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Purpose: To study the effects of lipoic acid on poly ADP-ribose polymerase (PARP)

expression and apoptosis in diabetic rats.

Materials and Methods: Sprague–Dawley rats (n=30) with high-fat diet- and streptozoto-

cin-induced diabetes were randomly divided into two groups: diabetic model (DM) group

and lipoic acid (LA) treatment group; another 10 rats were selected as normal controls (NC).

The serum levels of 8-hydroxy-2ʹ-deoxyguanosine, nitrotyrosine, and 8-isoprostane; sciatic

nerve cell apoptosis index; and PARP expression were detected in the rats, and morpholo-

gical changes in the sciatic nerve were recorded.

Results: The blood glucose level in the DM and LA groups was significantly higher than

that of the NC group (P<0.01). Compared to the NC group, the DM group showed

demyelinating changes to sciatic nerve fibers. PARP expression; serum levels of

8-hydroxy-2-deoxyguanosine, nitrotyrosine, and 8-isoprostane; and the apoptosis index of

sciatic nerve cells were significantly higher than those of the NC group (P<0. 01). Following

LA treatment, the above indices showed significant improvement (P<0.01).

Conclusion: Lipoic acid may improve the symptoms of diabetic neuropathy by reducing

PARP activity and inhibiting apoptosis.

Keywords: lipoic acid, diabetic peripheral neuropathy, poly ADP-ribose polymerase,

oxidative stress, apoptosis

Introduction
The prevalence of diabetic neuropathy in diabetic patients is very high. It is one

of the most common chronic complications of diabetes. The damage can affect

the central and peripheral nerves, and the incidence of diabetic peripheral

neuropathy is high, which is the current leading cause of disability and death

in people with diabetes.1 The pathogenesis of diabetic peripheral neuropathy is

complex and hence not yet fully understood. Oxidative stress theory is under-

stood to be one of the main mechanisms of pathogenesis. Excessive free radicals

cause DNA damage resulting in cellular apoptosis, which in turn initiates a series

of diabetic complications including peripheral neuropathy.2 Poly ADP-ribose

polymerase (PARP) is a multifunctional enzyme mainly involved in the repair

of DNA and plays an important role in the initiation of apoptosis.3,4 PARP can

catalyze ADP ribose from NAD+ and transfer it one by one to the next substrate

molecule such as histone, laminin, DNA polymerase, topoisomerase, or PARP

itself. This process allows PARP to play a role in repairing DNA damage,
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maintaining the stability of the genome, affecting apop-

tosis, etc., which is very significant in the occurrence and

development of diabetes and its chronic complications.5

Currently, lipoic acid (LA) is the strongest natural

antioxidant known, with both fat- and water-soluble

properties.6–8 It can remove active oxygen free radicals

in the body and inhibit many redox-sensitive signaling

pathways. In addition, LA is also a key auxiliary group

of various enzymes such as pyruvate dehydrogenase and

α-ketoglutarate dehydrogenase in the mitochondria,

which can promote and improve oxidative phosphoryla-

tion and stabilize the mitochondrial respiratory chain,

improve mitochondrial function, and reduce the occur-

rence of cellular apoptosis or death.9 Some studies have

shown that LA can also increase blood flow to nerve

vessels, improve nerve conduction speed, and increase

Na+, K+-ATPase activities, all of which can significantly

improve the symptoms of diabetic neuropathy.10 In this

study, we observed changes in PARP expression and

cellular apoptosis after LA treatment in a rat model of

diabetes, and further explored the protective mechanism

of LA on diabetic peripheral neuropathy.

Materials and Methods
Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health.

All protocol were performed in accordance with the

approved guidelines, which were approved by the Ethics

Committee of Harbin Medical University.

Materials
Eight-week-old, male Sprague–Dawley rats (n=40; body

weight, 210–240 g) (Beijing Weitonglihua Experimental

Animal Technology Co. Ltd., Beijing, China); streptozotocin

(STZ) and LA (Sigma company, Saint Louis, USA);

8-hydroxy-2-deoxyguanosine enzyme-linked immunosorbent

assay (ELISA) kit and nitrotyrosine ELISA kit (Shanghai

Bio-Swamp Life Science, Shanghai, China); 8-isoprostane

ELISA kit (Bioswamp Life Science Lab, Wuhan, China);

terminal deoxynucleotidyl transferase dUTP nick end label-

ing (TUNEL) apoptosis in situ detection kit (F. Hoffmann-La

Roche Ltd., Basel, Switzerland); and PARP antibody (Beijing

Biosynthesis Biotechnology Co., Ltd., Beijing, China).

Methods
Diabetic Rat Model and Grouping

In all, male Sprague Dawley rats were adaptively fed for

one week. Ten randomly selected rats were assigned to the

normal control (NC) group and were given ordinary feed.

The remaining 30 rats were fed a high-fat diet for four

weeks. The 30 rats were fasted for 12 h, following which

a low-dose STZ (35 mg/kg) solution (dissolved STZ

powder with 0.1 mol/L sodium citrate buffer solution,

pH 4.4) was intraperitoneally injected. Rats in the NC

group were injected with only the 0.1 mol/L citrate buffer

after 12 h of fasting. Blood glucose was measured from

the tail tip 72 h later, by using a blood glucose meter

(Roche, Germany). Blood glucose levels ≥16.7 mmol/L

indicated model success. During this process, two rats

whose blood glucose levels were less than 16.7 mmol/L

were excluded, and two rats died. Thus, the final analysis

was conducted on 26 diabetic rats that were randomly

divided into two groups (n=13 each)—the diabetic

model (DM) group and LA treatment group. One week

later, the LA group was intraperitoneally injected with LA

(100 mg/kg), while the DM and NC groups were injected

with the corresponding volume of normal saline, once

a day for 8 weeks. Body weight and blood glucose were

measured every 2 weeks.

Specimen Collection

Eight weeks later, 10 rats in each group were randomly

selected, weighed, and anesthetized with 2% pentobarbital

sodium solution. A blood sample was collected via

femoral puncture and centrifuged at 3000 rpm for 10

min; the supernatant was stored at −20°C until further

analysis. The sciatic nerve was fixed using 4% polyfor-

maldehyde, and paraffin sections were prepared according

to standard protocol.

Detection of Serum Indicators

The serum levels of 8-hydroxy-2-deoxyguanosine, nitro-

tyrosine, and 8-isoprostane were detected by ELISA kits,

according to the manufacturers’ instructions.

Morphological Observation of the Sciatic Nerve

After the sciatic-nerve paraffin sections were stained with

hematoxylin-eosin (HE) and for myelin staining (solo-

chrome cyanine R method), the pathological morphology

of the sciatic nerves was observed under light microscopy

and photographed.

The myelin staining process is as follows:
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(a) Fix the removed tissue in 20% formaldehyde for

more than 3 days, and embed it in paraffin after

dehydration to make 4–6 mm-thick paraffin

sections.

(b) After the section is dewaxed, add solochrome cya-

nine R solution to the section, stain at room tem-

perature for 20 min, drain the staining solution, and

rinse with running water for 2 min.

(c) Continue to soak in a 10% aqueous solution of

ferric ammonium sulfate for about 3 min, until the

collagen fibers and muscle fibers are almost color-

less or light gray and the nerve myelin sheath is

a clear blue.

(d) Then, rinse with water for 10 min, counter-stain

with the fluorescent pink dye solution for 10 s,

rinse again with water, then dehydrate with alcohol,

seal with xylene and neutral resin, and observe and

photograph under a light microscope.

Detection of Apoptosis of Sciatic Nerve Cells

The sciatic-nerve paraffin sections were stained according

to the manufacturer’s instructions for the TUNEL kit.

Microscopic brown particles seen in the nucleus were

considered as positive staining. We randomly selected

five consecutive, non-repetitive fields from each section,

under a high-power microscope. The numbers of positive

cells and the total numbers of nerve cells were counted,

which were used to calculate the apoptotic index of sciatic

nerve cells. Apoptosis index (AI)=positive cells/total num-

ber of nerve cells.

Detection of PARP Expression in the Sciatic Nerve

Brown-yellow particles present in the cytoplasm indicated

a positive expression. We randomly selected five consecu-

tive, non-repetitive fields from the same tissue section

under high magnification (×400). The average optical den-

sity (OD) was measured by Image-Pro Plus 6.0 software

(Media Cybernetics Inc., Maryland, USA), which

expressed the relative concentration of positive PARP

expression.

Statistical Analysis
SPSS 17.0 software (SPSS Inc., Chicago, USA) was used

for all statistical analyses. The mean ± standard deviation

(X̅ ±s) was used to represent the measurement data, and

one-way analysis of variance was used to compare the

means of each group. P<0.05 indicated a statistically sig-

nificant difference.

Results
Establishment of a Diabetic Rat Model
In the process of establishing a DM, two rats died, two rats

did not develop diabetes, and one rat died in the LA group.

The serum and tissue samples were analyzed in the three

groups (n=10/group). As shown in Table 1, the blood

glucose levels in the DM and LA groups were significantly

higher than in the NC group (P<0.01). This showed that

the DM was successfully established. Further, compared

with before LA treatment, there was no statistical differ-

ence in blood glucose after treatment (P>0.05); hence, it

could be said that LA had no significant effect on blood

glucose in diabetic neuropathy.

Morphological Observation of the Sciatic

Nerve
HE staining: Microscopically, the myelinated nerve fibers

of the sciatic nerve in the NC group were normal and

closely arranged, the axon and its surrounding myelin

sheath structures were clear, and the stroma was evenly

stained (Figure 1A). However, in the DM group, the

arrangement of nerve fibers was disordered, the nerve

fibers were demyelinated, and the axons had atrophied or

even disappeared (Figure 1B). After LA treatment, the

pathological changes noted to the sciatic nerve were sig-

nificantly alleviated, with only some nerve fibers showing

slight demyelination and significantly lesser axonal atro-

phy than that in the DM group (Figure 1C).

Myelin staining: In the NC group, the myelin sheath

structure was normal and intact (Figure 2A). There were

significant changes in demyelination of nerve fibers in the

DM group (Figure 2B). Following LA treatment, the

demyelinated lesions of nerve fibers were gradually

improved, and the sciatic nerve specimens were only

slightly demyelinated as compared to that in the DM

group (Figure 2C).

Table 1 Blood Glucose Levels of Rats Before and After

Treatment in Three Groups

Group

(n=10)

BG After Diabetic

Modeling (mmol/L)

BG After LA

Treatment (mmol/L)

DM 26.15 ± 2.40 25.94 ± 2.17

LA 24.94 ± 2.47 24.75 ± 2.78

NC 5.21 ± 0.85 5.32 ± 1.25

Abbreviations: BG, blood glucose; DM, diabetic model group; LA, lipoic acid

treatment group; NC, normal control group.
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Effect of LA on Levels of Oxidative Stress

Indices
The three oxidative stress indices—8-hydroxy-2-deoxy-

guanosine, nitrotyrosine, and 8-isoprostane—in the DM

group were significantly greater than those in the NC

group (P<0.01). After LA treatment, the above indices

markedly decreased (P<0.01) (Table 2).

Comparison of Apoptosis of Sciatic

Nerve Cells
The apoptosis of sciatic nerve cells was detected by TUNEL

staining, and the apoptosis index (AI) was calculated. The

results showed that AI in the DM group was significantly

higher than that in the NC group (P<0.01), but AI decreased

significantly after LA treatment (P<0.01) (Table 3).

Figure 1 Histological analysis of sciatic nerve tissue (hematoxylin-eosin staining, ×400). Myelinated nerve fibers of the sciatic nerve in the NC group appear normal and are

closely arranged, the axon and its surrounding myelin sheath structure are clear, and the stroma is evenly stained (A). As indicated by the arrow, the arrangement of nerve

fibers is disordered, the nerve fibers are demyelinated, with atrophied or even absent axons disappeared in the DM group (B). After LA treatment, the pathological changes

in the sciatic nerve show significant improvement (C).

Abbreviations: DM, diabetic model; LA, lipoic acid treatment; NC, normal control.

Figure 2 Myelin staining (Solochrome cyanine R method) (×400). The myelin sheath structure was normal and intact in the NC group (A) Significant changes can be seen in

demyelination of nerve fibers in the DM group (arrows, B). Following LA treatment, the sciatic nerve showed only mild demyelination as compared to the DM group (C).

Abbreviations: DM, diabetic model; LA, lipoic acid treatment; NC, normal control.

Table 2 Effect of Lipoic Acid on Levels of Oxidative Stress

Indices

Group

(n=10)

8-Hydroxy-2ʹ-

Deoxyguanosine

(pg/mL)

Nitrotyrosine

(nmol/L)

8-Isoprostane

(pg/mL)

DM 127.59 ± 3.08 566.29 ± 23.96 83.09 ± 2.96

LA 121.77 ± 5.27 478.88 ± 39.30 64.41 ± 2.39

NC 114.56 ± 7.21 450.09 ± 13.89 59.30 ± 3.05

Abbreviations: DM, diabetic model group; LA, lipoic acid treatment group; NC,

normal control group.

Table 3 Effect of Lipoic Acid on PARP Expression and Apoptosis

Index

Group (n=10) AI OD

DM 0.65 ± 0.05 58.56 ± 4.51

LA 0.52 ± 0.03 26.44 ± 2.64

NC 0.36 ± 0.03 8.43 ± 1.69

Abbreviations: PARP, poly ADP-ribose polymerase; AI, apoptosis index; OD,

optical density; DM, diabetic model group; LA, lipoic acid treatment group; NC,

normal control group.
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Expression of PARP in the Sciatic Nerve
Microscopic examination showed no brown staining of the

sciatic nerve in the NC group (Figure 3A), but many brown

particles could be seen in the DMgroup (Figure 3B). After LA

treatment, the sciatic nerve showed a light brown color, which

was close to the color observed in the NC group (Figure 3C).

The results of OD showed that the expression of PARP in the

sciatic nerve of the DM group was significantly higher than

that of the NC group (P<0.01), but was significantly lower

after treatment with LA (P<0.01) (Table 3).

Discussion
The mechanism of diabetic peripheral neuropathy is

very complex1 and hence not very well understood. It

may be associated with the interaction of metabolic

disorders (including hyperglycemia toxicity, the aldose

reductase-polyol pathway, production of glycosylation

end products, oxidative stress, abnormal lipid metabo-

lism); microvascular injury; neurotrophic factor defi-

ciency; and abnormal release of cytokines and

autoimmune factors. An increasing number of studies

have shown that oxidative stress is the common

mechanism of diabetic peripheral neuropathy,11,12

which has attracted the attention of researchers in recent

years. The persistently high level of blood glucose in

diabetic patients increases the level of oxidative stress,

resulting in excessive production of reactive oxygen

species (ROS), inhibition of some cytokines and cyto-

chrome oxidase required for glucose metabolism, and, at

the same time, reduction of the body’s antioxidant capa-

city. It directly leads to denaturation of intracellular

proteins and various enzymes, while the accumulation

of inactive proteins in cells may reduce some nutritional

factors and neurotransmitters transmitted from the

synapses to cells, which in turn can lead to apoptosis.

Our results showed that compared with the NC group,

the DM and LA groups showed significantly increased

blood glucose levels after 4 weeks of high-fat diet com-

bined with low-dose STZ, which was in accordance with

the standard for a diabetic rat model.13,14 8-hydroxy-2ʹ-

deoxyguanosine, nitrotyrosine, and 8-isoprostane are the

products of tissue cell injury under oxidative stress and

can be used to evaluate tissue damage.15,16 The concentra-

tions of 8-hydroxy-2-deoxyguanosine, nitrotyrosine, and

8-isoprostane and the sciatic nerve cell apoptosis index

in the DM group were significantly higher than those in

the NC group (P<0.01), suggesting that peripheral nerve

injury in hyperglycemic conditions may be caused by

oxidative stress.17,18 Excessive superoxide anions are pro-

duced in the mitochondria of cells in a state of hypergly-

cemia. When all types of ROS and reactive nitrogen

species exceed the scavenging ability of the body, an

imbalance is created between the oxidation and antioxi-

dant systems in vivo, leading to varied types of tissue

stress damage.

The initiation of oxidative stress is also accompanied

by the activation of PARP.19 Hyperglycemia of diabetic

neuropathy increases ROS and reactive nitrogen species

in the body, causing DNA strand damage and cleavage,

which in turn increases PARP activity, inhibits glyceral-

dehyde phosphate dehydrogenase, and prevents glucose

metabolites from passing through normal aerobic oxida-

tion. This process activates reaction pathways such as

polyol pathway, glycosylation end product pathway, pro-

tein kinase C (PKC) pathway, and hexosamine pathway,

resulting in a series of damaging factors that directly

damage vascular endothelial cells and induce

Figure 3 Immunohistochemical staining (×400) for PARP expression of the sciatic nerve. No brown staining observed in the sciatic nerve tissue of the NC group (A). In the

DM group, many brown-stained particles can be seen (B). After LA treatment, the sciatic nerve showed a light brown color, almost similar to that of the NC group (C).

Abbreviations: PARP, poly ADP-ribose polymerase; DM, diabetic model; LA, lipoic acid treatment; NC, normal control.
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apoptosis.20,21 PARP also plays an important role in the

pathogenesis of other diseases related to oxidative stress,

such as cardiovascular and tumor-related diseases, via

oxidative stress damaging neurons and vascular endothe-

lial cells.22,23 The damage to tissue cells caused by

PARP under oxidative stress is the pathological basis

for the occurrence and development of diabetic periph-

eral nerve complications. Therefore, improving the state

of oxidative stress and inhibiting the activity of PARP is

one of the most effective measures for prevention and

treatment of diabetic peripheral neuropathy.

Lipoic acid can effectively eliminate key free radicals

such as ROS, superoxide anion, and peroxynitrite that can

cause death of vascular endothelial cells and nerve cells

under oxidative stress.24 Furthermore, it can effectively

alleviate or even eliminate the symptoms of diabetic per-

ipheral neuropathy by improving blood flow of neuro-

trophic vessels, nutritional status and conduction velocity

of peripheral nerve, and function of vascular endothelial

cells to ultimately improve the quality of life of patients.25

In conclusion, our results suggest that LA can likely

improve the symptoms of diabetic peripheral neuropathy

by inhibiting oxidative stress-induced DNA damage,

decreasing the activity of PARP, and inhibiting apoptosis

in nerve cells. This provides a potential theoretical basis

for the clinical treatment of diabetic peripheral neuropathy

with LA.
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