of TSD on renal TNF-q, IL-1pB, and IL-6 in diabetic rats.
As shown in Table 4, significantly elevated levels of renal
TNF-0, IL-1B, and IL-6 were found in the diabetic control
rats (P<<0.01). However, treatment with TSD for 12 weeks
reduced the renal TNF-o. content (TSD-40, P<<0.05; TSD-80
and TSD-160, P<0.01), IL-1B (TSD-40, P<<0.05; TSD-80
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Figure 6 Effect of TSD on renal immunohistochemical stain of collagen IV in diabetic rats.

Notes: The brown area was the positive expression area, enlarging 400x under light microscope. (A) NC group, (B) DC group, (C) Met group, (D) TSD-40 group,
(E) TSD-80 group, (F) TSD-160 group, and (G) IOD of collagen IV. Values are presented as mean * SD for eight rats in each group. *P<<0.0| as compared with the normal
control group. ¥P<0.05 as compared with the diabetic control group. **P<0.01 as compared with the diabetic control group.

Abbreviations: 10D, integrated optical density; NC, normal control group; DC, diabetic control group; Met, metformin hydrochloride group; TSD, total saponin of
Dioscorea hypoglaucae Palibin.

and TSD-160, P<<0.01), and IL-6 (TSD-80 and TSD-160,  shows the effect of TSD on the levels of TGF-B1 and CTGF

P<0.01) in a dose-dependent manner in diabetic rats. in renal tissue. The renal TGF-B1 and CTGF levels in the

diabetic control group were markedly increased when com-
Effects of TSD on renal TG F'B | and pared with the normal control group (P<<0.01). Treatment
CTGF with TSD for 12 weeks effectively inhibited the increase in

The TGF-B1/CTGF axis plays a critical role in progressive  renal TGF-1 and CTGF levels (TSD-40, P<<0.05; TSD-80
kidney disease, including diabetic nephropathy.?* Table 4  and TSD-160, P<<0.01).

Table 3 Effect of TSD on renal SOD, CAT, GSH-Px, and MDA levels in diabetic rats

Groups SOD (U/mg prot) CAT (U/mg prot) GSH-Px (U/mg prot) MDA (nmol/mg prot)
NC 211.2422.1 43.28£10.13 1.77+0.36 2.06+0.25

DC 151.5£31.0% 30.1946.13* 1.27£0.17* 3.15+0.36*

Met 152.6+43.5 38.1248.58 1.48+0.38 2.7940.54

TSD-40 176.7+27.6 37.40+2.73%* 1.47+0.43 2.8040.67

TSD-80 182.2£16.4+* 39.18+5.30** 1.60£0.33%+* 2.61£0.47**

TSD-160 195.5+15.5%+ 40.86+3.93%+ 1.75£0.42%+* 2.35+0.73**

Notes: Values are mean + SD for eight rats in each group. *P<<0.0| as compared with the normal control group. **P<<0.05 as compared with the diabetic control group.
*##P<0.01 as compared with the diabetic control group.

Abbreviations: CAT, catalase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; NC, normal control group; DC, diabetic control
group; Met, metformin hydrochloride group; TSD, total saponin of Dioscorea hypoglaucae Palibin; SD, standard deviation.
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Table 4 Effect of TSD on renal TGF-1, CTGF, TNF-q, IL-1B, and IL-6 levels in diabetic rats

Groups TGF-B1 (ng/mg port) CTGF (pg/mg port) TNF-o (pg/mg port) IL-1B (pg/mg port) IL-6 (pg/mg port)
NC 3.14+0.55 83.54+12.03 21.63+4.90 9.28+1.14 12.72+1.45

DC 5.88+0.46* 109.81+14.12% 64.79£10.32* 18.15+1.72% 31.4242.24%

Met 5.12+0.47°%* 97.11£I5.1 1% 55.12+3.89** 12,921 .36%* 22,4522 | 3k
TSD-40 4.93+0.92%* 96.27+15.56** 53.3745.84%* 14.1611.28%F 27.83+2.97

TSD-80 4.8110.48%+* 92.68+7.05%+* 43.2045.73 12,47+ 48+ 252742 49%*
TSD-160 4.63+0.58%* 90.88:+8.28** 36451643 10.47+] 45%H* 22.36+2.45%+

Notes: Values are mean + SD for eight rats in each group. *P<<0.0| as compared with the normal control group. **P<<0.05 as compared with the diabetic control group.
#**P<0.01 as compared with the diabetic control group.

Abbreviations: CTGF, connective tissue growth factor; IL-1, interleukin-1; IL-6, interleukin-6; TNF-0., tumor necrosis factor-o; TGF-B1, transforming growth factor-B1;
NC, normal control group; DC, diabetic control group; Met, metformin hydrochloride group; TSD, total saponin of Dioscorea hypoglaucae Palibin; SD, standard deviation.

Effects of TSD on renal AGEs Effects of TSD on TGF-B1, type IV

AGEs are considered as markers of diabetic nephropathy.” As
shown in Figure 7, when compared with the normal control
group, the renal AGEs content markedly increased in the dia-
betic control group (P<<0.01). However, the increase in renal
AGEs content was effectively relieved by the administration of
TSD (TSD-40, P<<0.05; TSD-80 and TSD-160, P<<0.01).

collagen, and IL-6 in vitro

Under high glucose conditions, TGF-B1, type IV col-
lagen, and IL-6 were significantly increased when
compared with the levels in mesangial cells treated with
a low glucose solution (P<<0.01). At concentrations of
0.1 and 1 mg/mL, TSD was able to significantly inhibit
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Figure 7 Effect of TSD on renal immunohistochemical stain of AGEs in diabetic rats.

Notes: The brown area was the positive expression area, enlarging 400x under light microscope. (A) NC group, (B) DC group, (C) Met group, (D) TSD-40 group,
(E) TSD-80 group, (F) TSD-160 group, and (G) IOD of AGEs. Values are presented as mean * SD for eight rats in each group. *P<<0.0| as compared with the normal control
group. **P<<0.05 as compared with the diabetic control group. **P<0.01 as compared with the diabetic control group.

Abbreviations: AGEs, advanced glycation end products; IOD, integrated optical density; NC, normal control group; DC, diabetic control group; Met, metformin
hydrochloride group; TSD, total saponin of Dioscorea hypoglaucae Palibin; SD, standard deviation.
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Figure 8 Effects of TSD on TGF-B1 (A), type IV collagen (B), and IL-6 (C) in vitro.
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Notes: Values are presented as mean £ SD for eight rats in each group. *P<<0.0l as compared with the normal control group. **P<<0.05 as compared with the diabetic

control group. ¥*P<<0.0] as compared with the diabetic control group.

Abbreviations: IL-6, interleukin-6; TGF-B1, transforming growth factor-B1; TSD, total saponin of Dioscorea hypoglaucae Palibin; SD, standard deviation.

the expression of TGF-B1, type IV collagen, and IL-6
(P<0.05; Figure 8).

Discussion

Type 1 diabetes is caused by the devastation of B cells via
apoptosis. Streptozotocin has been extensively used to
induce diabetes by destroying 3 cells.?® The rapid induction
of type 1 diabetes after a single high dose of streptozotocin
shows a triphasic glycemic response following streptozo-
tocin-induced B cell destruction: the initial hyperglycemic
phase, the second hypoglycemic phase, and the steady
hyperglycemic phase.?” The steady hyperglycemic phase
involves a rise in blood glucose levels up to 19-32 mmol/L.
In this study, the FBG of diabetic rats was maintained at
25-32 mmol/L.

Renal hypertrophy, ECM accumulation, basement
membrane thickening, tubulointerstitial fibrosis, and albu-
minuria are typical features of diabetic nephropathy. In our
study, diabetic rats demonstrated these features, which were
significantly inhibited by TSD treatment. These findings

suggest that TSD can effectively ameliorate renal damage
in diabetic rats.

Much of the diabetes research suggests that hyperglycemia
is the inducer of diabetic complications, including nephropa-
thy. Historically, various hypotheses have been proposed to
suggest potential mechanisms by which hyperglycemia
may cause diabetic complications. These include increased
polyol pathway flux, excessive activation of protein kinase C
isoforms, increased intracellular formation of AGEs, and
increased hexosamine pathway flux.” Recent studies suggest
that the overproduction of superoxide by the mitochondrial
electron transport chain could be the common element linking
these four mechanisms. It is suggested that oxidative stress may
play a key role in the development of diabetic nephropathy.*
In this study, treatment with TSD increased the activity of renal
SOD, GSH-Px, and CAT, and decreased renal MDA content.
In other words, TSD improved the antioxidant defenses and
inhibited the oxidative stress state in diabetic nephropathy
rats. These results indicate that TSD imparts renoprotection
against oxidative stress in diabetic nephropathy.
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AGEs have been implicated in the pathogenesis of dia-
betic nephropathy, which is indicated by the fact that the
AGEs inhibitors such as aminoguanidine, pyridoxamine, and
ALT-946 ameliorated renal damage in diabetic patients.”**
It has been reported that hyperglycemia enhances the level of
reactive oxygen species, which then facilitates the formation
of AGEs. At the same time, the interactions of AGEs with
their receptors alter intracellular signaling and enhance the
release of proinflammatory cytokines and free radicals that
contribute toward the pathology of diabetic complications.”*
This mutual interaction leads to the thickening of the base-
ment membrane, altered filtration, and, ultimately, loss of
glomerular function. In our study, TSD reduced the accumu-
lation of AGEs, which could be beneficial for the prevention
of diabetic nephropathy.

TGF-B1, stimulated by high glucose concentrations, AGEs,
and reactive oxygen species in diabetes, plays an important
role in the pathogenesis of diabetic nephropathy. TGF-B1 is
a potent stimulus for ECM and fibronectin accumulation, and
furthermore, causes renal tubulointerstitial fibrogenesis.!!*
Moreover, the excessive deposition of type IV collagen,
caused by TGF-B1, is one of the causes of diabetic tubulopa-
thy and glomerulopathy. In this study, treatment with TSD
inhibited the expression of TGF-1, accumulation of type IV
collagen, and ECM, and ameliorated mesangial expansion.
The results suggest that the inhibition of TGF-f1 plays an
important role in the renoprotective actions of TSD.

CTGF, stimulated by hyperglycemia, the formation of
AGEs, and hemodynamic changes are increasingly being
implicated in structural and functional changes associated
with diabetic nephropathy.’' A study has identified that CTGF
promotes fibroblast proliferation, migration, adhesion, and
ECM formation in the kidney.*? Furthermore, CTGF not only
mediates the induction of ECM protein expression but also
inhibits matrix degradation. CTGF is a crucial downstream
mediator of TGF-B1, which in turn induces the accumulation
of ECM proteins (such as fibronectin and collagen 1V) via
CTGF pathways.?* Thus, TGF-1 and CTGF form a major
axis in renal fibrosis. In our experiments, TSD markedly
ameliorated the increase in CTGF in diabetic rats. These
results suggest that TSD may ameliorate renal fibrosis via
mediating the TGF-B1/CTGF axis.

Increasing evidence demonstrates that the diabetic neph-
ropathy is closely related to inflammation. This is especially
the case as TNF-o. plays a prominent role in the development
and progression of diabetic nephropathy.** Renal TNF-o. pro-
duction is initiated from many sources. Under the stimulation
of AGEs and at high glucose levels, monocytes; macrophages;

and endothelial, mesangial, glomerular, and tubular epithelial
cells can synthesize and release TNF-o. Therefore, TNF-o
is able to exert its pleiotropic biological activities on differ-
ent renal structures.” Overexpression of TNF-o, can result
in a reduction in the glomerular filtration rate, damage to
the glomerular permeability barrier, and apoptosis of renal
cells.? Therefore, modulation of TNF-q activity is considered
a potential therapeutic target in the treatment of diabetic
nephropathy. In experimental models of nephropathy, renal
expression of IL-6 increases, which increases endothelial
permeability, mesangial cell proliferation, and fibronectin
expression.* IL-1P is also involved in renal injury. IL-153
directly initiates glomerular hypercellularity and increases
vascular endothelial cell permeability.® In this study, TSD
significantly decreased the expression of TNF-c, IL-15, and
1L-6 in diabetic renal tissue, and thus, alleviated the structural
and functional abnormalities of the diabetic kidney.
Dioscin, diosgenin, gracillin, protodioscin, and methyl
protodioscin are the main constituents of Dioscoreae
hypoglaucae thizoma. Among them, dioscin, gracillin,
protodioscin, and methyl protodioscin all show similarity
with the basic parent structure of diosgenin. Diosgenin
possesses a wide array of biological and pharmacologi-
cal activities such as antidiabetic and anti-inflammatory
activity.*® It is suggested that all of these compounds are
responsible for the numerous beneficial effects of TSD.

Conclusion

In summary, we demonstrated that TSD effectively decreased
the FBG and the levels of reactive oxygen species and urine
protein. Furthermore, it reduced type IV collagen, AGEs,
TGF-B1, CTGF, and inflammatory cytokine expression in dia-
betic kidneys. These results indicate that TSD may have reno-
protective effects on STZ-induced diabetic rats. Thus, it shows
potential for further study into its clinical application.
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