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Tangluoning, a traditional Chinese 
medicine, attenuates in vivo 
and in vitro diabetic peripheral 
neuropathy through modulation of 
PERK/Nrf2 pathway
Xinwei Yang, Weijie Yao, Haolong Liu, Yanbin Gao, Renhui Liu & Liping Xu

Prolonged hyperglycemia-induced oxidative stress and endoplasmic reticulum stress have been 
demonstrated to play a key role in progression of diabetic peripheral neuropathy (DPN). PERK/ 
Nrf2 pathway plays a predominant role in oxidative and endoplasmic reticulum (ER) stress which is 
associated with cell survival. This study examined the modulation of the PERK/Nrf2 pathway and 
apoptosis by a traditional Chinese medicine Tangluoning (TLN) in streptozotocin-induced DPN rat 
models and the effects of serum TLN on the PERK/Nrf2 pathway, apoptosis, intracellular reactive 
oxygen species and mitochondrial membrane potential in Schwann cells cultured in 150 mM glucose. It 
is found that TLN attenuated oxidative and ER stress and apoptosis through the PERK/Nrf2 pathway by 
upregulating p-PERK, Nrf2/ARE pathways and downregulating the CHOP-related apoptosis pathways 
in the experimental DPN models both in vivo and in vitro.

Diabetic peripheral neuropathy (DPN) is characterized by high morbidity and premature mortality. It occurs in 
approximately 50% of diabetic patients1, 2. The pathogenesis of DPN results in a widespread damage to all com-
ponents of peripheral nervous system (PNS) such as dorsal rout ganglia, neurons, vasa nervorum, and primarily, 
the Schwann cells3. Chronic hyperglycemia induces both oxidative stress and endoplasmic reticulum (ER) stress, 
which are two key factors leading to neuronal apoptosis4, 5, and then contributing to DPN6, 7.

Oxidative stress induces the accumulation of unfolded and misfolded proteins in the ER lumen, and sub-
sequently unfolded protein response (UPR) by activating specialized sensors including inositol-requiring 1α 
(IRE1α), RNA-dependent protein kinase (PKR)-like ER kinase (PERK) and transcription factor 6 (ATF6)8, 9. 
When UPR fails to clear misfolded proteins and re-establish protein homeostasis within the ER, pro-apoptotic 
signaling pathways are activated4. Accumulated evidences suggest that the PERK/nuclear factor-E2-related factor 
2 (Nrf2) pathways play predominant roles in oxidative and ER stress. PERK-dependent phosphorylation triggers 
the dissociation of Nrf2/Kelch-like ECH-associated protein 1 (Keap1) complexes and allows subsequent nuclear 
import of Nrf2, thus activating a set of phase II detoxifying enzymes to combat oxidative and ER stress-induced 
apoptosis10–12.

The most significant ER stress-induced apoptotic pathway is mediated through the C/EBP homologous pro-
tein (CHOP)7. CHOP can down regulate Bcl-2 while increasing the translocation of Bax from cytosol to mito-
chondria, which consequently triggers caspase 3-independent apoptosis in both ER and mitochondria13, 14. Bcl-2 
and Bax are the molecular targets located on the cytoplasmic side of the outer mitochondrial membrane and ER, 
and are cross-talk between oxidative stress and ER stress15, 16. Schwann cells (SCs) are sensitive to high glucose 
concentration17. Hyperglycemia-induced SC damages result in reduced nerve conduction velocity, axonal atro-
phy, and impaired axonal regeneration, and are a cause for DPN18, 19.

Recent in vivo studies have reported that ER stress plays a key role in the pathogenesis of peripheral neuropa-
thy in prediabetic and type 1 diabetic rats20, 21. However, little attention has been focused on the effect of ER stress 
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on the lesions of SCs in models of DPN. Traditional Chinese medicine Tangluoning (TLN) based on Huangqi 
Guizhi Wuwu decoction is clinically used to treat DPN in China22. Our previous study has shown that TLN 
markedly improves the neurological functions including thermal perception threshold and nerve conductivity 
in DPN rats by attenuating oxidative stress through the activation of Nrf223. It is possible that TLN may affect ER 
stress sensor PERK and attenuate DPN through modulating oxidative and ER stress. The goal of the present study 
was to investigate whether TLN improves DPN by alleviating both oxidative and ER stress through modulating 
the PERK/Nrf2 pathway.

Results
TLN upregulates PERK/Nrf2 pathway in sciatic nerve of STZ-induced DPN rats.  Our previous 
study demonstrated that TLN improves oxidative stress by upregulating the expression of Nrf2 in STZ-induced 
DPN rats23. Nrf2 is a direct PERK substrate, and contributes to cellular redox homeostasis by regulating phase 
II antioxidant response24. Therefore, we examined whether TLN could activate the PERK/Nrf2/oxidative stress 
signaling pathway in sciatic nerves. An upregulation of the ER chaperone glucose-regulated protein 78 (GRP78) 
was detected in the DPN rats using western blot analysis compared to normal rats, which was further increased 
in TLN-treated rats (Fig. 1B). The expression of phosphorylated PERK (p-PERK), Keap1 and Nrf2 was also 
up-regulated significantly following TLN treatment (Fig. 1A,B and Supplementary Fig. S1). Similarly, a signifi-
cant upregulation of the PERK/Nrf2-target downstream proteins γGCS, HO-1, GST and NQO1 was observed in 
TLN-treated rats (Fig. 1A and Supplementary Fig. S1, Fig. 1B,C). These results demonstrate that TLN might play 
a protective role in oxidative stress in the DPN rats by up-regulating the PERK/Nrf2 signaling pathways.

TLN inhibits CHOP-induced apoptosis in the sciatic nerve of STZ-induced DPN rats.  Oxidative 
and ER stress-induced apoptosis is a critical event in DPN12. This study investigated whether TLN inhibits apop-
tosis through upregulating PERK/Nrf2 pathway. Apoptosis-related proteins downstream of PERK were observed, 
such as CHOP, the ER-apoptotic marker, and members of the BCL-2 family. Western blot analysis showed that 
the expression of CHOP, Bax/Bcl-2 and Caspase-3 in the DPN rats was increased compared with the normal rats, 
whereas TLN treatment decreased their expression (Fig. 2).

TLN decreases high glucose-induced apoptosis and oxidative stress in RSC96 cells.  High glu-
cose in the peripheral nervous system (PNS), specifically in the Schwann cell-rich sciatic nerve plays a key role 
in the pathogenesis of DPN25, 26. To further confirm the effects of TLN on DPN, high glucose-treated Schwann 
cells (SCs) were used for investigation. For this purpose, RSC96 cells were co-treated with high level of glucose 
(150 mM) and different concentrations of TLN. As shown in Fig. 3D, 86% of the cells survived following 150 mM 
glucose treatment for 24 hours compared with the 25 mM glucose treatment; 1% and 10% TLN increased the 
survival to 94% and 103%, respectively. 48 hours after the treatment, 66% of the cells survived following 150 mM 
glucose treatment compared with the 25 mM glucose treatment, and 72% and 76% of the cell survived when 
co-treated with 1% and 10% TLN, respectively.

Flow cytometry showed that cells treated with 150 mM glucose had 1.7-fold increase in apoptosis as compared 
with 25 mM glucose after 24 hours of incubation, while co-treatment with TLN reduced the increase to 1.3–1.4 
fold. After 48 hours, 150 mM glucose induced 6.3-fold increase in apoptosis as compared with 25 mM glucose, 
while co-treatment with 1% and 10% TLN decreased the increase to 5.0 and 5.7-fold, respectively (Fig. 3A,E).

We further studied whether TLN could affect the production of intracellular ROS in RSC96 cells. FACS analy-
sis showed that ROS level was continuously increased following treatment with 150 mM glucose for 24 h and 48 h 
as compared with 25 mM glucose. However, co-treatment with 1% and 10% TLN continuously diminished the 
ROS production at 24 h and 48 h (Fig. 3B,F).

To investigate the contribution of PERK/Nrf2 activation to mitochondrial dysfunction and ROS generation, 
we evaluated the level of MMP in high glucose treated-cells using JC-1. After exposed to 150 mM glucose, more 
RSC96 cells were depolarized for mitochondrial membrane, showing lower MMP after the exposure at 24 hours 
and 48 hours. On contrast, co-treatment with 1% and 10% TLN increased the MMP (Fig. 3C,G).

TLN upregulates the PERK/Nrf2 pathway in RSC96 cells exposed to high glucose.  Recently, 
mounting evidence has revealed that the PERK/Nrf2 pathway plays a key role in mitochondrial dysfunction and 
ROS generation27. Therefore, we analyzed whether or not TLN was responsible for attenuating the mitochondrial 
dysfunction and ROS generation in RSC96 cells after exposed to high-glucose through the PERK/Nrf2 pathway. 
The exposure up-regulated the expression of GRP78, p-PERK, Keap1, Nrf2 and HO-1 24 and 48 hours after the 
treatment as compared with the untreated cells, and no significant change in γGCS expression was observed at 
24 h. Furthermore, the expression of p-PERK, Keap1, Nrf2, HO-1 and γGCS was up-regulated in co-treatment 
with TLN at 24 and 48 h. On other hand, the protein levels of phosphorylated PERK and Keap1were gradually 
decreased, while the levels of Nrf2, HO-1 and γGCS were increased at 24 and 48 h (Fig. 4).

TLN inhibites CHOP induced-apoptosis in RSC96 cells exposed to high glucose.  To characterize 
the apoptosis exposed to high glucose, we monitored the expression of CHOP. Western analyses showed that after 
exposed to high glucose for 24 hours and 48 hours, the expression of CHOP was up-regulated and co-treatment 
with TLN persistently decreased the expression (Fig. 5E). To define whether CHOP inhibits the expression 
of Bcl-2 while increasing the translocation of Bax from cytosol to mitochondria, which consequently triggers 
caspase 3-independent apoptosis in both ER and mitochondria, high content analysis was used to analyze the lev-
els of Bcl-2, Bax and caspase-3. We found that caspase-3 and Bax were up-regulated as compared with untreated 
cells, whereas co-treatment with TLN decreased the expression of Bax and Caspase-3 (Fig. 5A,C,D) and further 
increased the level of Bcl-2 (Fig. 5A,B). Taken together with our previous results, these observations suggest that 
CHOP is specifically activated after exposed to high glucose and cold induce apoptosis.
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Discussion
Chronic hyperglycemia is able to initiate both oxidative stress and ER stress, which are two key factors contribut-
ing to DPN7. Oxidative stress, commonly linked to mitochondrial dysfunction and ER stress has been identified 
as an important mechanism leading to neuronal apoptosis28. PERK/Nrf2 is a cross-talk pathway between oxida-
tive stress and ER stress and plays a key role in cell survival5, 7. Therefore, it is likely that simultaneous targeting 
of oxidative stress, ER stress and apoptosis through the PERK/Nrf2 pathway might produce a better therapeutic 
response than targeting them individually.

SCs are the most abundant glial cells in the PNS. SC injury is expected to reduce motor and sensory nerve 
conductivity, impair thermal nociception29. This study demonstrates that SCs exposed to high glucose, in 
vivo or in vitro, display the classic morphologic features of apoptosis. Apoptosis in SCs is a common feature 
of human and animal DPN30. Moreover, SCs play an extensive role in the regulation of axonal regeneration, 
hyperglycemia-induced SCs damages may cause reduced nerve conductivity, axonal atrophy, and impaired axonal 
regeneration31. In our previous study, TLN was found to improve the deficiency of motor nerve conductivity, sen-
sory nerve conductivity and thresholds of thermal perception which were accompanied by lesser demyelination 

Figure 1.  Up-regulation of the PERK/Nrf2 pathway in sciatic nerve of STZ-induced DPN rats by TLN. (A) 
The relative expression of p-PERK, Nrf2 and γGCS determined by double-immunostaining 12 weeks after 
TLN treatment. (B) Representative Western blot of GRP78, Keap1 and HO-1 12 weeks after TLN treatment 
(Left panel), and the relative fold changes of GRP78, Keap1 and HO-1. (C) The serum levels of NQO1 and GST 
12 weeks after TLN treatment. NQO1 was detected using the ELISA kit. GST activity was determined using 
a colorimetric method. Data are shown as mean ± S.E.M. ΔP < 0.05, ΔΔP < 0.01 vs. Normal group; #P < 0.05, 
##P < 0.01 vs. DPN group. Data were analyzed by One-way ANOVA followed by least significant difference or 
Tambane’s T2 analysis (n = 6 animals per group).
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and a milder axonal atrophy in DPN rats23. It was also found to induce apoptosis in hyperglycemic media32. Based 
on these previous studies, we endeavored to investigate the effect of TLN on oxidative stress and ER stress in DPN 
rats and high glucose treated-SCs.

Prolonged hyperglycemia is shown to lead to ROS accumulation in mitochondria and ER, and induce 
oxidative and ER stress4. It is implicated as a major risk factor in the onset and progression of DPN33. In the 
present study, two peak levels of ROS following exposure to high glucose for 24 and 48 hours were found, and 
co-treatment with TLN reduced the ROS accumulation, particularly 48 h after the exposure. Hyperglycemia is 
associated with increased ROS in oxidative stress and ER stress. ER stress-induced ROS production may also 
elevate the level of mitochondrial ROS above the threshold for cell survival, leading to cell death. It is proposed 
that mitochondrial ROS impairs ER function via the enhancement of ER stress34. Previously research showed 
that TLN reduces the level of ROS and apoptosis under hyperglycemic conditions 12 weeks after the treatment 
in STZ-induced DPN rats but not the hyperglycemia levels. Thus TLN may directly inhibit oxidative stress and 
ER stress. To confirm the ER stress, GRP78, the key ER regulatory protein which plays an important role in the 
ER stress, was measured35. Under normal conditions, GRP78 is expressed at a low level and bound to ER trans-
membrane receptors. When ER stress is triggered, the unfolded or misfolded proteins will bind with free GRP78, 
resulting in its activation36. Our results showed the expression of GRP78 was up-regulated 12 weeks after rats 
were treated with STZ and TLN further increased the expression, suggesting that ER stress is triggered in the 
DPN rats. TLN induced similar effects on GRP78 expression in a time-dependent manner in SCs exposed to high 
glucose, indicating that high glucose may cause ER stress. We, therefore, conclude that TLN could activate ER 
stress-dependent downstream pathways which are essential for survival.

PERK-dependent activation of Nrf2 is required for survival37. PERK has been proposed as an Nrf2 activator 
in the context of ER stress and oxidative stress24. During the UPR and oxidative stress, PERK signaling activates 
Nrf2, the PERK substrate, to dissociate from its negative regulator Keap1 to induce the expression of a set of phase 
II detoxifying enzymes including hemeoxygenase 1 (HO-1), γ-glutamylcysteine synthetase (γ-GCS), glutathione 
S-transferase (GST) and NAD(P)H: quinone oxidoreductase 1 (NQO1)38. Keap1/Nrf2 dependent antioxidant 
protection system is considered one of the most important cellular defence mechanisms in scavenging ROS to 
combat oxidative stress and ER stress39, 40. Here, we show that hyperglycemia-induced oxidative stress and ER 
stress increased the expression of p-PERK in STZ-induced DPN rats, promoted the dissociation of Nrf2 from 
Keap1 to induce the expression of HO-1, γGCS, GST and NQO1. TLN further activated the PERK/Nrf2 pathway 
in DPN rat’s sciatic nerve. Similar to vivo studies, in vitro studies treated with SCs under hyperglycemic condi-
tions mainly increased the expression of PERK/Nrf2 pathway-related proteins at 24 and 48 hours. These findings 
further confirm that TLN is effective on oxidative stress and ER stress in DPN.

Apoptosis induced by oxidative and ER stress after hyperglycemia also plays a substantial role in DPN41.
CHOP, which is also activated via PERK, plays a crucial role in oxidative and ER stress-induced apoptosis42. 

PERK/Nrf2/oxidative stress signaling has been proven to prevent cells apoptosis24. For example, GRP78 and Nrf2 

Figure 2.  Downregulation of CHOP, Bax, Caspase-3 and upregulation of Bcl-2 in sciatic nerve of STZ-induced 
DPN rats by TLN treatment. (A) and (C) Representative Western blots of Bcl-2, Bax, CHOP and Caspase-3 
12 weeks after TLN treatment (Left panel). (B) and (D) The relative levels of Bcl-2, Bax, CHOP and Caspase-3 
(Right panel). Data are shown as mean ± S.E.M. ΔP < 0.05, ΔΔP < 0.01 vs. Normal group; #P < 0.05, ##P < 0.01 
vs. DPN group. Data were analyzed by One-way ANOVA followed by least significant difference or Tambane’s 
T2 analysis (n = 6 animals per group).
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Figure 3.  Apoptosis and oxidative stress in RSC96 cells treated with TLN and exposed to high glucose. (A) 
FACS apoptosis assay results using FITC-Annexin V and PI staining at 24 h and 48 h. (B) Intracellular ROS 
production measured with FACS analysis using DCHF-DA as a fluorescent dye at 24 h and 48 h. (C) The 
mitochondrial membrane potential (MMP) detected using JC-1. The decrease in MMP is reflected by a decrease 
in red fluorescence in the merged images. (D) Cell viability determined using MTT assay. (E–G) Levels of 
apoptosis, MMP and ROS shown as fold changes relative to 25 mM glucose-treated cells. Data are represented 
as the mean ± S.E.M. ΔP < 0.05, ΔΔP < 0.01 vs. 25 mM glucose groups; #P < 0.05, ##P < 0.01 vs. 150 mM glucose 
groups; *P < 0.05, **P < 0.01 vs. treated after 24 hours. Data were analyzed by One-way ANOVA followed by 
least significant difference or Tambane’s T2 analysis. Student’s unpaired t-test compared to 24 hours’ time point. 
(n = 4 per group).
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Figure 4.  Expression of proteins in the PERK/Nrf2 pathway in RSC96 cells treated with TLN and exposed 
to high glucose. (A) High content analysis of p-PERK, Nrf2 and γGCS at 24 and 48 h. Images show 
immunostaining of RSC96 cells (10× magnification). (B–D) Fold changes of p-PERK, Nrf2 and γGCS levels 
relative to these after 25 mM glucose treatment. (E) Representative Western blots of GRP78, Keap1 and HO-1 
in RSC96 cells 24 and 48 h. (F–H) Relative protein levels of GRP78, Keap1 and HO-1 against of β-actin. Data 
are represented as the means ± S.E.M. ΔP < 0.05, ΔΔP < 0.01 vs. 25 mM glucose groups; #P < 0.05, ##P < 0.01 vs. 
150 mM glucose groups; *P < 0.05, **P < 0.01 vs. treated after 24 hours. Data were analyzed by One-way ANOVA 
followed by least significant difference or Tambane’s T2 analysis and Student’s unpaired t-test compared to 
24 hours’ time point. (n = 4 per group).
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Figure 5.  Effects of TLN on the expression of CHOP, Bcl-2, Bax and Caspase-3 in RSC96 Cells. (A) High 
content analysis of Bcl-2, Bax and Caspase-3 at 24 and 48 h. Images show immunostaining of RSC96 cells (10× 
magnification). (B–D) Fold changes of Bcl-2, Bax and Caspase-3 relative to these in 25 mM glucose-treated 
cells. (E) Western blots of CHOP in RSC96 cells at 24 and 48 h and fold changes relative to these in 25 mM 
glucose-treated cells. Data are represented as the means ± S.E.M. ΔP < 0.05, ΔΔP < 0.01 vs. 25 mM glucose 
groups; #P < 0.05, ##P < 0.01 vs. 150 mM glucose groups; *P < 0.05, **P < 0.01 vs. treated after 24 hours. Data 
were analyzed by One-way ANOVA followed by least significant difference or Tambane’s T2 analysis and 
Student’s unpaired t-test compared to 24 hours’ time point. (n = 4 per group).
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targeting proteins including HO-1 have been suggested to be anti-apoptotic by inhibiting CHOP expression43, 44. 
Anti-apoptotic Bcl-2 and pro-apoptotic Bax have been suggested to regulate the homeostasis in mitochondria in 
ER stress-initiated apoptosis45. CHOP not only down regulates Bcl-2 expression but also increases the transloca-
tion of Bax from cytosol to mitochondria, which consequently triggers the activation of caspase-3, resulting in 
apoptosis41. The killer caspases-3 is critical in both the mitochondrial apoptotic pathway and ER stress-induced 
apoptosis46. In our experiment, we found that the expression of CHOP and Caspase-3 and Bax/Bcl-2 ratio were 
significant increased in sciatic nerve of DPN rats and SCs exposed to high glucose.

An increase of ROS can trigger the opening of the mitochondrial permeable transition pore, which in turn 
leads to the simultaneous collapse of MMP and a massive release of ROS, resulting in apoptosis. Emerging evi-
dence suggests that prolonged oxidative and ER stress exacerbate mitochondrial dysfunction47. Consistent with 
this, SCs under ER stress induced by high glucose for 24 and 48 h were accompanied by a decrease in MPP. In 
addition, Annexin V-FITC and PI staining also revealed high glucose-induced apoptosis in SCs. PERK/Nrf2 
plays an important role in mitochondrial dysfunction. We found that TLN decreased the Annexin V-FITC and PI 
stained-cells and inhibited the increase in MPP in SCs. TLN decreased the expression of CHOP, Caspase-3 and 
Bax/Bcl-2 ratio, increased the MMP, indicating that it could attenuate oxidative and ER stress-induced apoptosis.

According to these results, we hypothesize that hyperglycemia induces oxidative stress and ER stress, and 
then activates the PERK/Nrf2 pathway and upregulates the expression of CHOP. In vivo or in vitro DPN model, 
increased p-PERK can both activate the Keap1/Nrf2 pathway and CHOP-induced apoptosis pathway. The results 
of apoptosis assay and intracellular ROS analysis show that high glucose increases the expression of p-PERK but 
does not alleviate oxidative stress. There may be other mechanisms that upregulate CHOP-induced apoptosis and 
break the balance between Keap1/Nrf2 antioxidative pathway and CHOP-induced apoptosis pathway, resulting 
in DPN. Tangluoning reduces the oxidative stress and ER stress, and functions as an activator to further activate 
the PERK/Nrf2 pathway and upregulate the expression of antioxidant enzymes including HO-1 and γGCS. HO-1 
has been reported to inhibit the expression of CHOP while Keap1/Nrf2 upregulates the expression of Bcl-2. 
Tangluoning decreased the Bax/Bcl-2 ration, thus inhibiting apoptosis, oxidative stress and ER stress and improv-
ing DPN (Fig. 6). Further work will be necessary to fully define the potential target of the PERK/Nrf2 pathway in 
DPN progression.

Materials and Methods
TLN Preparation.  The formula of TLN per dose is listed in Suppl. Table 1. Eleven compounds (Suppl. Fig. 2) 
of TLN were characterized using HPLC–MS/MS and five compounds were quantified (Suppl. Table. 2). Briefly, 
the following crude herbs were combined to make the TLN extract powder: 15.0 g of Huangqi, 15.0 g of Danshen, 
15.0 g of Jixueteng, 15.0 g of Mugua, 15.0 g of Gouji, 12.0 g of Chishao, 12.0 g of Niuxi and 10.0 g of Yanhusuo. 
The protocol of preparation TLN powder was as previously described23 and the powder was dissolved in distilled 
water.

Treatment of diabetic rats with TLN.  The experimental procedures were carried out following the guide-
lines of the Experimental Animal Care and Use Committee at the Capital Medical University (Beijing, China). 
All studies were approved by the Ethics Review Committee for Animal Experimentation of Capital Medical 
University (Ethical Approval Number 2013-X-42). Male Sprague-Dawley (SD) rats (weighing 200 ± 20 g) were 
obtained from the Experimental Animal Center at Capital Medical University, Beijing, China (SCXK 2012–0001) 
and were housed on a 12 hours on and 12 hours off light cycle at 23 ± 2 °C in rooms with 55 ± 10% relative humid-
ity and allowed free access to drinking water and standard laboratory chows. Experimental design, protocols and 
sample collections were the same as previously described23. In brief, rats were randomly divided into normal, 
DPN, α-lipoic acid (ALA), low dose TLN (LTLN) and high dose TLN (HTLN) groups. Rats were fasted for 
12 hours and intraperitoneal injected with STZ (60 mg/kg, dissolved in 0.1 M citrate buffer, pH 4.5 at 4 °C), except 
for normal group rats. After 72 hours, rats with fasting blood glucose (FBG) concentration greater than or equal 

Figure 6.  PERK/Nrf2 pathway in diabetic peripheral neuropathy and its regulation by Tangluoning.
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to 16.7 mM were considered diabetes and were used for further experiments. ALA, LTLN and HTLN group rats 
were intragastrically administered with ALA suspension (20 mg/kg/day), TLN extract 10.9 g crude drug/kg/day 
and 21.8 g crude drug/kg/day, respectively for 12 weeks. In order to prevent the death of rats before the experi-
mental endpoint due to high blood glucose, rats with FBG greater than 25.5 mM were subcutaneously injected 
with isophane protamine and biosynthetic human insulin.

Rats in ALA, LTLN and HTLN groups were intragastrically administered with ALA suspension (20 mg/kg/
day), TLN extract 10.9 g crude drug/kg/day and 21.8 g crude drug/kg/day, respectively, and rats in normal and 
DPN groups rats were given an equal volume of distilled water everyday day for 12 weeks.

Serum preparation.  30 SD rats were divided into normal (n = 15), ALA (n = 5), and TLN (n = 10) gropus, 
and were intragastrically administered with distilled water, 20 mg/kg/day ALA suspension and 10.9 g crude drug/
kg/day TLN respectively for 8 days. One hour after the last administration, rats were anesthetized with 10% chlo-
ral hydrate (i.p., 0.35 g/kg body weight). Blood was sterilely collected through the ventral aorta. After settling for 
2 h at room temperature, the blood samples were centrifuged at 3000 r/min at 4 °C for 15 min, and inactivated at 
56 °C for 30 min. The samples were stored at −80 °C after filtered through a microfiltrate membrane (0.22 μm).

Treatment of RSC96 cells cultured with 150 mM glucose and TLN.  RSC96 cells (CRL-2765) were 
purchased from the American Type Culture Collection (ATCC) and were cultured in DMEM modified to contain 
4 mmol L-glutamine, 25 mM glucose, 1 mmol sodium pyruvate, 1500 mg/L sodium bicarbonate and 10% FBS at 
37 °C in a humidified atmosphere of 5% CO2. Cells were passaged once every 3 days. Cells were allowed to adhere 
for 24 h, and then treated with 25 mM glucose (containing 10% normal rat serum), 150 mM glucose (containing 
10% normal serum), 150 mM glucose +10% ALA serum, 150 mM glucose +0.1% TLN serum (containing 0.1% 
TLN serum +9.9% normal serum), 150 mM glucose +1% TLN serum (containing 1% TLN serum +9% normal 
serum) and 150 mM glucose +10% TLN serum for 24 and 48 hours, respectively.

Measurement of NQO1 and GST.  After removal of the sciatic nerve, blood samples were collected, and 
centrifuged at 3000 rpm for 10 min at 4 °C to obtain serum. All serum samples were stored at −80 °C. NQO1 was 
detected using the commercial enzyme-linked immunosorbent assay (ELISA) kits (Bluegene Biotech, Shanghai, 
China). GST activity was determined by using a kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). 
All experimental procedures were performed according to the manufacturer’s instructions.

Double-immunostaining for Rat Sciatic Nerve.  At the end of the 12th week, rats were anesthetized 
with 10% chloral hydrate (i.p., 0.35 g/kg body weight). The left sciatic nerve (1 cm) was fixed in 10% buffered for-
malin and processed for paraffin section. 4 μm thick transverse sections were regularly dewaxed, repaired antigen 
retrieval with hot citric acid buffer (pH 6.0) and blocked with 3% BSA. The sections were incubated with primary 
antibodies against p-PERK, Nrf2, γGCS, respectively and S100β (staining for Schwann cells) at room temperature 
for 2 hours, followed by incubation with FITC-conjugated goat anti-rabbit IgG (1:100) and FRITC-conjugated 
goat anti-mouse IgG (1:200) (Zhong Shan Golden Bridge Biotechnology, Beijing, China). Antibodies used are 
listed in Suppl. Table 3.

Western Blot.  Sciatic nerves and RSC96 cells were lysed on ice in the RIPA buffer with protease inhibitor 
cocktail for 15 min to extract total proteins. The proteins were analyzed with a bicinchoninic acid (BCA) protein 
assay kit and 30 μg/lane (sciatic nerve) and 20 μg/lane (RSC96 cell) were used for Western blot analysis as previ-
ously described23, using antibodies listed in Suppl. Table 3.

MTT viability assay.  The MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl- tetrazolium bromide was pur-
chased from Sigma-Aldrich, USA. Assay analysis was performed as previously described32. Briefly, 20 μL of 
MTT solution (5 mg/mL) was added and incubated for 4 h at 37 °C. The supernatant was removed and 150 μL of 
DMSO/well was added to dissolve the intracellular crystalline formazan product. Cell viability was determined 
by measuring the absorbance at a wavelength of 490 nm.

Apoptosis Assay.  Apoptosis was detected using an Annexin-FITC Apoptosis Detection Kit (No. AP101, 
Multisciences, China). Cells were collected and washed with PBS. After the addition of 500 μL of binding buffer, 
5 μL of FITC-labeled annexin V and 10 μL of propidium iodide (PI) were added and incubated at room temper-
ature for 5 min in the dark. Stained cells were analyzed using BD LSRFortessa™ flow cytometer (BD Biosciences, 
San Jose, CA, USA).

Measurement of Mitochondrial Membrane Potential (MMP).  MMP of cells was measured using 
a mitochondrial membrane potential assay kit (Cat no. C2006, Beyotime, China). In brief, cells were stained 
with JC-1 solution (500 μL/well) and incubated at 37 °C for 20 min in the dark. A fluorescence microscope was 
used to check the fluorescence. Polarized J-aggregated mitochondria and depolarized monomer mitochondria 
were analyzed through TRITC channel and FITC channel, respectively. MMP was expressed as the ratio of JC-1 
J-aggregates IOD/JC-1 monomer IOD.

Intracellular ROS Analysis.  ROS in RSC96 cells was detected using a total ROS assay kit (Cat no. 88-5930, 
eBioscience, USA) via the DCFH-DA method according to the manufacturer’s instructions. Cells were collected 
and incubated in 1 mL serum-free DMEM containing 100 μL ROS Assay Stain Solution at 37 °C for 30 min in the 
dark. The mean fluorescence intensity was analyzed using BD LSRFortessa™ flow cytometry.

High Content Analysis for RSC96 Cell.  Cells were fixed with 4% paraformaldehyde at room temperature. 
For staining, the cells were rinsed in PBS, followed by permeabilization for 30 min in 0.5% Triton-X 100 and 
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blocked by 3% BSA. Then, the RSC96 cells in 96-well plate was incubated with primary antibodies (Suppl. Table 3) 
at 4 °C overnight. After washing, cells were incubated with FITC-conjugated goat anti-rabbit IgG (1:200 dilution) 
at room temperature for 1 h and counterstained with DAPI for 5 min32, 48.

Statistical Analysis.  Data were expressed as the means ± S.E.M. Differences were analyzed by Student’s 
unpaired t-test or One-way ANOVA followed by least significant difference or Tambane’s T2 analysis using SPSS 
17.0. P < 0.05 were considered to be statistically significant.
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