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Purpose: To investigate the effect of astragaloside IV (AS-IV) on mitochondrial-dependent
apoptosis in the dorsal root ganglion of diabetic peripheral neuropathy (DPN) rats through the
SIRT1/p53 pathway.

Methods: Diabetic rat model was induced by high-carbohydrate/high-fat diet and intraperitoneal
injection of STZ. Diabetic rats were divided into three groups (n =16 per group): DPN group, AS-IV
group (60mg/kg/d) and o-lipoic acid (ALA) group (60mg/kg/d). Weight and blood glucose levels
were monitored every 4 weeks for 12 weeks. DPN was evaluated using the Von Frey Filaments Test
and nerve conduction velocity. The dorsal root ganglia of rats were isolated and the pathological
changes of mitochondria were observed by electron microscopy. The activity of mitochondrial
electron transport chain complex, mitochondrial membrane potential, malonaldehyde (MDA) and
glutathione (GSH) levels were measured. Neural apoptosis was detected using the Terminal
Deoxynucleotidyl Nick-End Labeling (TUNEL) assay kit. The cleaved caspase-3, major proteins
in the SIRT1/p53 pathway, including SIRT1, acetyl p53, Drpl, BAX, and BCL-2, were detected
using immunohistochemistry and Western blot. Gene expression of major proteins in the SIRT1/
p53 pathway was also detected.

Results: After 12 weeks of treatment, AS-IV and ALA did not significantly affect body weight or
fasting glucose levels, but reduced mechanical abnormal pain in DPN and improved nerve
conduction velocity. AS-IV and ALA increased the level of GSH and decreased the level of
MDA. Both AS-IV and ALA can reduce mitochondrial damage, improve mitochondrial electron
transport chain complex activity and mitochondrial membrane potential, and reduce the percentages
of positive cells with DNA fragmentation and the expression of cleaved caspase-3 protein. AS-IV
and ALA up-regulated the expression of SIRT1 and down-regulated the expression of acetyl-p53,
Drpl and the ratio of BAX to BCL-2. Changes in gene expression were similar.

Conclusion: AS-IV can reduce the occurrence of mitochondrial-dependent apoptosis by
regulating the SIRT1/p53 pathway. It has a similar therapeutic effect as ALA and is therefore
a promising drug for the potential treatment of DPN.

Keywords: astragaloside IV, diabetic peripheral neuropathy, dorsal root ganglion,
mitochondria, apoptosis, SIRT1/p53 pathway

Introduction

Diabetic peripheral neuropathy (DPN) is one of the most common chronic complications
in diabetic patients, and its prevalence can reach 50%." This condition is characterized by
pain, paresthesia, and sensory loss. In severe cases, refractory ulcers may appear, which
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may eventually lead to amputation of the affected limb.
Unfortunately, successful treatment and prevention remain
challenging due to a lack of knowledge regarding the mechan-
isms of DPN development.” Studies have shown that strict
glycemic control ameliorates but does not reverse neuropathy
in type 1 patients.** By contrast, glycemic control is relatively
ineffective in preventing diabetic neuropathy in type 2
diabetes.’

Mitochondrial damage in dorsal root ganglion (DRG) neu-
rons, axons and Schwann cells has been proposed as a unifying
mechanism for diabetic neuropathy.®'® Studies have shown
that p53 promotes apoptosis by regulating mitochondrial
fission.'" p53 can be transported from the nucleus to the
cytoplasm, where it assists in translocating Drp1 to the mito-
chondrial surface,'? causing the mitochondria to split into
several fragments and affecting its function.'> At the same
time, pS3 can upregulate BAX expression downregulate
BCL-2 expression, increase the permeability of the mitochon-
drial outer membrane, and induce cytochrome C release from
the mitochondrial intermembrane space to initiate apoptosis.

Sirtuin 1 (SIRT1) is a protein deacetylase that depends
on nicotinamide adenine dinucleotide (NAD+). SIRTI
catalyzes the deacetylation of p53 at K382.'*'*> Based on
recent studies, the generally held view is that the function
of p53 is inhibited by deacetylation of K382 at the
C-terminus.'®'” The inhibition of p53 function may be
a major mechanism for the anti-aging and cell survival-
promoting function of SIRT1.%!#2°

Astragaloside IV (AS-1V) is a biologically active saponin
isolated from Astragalus root. Some studies on neurodegen-
erative diseases (such as Parkinson’s disease and Alzheimer’s
disease) have shown that AS-IV has a protective effect on
inhibit
apoptosis.”' > In addition, AS-IV also has a strong anti-
oxidative stress effect.***> a-Lipoic acid (ALA) is a well-
known antioxidant and has been widely used to treat
DPN.?*?” Studies have found that it can up-regulate SIRT1
expression.”>*’ Based on the above beneficial effects, we

mitochondrial damage and can neuronal

speculate that AS-IV can protect mitochondria and inhibit the
apoptosis of dorsal root ganglion neurons through the SIRT1/
p53 pathway. Therefore, in this experiment, we used ALA as
a positive control to study the beneficial effects of AS-IV on the
dorsal root ganglia of diabetic rats induced by streptozotocin
adjuvant and a high-carbohydrate/high-fat diet. Our research
aimed to provide some clues to prove that AS-IV may be an
effective and feasible drug candidate for the treatment of
diabetic peripheral neuropathy.

Materials and Methods

Animals

Sixty-four male Sprague Dawley rats (3 weeks old, 110+10 g)
were purchased from Vital Rive Experimental Animal
Technology Co., Ltd. (Beijing, China) SCXK [Beijing] 2016-
0006. The animals were placed in a 12 h/12 h artificial light—
dark cycle environment with a temperature of 22-24 °C and
a humidity of 40%. The animals were kept in 16 cages with 4
rats in each cage, and the bedding was changed daily. All of the
following experiments complied with the “Guiding Principles
for the Care and Use of Laboratory Animals” promulgated by
the National Science and Technology Commission of China.

Induction of Diabetes and Drug

Treatment

Sixteen rats were randomly selected as the control group and
given a standard diet. The remaining 48 rats were fed a high-
carbohydrate/high-fat diet (67% standard diet, 10% lard, 20%
sucrose, 2.5% cholesterol, and 0.5% sodium cholate) for 6
weeks and were then intraperitoneally injected with streptozo-
tocin (STZ) (Sigma-Aldrich, St Louis, MO, USA) (25 mg/kg)
twice with an interval of 2 days. One week after the injection of
STZ, animals with fasting blood glucose levels of >16.7 mmol/
L were used as diabetic animals and continued to be fed a high-
carbohydrate/high-fat diet. Forty-eight diabetic rats were ran-
domly divided into the DPN group, DPN plus ALA group, and
DPN plus AS-IV group, with 16 rats in each group. The DPN
plus ALA group was given 60 mg/kg of ALA (Sigma-Aldrich,
St Louis, MO, USA) by intragastric administration daily, while
the DPN plus AS-IV group was given 60 mg/kg of AS-IV
(Chengdu Herbpurify Co., Ltd. Chengdu, China) daily; the
control group and DPN group received the same amount of
normal saline by intragastric administration every day. The
drug treatment lasted 12 weeks.

Fasting Blood Glucose and Weight

The successful induction of diabetes was recorded as week 0.
The fasting blood glucose and body weight of the rats in each
group were measured at the 4th, 8th and 12th week,
respectively.

Mechanical Hyperalgesia

As described in Ueda and Neyama,*® the electronic von Frey
anesthesia instrument was used to detect the pain threshold of
the experimental rats (type 2390, 90 g probe, 0.8 mm diameter;
ITC Life Science Inc., Woodland Hills, CA, USA). The rigid
tip was used to mechanically stimulated the middle of the
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plantar surface of the rat hind paw, and the pressure required to
induce the withdrawal response was defined as the pain thresh-
old, which was recorded in grams. The test was repeated once
every 5 minutes, with five measurements for each animal, and
the average value was calculated.

Nerve Conduction Velocity (NCV)

After the experimental rats were anesthetized with 3% by
volume isoflurane, 1e1.2% isoflurane was added to oxygen
through a mask to maintain anesthesia, and the rats were fixed
in the prone position. Stimulating and recording platinum wire
electrodes were placed directly under the sciatic nerve trunk of
right leg. A piece of skin between the biceps femoris and
semitendinous muscles was incised and detached to expose
sciatic nerve at two sites to attach electrodes. Stimulation
electrode was placed at the sciatic nerve notch. Sciatic nerve
was stimulated with single square waves pluses (1.2 V in
intensity, 1 ms in width) through the Functional Experiment
System (BL-420s, Taimeng, Sichuan, China). Action potential
latency (L) of sciatic nerve and the distance (D) between the
two electrodes were measured to calculate the motor NCV
(MNCV), MNCV = D/L(m/s). Sensory NCV (SNCV) was
measured and recorded by exchanging the electrode of stimu-
lation and that of recording. Stimulation parameters and SNCV
calculation procedure were the same as MNCV methods.

Histopathology and

Immunohistochemistry
Electron microscopy: The L4-5 dorsal root ganglia were fixed
in 4% glutaraldehyde and treated with 1% OsO4 in 0.1 M PBS.
The samples were dehydrated through successive application
of graded acetone solutions and embedded in EPON 812.
Ultrathin sections (70 nm) were placed on a copper grid and
stained with uranyl acetate and lead citrate. The samples were
observed by transmission electron microscopy (TEM, JEM-
1230, Tokyo, Japan). Pathological changes of mitochondria in
neurons were assessed. The level of intact mitochondria was
determined using the published Mitochondrial Quality Index
(MQI).*" Briefly, individual mitochondria were assigned one
of the following grades: 1 — fully intact, 2 — disruption of the
cristae (typically from swelling or loss of integrity of the inner
membrane), 3 — disruption of the outer mitochondrial mem-
brane, and 4 — disruption of the cristae and the outer membrane.
Immunohistochemistry: The L4-5 dorsal root ganglia were
quickly collected and fixed in 4% paraformaldehyde overnight.
The tissue was then paraffinized and cut into 4 pm sections.
The sections were deparaffinized, the antigen was repaired

with citric acid solution (0.01 mol/L, pH 6.0), and the sections
were then incubated with 3% H,O, to reduce nonspecific
background staining caused by endogenous peroxidase. The
sections were blocked with non-immunoreactive serum and
then incubated with antibodies against SIRTI, acetyl-p53,
Drpl, BAX, BCL-2, and cleaved-caspase-3 at 4 °C overnight.
The next day, the sections were incubated with goat anti-rabbit
(Beijing noble Ryder Technology Co., Ltd., Beijing, China),
stained with diaminobenzidine (DAB) chromogen, and then
counterstained with hematoxylin. We observed and analyzed
the sections using an optical microscope (Olympus, Bx53F,
Tokyo, Japan). The primary antibodies were used in the fol-
lowing dilutions: SIRT1, 1:200 (Abcam, Cambridge, UK);
acetyl-p53, 1:200 (Abcam, Cambridge, UK); Drpl, 1:400
(Abcam, Cambridge, UK); BAX, 1:400 (Protaintech,
Rosemont, IL, USA); BCL-2, 1:200 (Affinity Bioscience,
Cincinnati, OH, USA); and cleaved caspase-3, 1:200 (Cell
Signaling, Danvers, MA, USA).

Mitochondrial Function

The mitochondria were extracted from the dorsal root
ganglion according to the method of the Animal Tissue
Active Mitochondria Isolation Kit (Genmed Scientifics
Inc., Ellington, TX, USA).

The activity of complex I, II, Il and I'V in the mitochondrial
electron transport chain was detected by chemical colorimetry
(Genmed Scientifics Inc., Ellington, TX, USA). Complex
I activity was measured by the oxidation of NADH by ubiqui-
none-1 at 340 nm, complex II activity was measured by the
oxidation of succinate by ubiquinone-2 at 600 nm, complex 11
activity was assayed by the reduction of cytochrome C by
ubiquinol-2 at 550 nm, and complex IV activity was assayed
by the oxidation of dithionite-reduced cytochrome C at 550
nm. Assays for complexes I and III were done in the presence
and absence of the specific inhibitors rotenone and antimycin
A, respectively, to evaluate the contribution of contaminant
activities. The final concentration of total proteins was deter-
mined by the method of Lowry et al.>> The activity of the
complex was expressed as the rate at which each complex in
the unit protein reduced the substrate in the catalytic reaction

(U/mg/min).
The measurement of mitochondrial membrane potential
was performed according to the protocol of the

Mitochondrial Membrane Potential Detection Kit (Genmed
Scientifics Inc., Ellington, TX, USA). The mitochondrial sam-
incubated with 5,5',6,6'-tetrachloro-1,1',3'-
tetracthylbenzimidazolcarbocyanine iodide staining working

ples were

solution at room temperature for 10 minutes. Relative
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fluorescence units (RFUs) were obtained by measuring the
at 490/590 nm with
a fluorescence microplate reader (BioTek, Synergy H4,
Winooski, VT, USA). The mitochondrial membrane potential
was expressed as RFU per mg of protein (RFU/mg).

excitation/emission wavelengths

Oxidative Stress Markers

As markers of oxidative stress, glutathione (GSH), and mal-
ondialdehyde (MDA) levels of the dorsal root ganglion were
measured by a microplate reader (BioTek, Synergy H4,
Winooski, VT, USA) using the assay kits (Nanjing Jiancheng
Bioengineering Research Institute, Nanjing, China) according
to the procedure recommended by the manufacturer.

Apoptosis

Neuronal apoptosis was determined using a terminal deoxynu-
cleotidyl nick-end labeling (TUNEL) assay kit according to the
manufacturer’s protocol (Roche, Basel, Switzerland). The per-
centage of TUNEL-positive cells was calculated by dividing
the number of nuclei that stained positive by the total number
of nuclei in a given field of view (under 400x microscope
magnification).

Western Blot Analysis

The protein of the isolated L4-5 dorsal root ganglia was
extracted and separated by 8-12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and further
transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% nonfat milk for 2 h, the PVDF mem-
branes were incubated with specific primary antibodies at 4°
Cover-night and washed. Membranes were incubated with
secondary antibodies for 1 h. Detection was visualized using
the Odyssey Infrared Imaging System (LI-COR, Inc., Lincoln,
NA, USA) and analyzed with Image J software. The basal
levels of proteins were normalized to levels of B-actin protein.
The primary antibodies were used in the following dilutions:
SIRT1, 1:400 (Abcam, Cambridge, UK); acetyl-p53, 1:500
(Abcam, Cambridge, UK); Drpl, 1:1000 (Abcam,
Cambridge, UK); BAX, 1:2000 (Protaintech, Rosemont, IL,

Table | Primer Information for the RT-PCR

USA); BCL-2, 1:500 (Affinity Bioscience, Cincinnati, OH,
USA); and cleaved caspase-3, 1:1000 (Cell Signaling,
Danvers, MA, USA); p-actin,1:5000 (Abways, Shanghai,
China).

Reverse Transcription-Quantitative

Polymerase Chain Reaction Analysis
(qPCR)

Total RNA was extracted from dorsal root ganglion using
TRIzol (Invitrogen, Thermo Fisher Scientific, Inc., Waltham,
MA, USA) according to the manufacturer’s protocol. cDNA
was synthesized from mRNA using a RevertAid First Strand
c¢DNA Synthesis Kit (Thermo Fisher Scientific, Inc. Waltham,
MA, USA), followed by qPCR using a SYBR® Green PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc. Waltham, MA, USA) and the StepOnePlus sequence
detection system (Applied Biosystems; Thermo Fisher
Scientific, Inc. Waltham, MA, USA). Cycling conditions of
the reactions were as follows: 10 min of predenaturation at 95 °
C followed by 40 cycles of 15 s denaturation at 95 °C and 60
s of annealing at 60 °C. The sequences of the primers used are
listed in Table 1. The housekeeping gene B-actin was used for
normalization.

Statistical Analysis

The statistical analysis software SPSS 24.0 was used to analyze
the data, and the measurement data were described by the mean
+ standard deviation (SD). First, analysis of variance was
performed for the comparison of multiple groups, and then
the Tukey’s test was used for multiple comparisons. Statistical
tests were performed using two-sided tests, and P < 0.05 was
considered to indicate statistically significant differences.

Results

The Fasting Blood Glucose and Weight
As shown in Figure 1A, STZ-injected rats displayed hypergly-
cemia. Diabetic rats had significantly higher fasting blood
glucose levels compared to rats in the control group (p <

Forward Primer (5'-3')

Reverse Primer (5'-3')

Gene Database Accession Number
SIRTI NM_001372090.1

b53 XM_006246594.3

Drpl NM_053655.3

BAX NM_017059.2

BCL-2 NM_016993.1

S-Actin NM_031144

AGATTTCAAGGCTGTTGGTTCC
CAGCGACAGGGTCACCTAATTC
TCCAGCTCATTACCAAGTTTGC
GGCGATGAACTGGACAACAAC
TTGTGGCCTTCTTTGAGTTCG
TGCTATGTTGCCCTAGACTTCG

CAGCATCATCTTCCAAGCCATT
GGCAGAACAGCTTATTGAGGGA
CAGATTCTAAGGTTCGCCCAAA
CCCAGTTGAAGTTGCCGTCT
GCATCCCAGCCTCCGTTAT
GTTGGCATAGAGGTCTTTACGG
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Figure | Effects of AS-IV on fasting blood glucose and body weight in diabetic rats at 12
weeks.

Notes: Fasting blood glucose levels (A) and body weight (B) were measured every
4 weeks. Data are represented as mean + SD. ***P < 0.00| vs control group.
Abbreviations: SD, standard deviation; DPN, diabetic peripheral neuropathy; AS-
1V, astragaloside IV; ALA, o-lipoic acid.

0.001). ALA or AS-IV treatment did not bring about any
significant changes in the fasting blood glucose levels of
DPN rats. As shown in Figure 1B, the weights of diabetic
rats at the 4th, 8th and 12th week were not significantly

different from that of the control group.

Pain Thresholds

STZ-injected rats displayed mechanical hyperalgesia. Diabetic
rats were less tolerant to pressure applied to the paw as
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Figure 3 Effect of AS-IV on NCV.
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Figure 2 Effects of AS-IV on paw withdrawal thresholds.

Notes: Data are represented as mean * SD. *P < 0.05, **P < 0.01, **P < 0.001 vs
control group. P < 0.01 vs DPN group.

Abbreviations: SD, standard deviation; DPN, diabetic peripheral neuropathy; AS-
1V, astragaloside IV; ALA, o-lipoic acid.

compared to rats in the control group. ALA or AS-IV treatment
was able to significantly reduce mechanical hyperalgesia of the
hind paws of DPN rats (p < 0.01), as shown in Figure 2.

Nerve Conduction Velocity
The DPN group rats had significant decreases in the
MNCYV and SNCV compared with the control group rats.
The MNCV and SNCYV of the two groups of rats treated
with ALA and AS-IV were higher than those in the DPN
group (Figure 3A and B).

The decrease of NCV and the mechanical hyperalgesia
validated the DPN model.*

50 B
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Notes: (A) MNCYV; (B) SNCV. Data are represented as mean + SD. *P < 0,05, *P < 0.01; **P < 0.001 vs control group. *P < 0.05, *P < 0.01 vs DPN group.
Abbreviations: NCV, nerve conduction velocity; MNCV, motor nerve conduction velocity; SNCV, sensory nerve conduction velocity; SD, standard deviation; DPN,

diabetic peripheral neuropathy; AS-1V, astragaloside 1V; ALA, a-lipoic acid.
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Mitochondrial Morphology

In the control group, dorsal root ganglion neurons were
rich in mitochondria and had normal structures. The
inner and outer mitochondrial membranes and mito-
chondrial cristae were intact and well distributed. In
the DPN group, the mitochondria of dorsal root gang-
lion neurons were swollen and degenerated, the outer
mitochondrial membrane was damaged, and the mito-
chondrial cristae were broken, sparse, or had even
disappeared, and most showed vacuolar changes.
Mitochondria are the most destructive, with the highest
MQI score (4 points). The mitochondria of DRG neu-
rons in the DPN plus ALA and DPN plus AS-IV
groups were slightly swollen, with a relatively com-
plete structure and clear mitochondrial cristae. The
MQI score of most mitochondria was 2—3. The mito-
chondrial damage in rats treated with ALA and AS-1V
was alleviated compared with the DPN group (Figure

4A and B).

Mitochondrial Function
The measured activity of complex I, II, III, and IV in
the mitochondrial electron transport chain is shown in
Figure 5A-D. Complex I, II, III, and IV activities were
significantly lower in the DPN than the control group
(p < 0.01). The levels of the two groups of rats treated
with ALA and AS-IV were restored and were higher
than those in DPN animals (p < 0.05). The activities of
complex I, II, IIT of the two groups of rats treated with
ALA and AS-IV were not statistically different from
that of the control group, and the activity of compound
IV was lower than that of the control group (p < 0.05).
As shown in Figure 6, the mitochondrial membrane
potential of the dorsal root ganglion of DPN rats was
significantly decreased compared with control rats (p <
0.001), and that of the ALA or AS-IV treatment group
also decreased (p < 0.01). The mitochondrial membrane
potential was higher in the two groups of animals treated
with ALA and AS-IV than in DPN animals (p < 0.05).

Oxidative Stress Markers

As shown in Figure 7A, the content of MDA in the dorsal
root ganglia of diabetes rats was higher than that in the
control group. The MDA content of the two groups of rats

Il Control
B DPN

[0 DPN+ALA
[ DPN+AS-IV

Neuronal Mitochondria(% total)

Mitochondrial Score

Figure 4 Effect of AS-IV on mitochondrial pathomorphology.

Notes: (A) Electron micrographs illustrated the intact mitochondria (white
arrows). Scale bar, | pm. (B) Mitochondria quality index score. Data are repre-
sented as mean #* SD. *P < 0.05, **P < 0.0, **P < 0.001 vs control group. P <
0.01, P < 0,001 vs control group.

Abbreviations: SD, standard deviation; DPN, diabetic peripheral neuropathy; AS-
IV, astragaloside IV; ALA, o-lipoic acid.

treated with ALA and AS-IV was lower than that of the
DPN group (p < 0.01).

As shown in Figure 7B, compared with the control
group, the level of GSH in the dorsal root ganglia of the
DPN group decreased (p < 0.05). The GSH levels of the
two groups of rats treated with ALA and AS-IV were
lower than those in the DPN group (p < 0.05).

Neuronal Apoptosis

As can be seen from Figure 8A and B, TUNEL staining
micrographs showed an increased percentage of positive
cells with DNA fragmentation in the DPN group (p <
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Figure 5 Effect of AS-IV on mitochondrial electron transport chain complex activity.
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Figure 6 Effect of AS-IV on mitochondrial membrane potential.

Notes: Data are represented as mean * SD. **P < 0.01, **P < 0.00] vs control
group. #P < 0.05 vs DPN group.

Abbreviations: SD, standard deviation; DPN, diabetic peripheral neuropathy; AS-
IV, astragaloside 1V; ALA, o-lipoic acid.

0.001), with a comparatively lower percentage of positive
cells with DNA fragmentation observed in the two groups
of rats treated with ALA and AS-IV (p < 0.05). As shown

in Figure 8C and D, the expression of cleaved caspase-3 in
diabetic rats was significantly up-regulated compared with
the control group (p < 0.001). Compared with the DPN
group, the expression of cleaved caspase-3 was down-
regulated in the two groups of rats treated with ALA and
AS-IV (p < 0.001).

SIRT |/p53 Signaling Pathway

The expression of related proteins in the SIRT1/p53 sig-
naling pathway was evaluated by IHC. The positive
expression of SIRT1 was mainly observed in the nucleus
and partly in the cytoplasm. Acetyl-p53, Drpl, BAX, and
BCL-2 were observed in the cytoplasm (Figure 9).

As shown in Figure 10A and B, Western blot ana-
lysis showed that the expression of SIRT1 in the two
groups of rats treated with ALA and AS-IV was sig-
nificantly up-regulated compared with the DPN group
(p <0.05). As shown in Figure 10A and C, compared
with the control group, the expression of acetyl-p53 in
diabetic rats was significantly up-regulated (p <0.001).
The expression of acetyl-p53 in the two groups treated
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Figure 7 Effect of AS-IV on oxidative stress.
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with ALA and AS-IV was significantly lower than that
in the DPN group. As shown in Figure 10A and D, the
expression of Drpl in DPN group and ALA group was
higher than that in the control group. Compared with
the DPN group, the expression of Drpl was down-
regulated in the two groups treated with ALA and AS-
IV. Analysis of the ratio of BAX to BCL-2 showed that
the ratio in the DPN group was higher than that in the
control group (p <0.001). Compared with the DPN
group, the ratio of BAX to BCL-2 in the two groups
treated with ALA and AS-IV decreased (Figure 10A
and E).

To explore the underlying mechanism of AS-IV inhi-
biting cell apoptosis, the expression of genes involved in
the SIRT1/p53 pathway was assessed. The expression of
SIRTT1 in the two groups of rats treated with ALA and AS-
IV was significantly up-regulated compared with the DPN
group (p <0.01) (Figure 11A). Compared with the control
group, the expression of p53 in the DPN group was up-
regulated (p <0.001). The p53 expression of the two
groups of rats treated with ALA and AS-IV was lower
than that of the DPN group (p <0.001). (Figure 11B)
Compared with the control group, the expression of Drpl
in the DPN group was significantly up-regulated (p
<0.001). The expression of Drpl in the two groups of
rats treated with ALA and AS-IV was significantly lower
than that in the DPN group (p <0.001) (Figure 11C). The
expressions of BAX and BCL-2 in diabetic rats were
higher than those in the control group. Compared with

the DPN group, the expression of BAX in the two groups
of rats treated with ALA and AS-IV was significantly
down-regulated, while the expression of BCL-2 was up-
regulated (p <0.001) (Figure 11D and E).

Discussion

The main purpose of the experiment was to explore the
therapeutic effect of AS-IV on DPN rats and its mole-
cular mechanism. The current study evaluated the
effect of AS-IV on the development of DPN rats
induced by STZ. We that AS-IV  has
a neuroprotective effect similar to ALA. Both of them

found

can significantly alleviates hyperalgesia, increase nerve
conduction velocity, and play a therapeutic role by
regulating the SIRT1/p53 pathway to reduce mitochon-
dria-dependent apoptosis.

Neuropathic pain is the most common impediment
associated with DPN. Thus, measurement of allodynia
and hyperalgesia in response to mechanical stimuli is
considered an important, reliable, and sensitive index
for neuropathic pain during DPN.** An array of
researchers used various methods to evaluate allodynia
and hyperalgesia during the experimental DPN, such as
von Frey filaments test (Paw withdrawal response to
light touch of plantar surface), Hargreaves method
(Paw withdrawal response latency to escalating heat
applied to the plantar surface), Paw intradermal forma-
lin-evoked responses, Randall-Selitto test, etc.’* 3% In
the present investigation, the results of the von Frey
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filaments test showed that the mechanical pain thresh-
old of the DPN group was reduced, confirming the
neuropathic pain of DPN, and the treatment of AS-IV
and ALA can increase the mechanical pain threshold of
DPN rats and reduce allodynia and hyperalgesia.
Electrophysiological assessment of nerve function
in diabetic patients provides a quantitative measure of
nerve integrity and a means to monitor disease onset
of diabetic

and progression.”” In rodent models

neuropathy, NCV measurements are commonly used
to define the extent of nerve dysfunction as well as
providing an endpoint in studies of putative
treatments.’> Our research results showed that the
NCV of the DPN group decreased, which proved that
STZ and high-carbohydrate/high-fat diet-induced dia-
betic rats had obvious neurological dysfunction.
Interestingly, AS-IV and ALA can improve MNCV

and SNCV in DPN rats, and their effects are similar.
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Figure 9 Immunohistochemical staining of SIRT1, acetyl-p53, Drpl, BAX, BCL-2. Scale bar: 50 pm.
Abbreviations: DPN, diabetic peripheral neuropathy; AS-IV, astragaloside IV; ALA, o-lipoic acid.

Some evidence suggests that mitochondria play an
important role in sensory neurons in the pathophysiol-
ogy of abnormal pain.***° In nerve cells, the position
of mitochondria is particularly important. Mitochondria
provide energy for various activities of neurons and are
almost the exclusive providers of energy. Mitochondria
are considered to be a key regulator of neuron-related
complications in diabetes.*' A decrease in mitochon-
drial membrane potential is the key event initiating
mitochondrial-dependent apoptosis. We observed that
the mitochondria of DRG neurons in DPN rats were
swollen and vacuolated, and the mitochondrial cristae
disappeared. At the same time, the activity of complex
I-IV in the mitochondrial electron transport chain and
the mitochondrial membrane potential decreased, the
expression of cleaved caspase-3 up-regulated, and the
number of apoptotic cells increased. These are consis-
tent with the results of other researchers.®’*> AS-TV

and ALA treatment can significantly reduce the

structural damage of mitochondria, enhance the activity
of the mitochondrial electron transport chain complex,
protect and maintain the mitochondrial membrane
potential, and improve mitochondrial function, thereby
reducing cell apoptosis.

pS53 is induced in damaged neurons and has
a neurotoxic function in animal models of neurodegenera-
tive disease.”’ p53 can cause the excessive fission of
mitochondria mediated by Drpl. Excessive fission
severely damages the mitochondrial genome, resulting in
damage of the mtDNA that encodes the 13 polypeptides
involved in oxidative phosphorylation and mitochondrial
structure,** opening of the mitochondrial permeability
transition pore (mPTP), and increased reactive oxygen
species (ROS) production.* p53 can also reduce the mito-
chondrial membrane potential through the pro-apoptotic
protein BAX, increase mitochondrial membrane perme-
ability, release mitochondrial-related pro-apoptotic fac-

tors, and initiate the caspase cascade reaction to induce
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Figure 10 Western blot analysis of SIRTI, acetyl-p53, Drpl, BAX, BCL-2.
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Abbreviations: SD, standard deviation; DPN, diabetic peripheral neuropathy; AS IV, astragaloside IV; ALA, o-lipoic acid.

apoptosis.***” In this study, acetyl-p53 was significantly
expressed in DPN rats, downstream Drpl and BAX
expression was upregulated, and anti-apoptotic protein
BCL-2 expression was downregulated. This suggests that

apoptosis induced by p53-mediated mitochondrial

destruction is an important molecular mechanism leading
to DPN.

SIRT1 acts as a negative regulator of p53 to inhibit
cell apoptosis.*® The data of Shi et al showed that high
concentrations of glucose can induce hippocampal
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neuronal apoptosis by downregulating SIRT1 and
increasing p53 acetylation.*’ Studies have shown that
ALA can activate SIRT1 and protect cardiomyocytes.”
In our study, SIRT1 expression was up-regulated in
DPN rats treated with AS-IV and ALA, indicating
that SIRT1 is a neuroprotective target for AS-IV and
ALA. The down-regulation of acetyl-p53 and Drpl and
the ratio of BAX to BCL-2 further confirmed that AS-
IV and ALA can increase mitochondrial bioenergy and
mitochondrial membrane potential through the SITR1/
p53 pathway, and partially reverse the neuronal apop-
tosis induced by hyperglycemia.

ALA has been examined quite extensively as a treatment
for diabetic neuropathy. Moreover, ALA was effective in the
treatment of distal sensory motor neuropathy, as well as in the
modulation of peripheral neuropathy and pain reduction in
diabetic patients.’' Experimental evidence suggested that
ALA could restore the glutathione levels, prevent lipid per-
oxidation, increase the activity of antioxidant enzymes (such
as catalase and superoxide dismutase in peripheral nerves),
increase the blood flow, along with NCV.*>>* AS-IV is
anatural bioactive compound isolated from Astragalus mem-
branaceus Bunge, regarded as the critical marker to evaluate
the quality of Astragalus membranaceus in the Chinese
Pharmacopeia. Studies have found that AS-IV can prevent
mitochondrial dysfunction of central neuron by increasing
superoxide dismutase (SOD) and GSH, reducing MDA, and
inhibiting oxidative stress.”>>’ In our experiments, both
ALA and AS-IV reduced the MDA content in the dorsal
root ganglia of DPN rats and increased the GSH level, and
there was no significant difference in their antioxidant
effects. At the same time, they have similar functions of
protecting mitochondria and inhibiting neuronal apoptosis.

Conclusion

Our results showed that AS-IV can protect mitochondrial
function and structure through the SIRT1/p53 pathway,
reduce cell apoptosis, and protect peripheral nerves in
diabetic rats (Figure 12). It has a similar therapeutic effect
as ALA and is therefore a promising drug for the potential
treatment of DPN.
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