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High-Glucose Oxidative Stress Injury through PI3K/AKT
Induction of Heme Oxygenase-1 and Nrf-2 Expression
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Dorsal root ganglion (DRG) neurons, which are sensitive to oxidative stress due to their anatomical and structural characteristics,
play a complex role in the initiation and progression of diabetic bladder neuropathy. We investigated the hypothesis that the
antioxidant and antiapoptotic effects of CGRP may be partly related to the expression of Nrf2 and HO-1, via the
phosphatidylinositol 3-kinase (PI3K)/AKT pathway, thus reducing apoptosis and oxidative stress responses. This study shows
that CGRP activates the PI3K/AKT pathway, thereby inducing increased expression of Nrf2 and HO-1 and resulting in the
decrease of reactive oxygen species and malondialdehyde levels and reduced neuronal apoptosis. These effects were suppressed
by LY294002, an inhibitor of the PI3K/AKT pathway. Therefore, regulation of Nrf2 and HO-1 expression by the PI3K/AKT
pathway plays an important role in the regulation of the antioxidant and antiapoptotic responses in DRG cells in a high-glucose

culture model.

1. Introduction

The prevalence of diabetes mellitus (DM) has significantly
increased worldwide, accompanied by an increase in the inci-
dence of obesity. Diabetic cystopathy (DCP) is one of the pri-
mary complications of DM in the lower urinary tract (LUT),
and subjects often experience a series of symptoms, charac-
terized by decreased bladder sensation, increased bladder
capacity, impaired bladder contractility, and increased resid-
ual urine [1].

Multiple factors, including neuronal dysfunction, detru-
sor dysfunction, urothelial or urethral dysfunction, and poly-
uria, all contribute to the development of DCP [2, 3]. Dorsal
root ganglia (DRGs) as a primary neuron had been con-
firmed to participate in the pathogenesis of diabetic bladder
dysfunction [4]. However, the molecular mechanism leading
to DCP in neuronal dysfunction remains largely unclear,
although accumulating evidence shows that it is related to
oxidative stress injury [5-7]. This has been confirmed by pre-

vious studies in diabetic rats treated with antioxidants [8, 9].
Meanwhile, various aspects of bladder function, including
maximal bladder volume, bladder pressure, and maximal
bladder pressure, measured by urodynamics, were partly
improved. Bladder dysfunction due to neuronal dysfunction
involves complex and sophisticated interactions among the
somatic and autonomic afferent and efferent pathways. Some
studies have reported a close relationship between diabetes-
induced peripheral neuropathy and bladder dysfunction
[10]. This has been further confirmed by neuromodulation
in the treatment of voiding dysfunction in diabetic rats [11].

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a
key transcription factor that regulates cellular redox homeo-
stasis and has been confirmed to play a neuroprotective role
in cerebral ischemia-reperfusion injury (CIRI) [12]. Heme
oxygenase-1 (HO-1) is believed to participate in the pro-
cess of heme catabolism, directly affecting the antioxidative
balance in the body, and is also regulated by Nrf2 [13].
The PI3-kinase/AKT-mediated pathway is involved in


https://orcid.org/0000-0002-7511-0867
https://orcid.org/0000-0003-3296-5985
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

antioxidant and antiapoptotic activities through Nrf2/HO-
1 in mouse f-cells [14]. Recently, it has been reported that
neurotrophic factors and neurotransmitters may be associ-
ated with the pathogenesis of diabetic bladder dysfunction
and oxidative stress [15]. Calcitonin gene-related peptide
(CGRP) is a 37-amino-acid-long regulatory peptide derived
from the calcitonin gene located on chromosome 11 [16, 17].
We confirmed that the expression of CGRP in the dorsal
root ganglia (DRGs) of the control group was significantly
higher than that in the DM group (unpublished). Some stud-
ies have demonstrated the widespread expression and pro-
tective effect of CGRP in both neurons and cardiomyocytes
[16, 18]. Meanwhile, the experiment suggested that CGRP
plays a pivotal role in the regulation of apoptosis and oxida-
tive stress via the PI3K/AKT pathway [18]. Thus, we specu-
lated that the oxidative stress damage and apoptosis in
neurons play a role in the pathogenesis of diabetic bladder
dysfunction. However, the related mechanism of DRG
injury in high-glucose conditions remains largely elusive.

The main objectives of our study were to demonstrate (1)
the oxidative stress injury of DRGs under high-glucose con-
ditions and (2) the neuroprotective effect of CGRP associated
with increased expression of HO-1 and Nrf2 mediated by the
PI3-kinase/AKT signaling pathway.

2. Materials and Methods

2.1. Animals and Treatment. Female Sprague-Dawley rats
(4-5 weeks old; Nanjing Medical University Animal Labora-
tory, Nanjing, China) weighing 110 + 10 g were provided by
the Animal Laboratory of Nanjing Medical University and
fed a standard rodent diet with access to water ad libitum.
All protocols were performed in accordance with the guide-
lines of Jiangsu Province Animal Research Advisory Com-
mittee for the Care and Use of Laboratory Animals. The
experiments were approved by the Ethics Committee of
Nanjing Medical University. The rats were killed at the same
hour of the day.

2.2. Isolation of DRG Cells. Sprague-Dawley rats were eutha-
nized by cervical dislocation, and DRGs were aseptically col-
lected from L3 to S3 spinal levels. All DRGs were minced into
small pieces and digested with 0.25% trypsin (Sigma-
Aldrich) (10min) and 0.1% collagenase (Sigma-Aldrich)
(3-5min) in DMEM/Nutrient Mixture F12 (Gibco) at 37°C.
After centrifugation, the cells were resuspended in DMEM/-
Nutrient Mixture F12 medium containing 2% B27 (Invitro-
gen, Carlsbad, CA) and 10ng/mL NGF (Sigma-Aldrich, St.
Louis, MO). The cells were seeded in 96-well plates (200 uL
per well), yielding a density of 5x 10* cells/well. The cells
were cultured in a humid incubator at 37°C and 5% CO,,.

2.3. Establishment of a DRG Cell Model. Cultured cells were
exposed to 25, 45, 50, 100, 200, and 400 mmol/L of glucose
following seeding for 24h and 48h. For the cell viability
assays, the concentration of glucose was determined to be
45mmol/L at 48 h. The DRGs were exposed to 45 mmol/L
of glucose and treated with CGRP alone or CGRP+
LY294002 (PI3K/AKT inhibitor, 10 uM). All the above cul-
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tures were incubated at 37°C in a humidified 5% CO,
incubator. The oxidative stress index, which includes a mea-
sure of the reactive oxygen species (ROS), malondialdehyde
(MDA), and superoxide dismutase (SOD) levels, was deter-
mined for the cultured cells.

2.4. Cell Viability Assay. The viability of DRG cells was deter-
mined using the CCK-8 assay (a common method for a cell
viability assay). The CCK-8 kit was purchased from Beyotime
Company (number C0040) and was strictly in accordance
with the manufacturer’s instructions mentioned. Briefly, 4
x 10°> DRG cells were plated in each well of a 96-well plate.
Media (100 L) were added to each well. At 48 h after incuba-
tion, 10 uL of the CCK-8 solution was added to each well and
the plate was incubated for another 2 h. The optical density of
each well was measured at 450 nm using a microplate reader.

2.5. Apoptosis Assay. Flow cytometric analysis was performed
after annexin V-FITC labeling to evaluate cell apoptosis.

The cells pretreated with CGRP for 48 hours were trypsi-
nized and centrifuged at 12,000 g for 3 min at 4°C, followed
by washing with staining buffer, and resuspension in binding
buffer. Cells were stained with annexin V-FITC, followed by
the addition of propidium iodide. Samples were then ana-
lyzed for apoptotic cells using a FACScan instrument.

2.6. Biochemical Assessment. All the SOD (MM-0385R1, pur-
chased from Shanghai Huyu Biotechnology Company) and
MDA (MM-0386R1, purchased from Shanghai Huyu Bio-
technology Company) experimental procedures were strictly
in accordance with the manufacturer’s instructions men-
tioned in the kits. The disrupted cell or tissue lysate was cen-
trifuged at 12,000g for 5min, and the supernatant was
mixed with the detection solution and incubated for
40min at 95°C in a water bath. After cooling, the samples
were centrifuged at 4,000g for 10 min. The optical density
values of each group were measured and recorded at
450 nm with a 1 cm light path.

2.7. Measurement of ROS Production. DRG cells were loaded
with 5umol/L DCFH-DA at 37°C for 30 min. The culture
medium was removed, and the plates were washed three
times with 0.1 mmol/L PBS (pH 7.4, Invitrogen) to remove
the excess DCFH-DA. The fluorescence intensity of the oxi-
dized derivative was analyzed using flow cytometry. The
ROS values of the various treatment groups were calculated
relative to the control cells.

2.8. Western Blotting. Western blotting was used to examine
the expression of AKT, phosphorylated AKT (p-AKT), Nrf2,
and HO-1. Total proteins (20 ug) from each sample were
electrophoresed on a 12% SDS-polyacrylamide gradient gel
and transferred to nitrocellulose membranes (Millipore).
The membrane was blocked with 5% fat-free milk in rinse
buffer for 30 min and incubated for 2h with the following
primary antibodies: AKT antibody (1:1000, Proteintech),
p-AKT antibody (1:1000, Santa Cruz Biotechnology), Nrf-
2 (1:1000 Proteintech), HO-1 (1:500 Proteintech), and
anti-f-catenin (1:1000, Abcam). Next, they were incubated
with an HRP-conjugated secondary antibody (goat anti-
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rabbit IgG 1:5000, Beijing Zhongshan Golden Bridge Bio-
technology Co. Ltd.) and visualized using the enhanced
chemiluminescence (ECL) system (Pierce, Rockford, IL,
USA). B-Actin was used as a reference protein.

2.9. Statistical Analysis. All data are presented as the mean
+ standard error of the mean (SEM). The difference among
groups was analyzed using one-way ANOVA, followed by
two independent sample tests to compare the differences
between the two groups, using the SPSS 22.0 software.
Figures were constructed using GraphPad Prism 5 (Graph-
Pad Software, San Diego, CA). p <0.05 and p <0.01 were
considered to indicate statistically significant differences.

3. Results

3.1. Effect of Glucose Concentration on Cell Viability. The
CCK-8 assay was performed to determine the concentration
range of glucose to be used. A glucose concentration lower
than 200 mmol/L did not affect cell viability in 24 h. Next,
we incubated the cells in the same condition and performed
the CCK-8 assay after 48 h of incubation. Cell viability was
reduced up to a glucose concentration of 45 mmol/L. The cell
viability of DRG cells was reduced in a dose-dependent man-
ner with increasing glucose (Figure 1(a)). Thus, we selected
the moderate glucose concentration (45mmol/L) as the
high-glucose (HG) culture condition. This glucose concen-
tration was similar to that used in previous studies [19, 20].
At the indicated glucose concentration, the cell viability of
DRG cells in the HG+CGRP group was significantly
improved compared to the HG group (p < 0.01). When pre-
treated with LY294002, the HG+CGRP+LY294002 group
showed a marked decrease in cell viability compared to the
HG+CGRP group (p < 0.01) (Figure 1(b)).

3.2. The Effect of CGRP on DRG Cells in Apoptosis. The apo-
ptotic cell numbers for each group are shown in Figures 2(a)
and 2(b). It was observed that the apoptosis of DRG cells in a
high-glucose medium was significantly increased as com-
pared to the control group (p < 0.01), and then it decreased
after CGRP treatment (p <0.01). When pretreated with
LY294002, the apoptosis of DRG cells in the HG+CGRP
+LY294002 group was markedly increased compared to that
in the HG+CGRP group (p < 0.01).

3.3. Measurement of ROS, MDA, and SOD Levels in DRG
Cells. The ROS level in the DRG cells of the HG group
was significantly elevated compared to the control group
(p <0.05), which had a reduced ROS level after CGRP
treatment (p < 0.01). However, treatment with the inhibi-
tor LY294002 continually increased the ROS level in cells
in comparison to treatment with HG+CGRP (p <0.01)
(Figure 3).

The MDA levels were significantly increased in the DRG
cells of the HG group compared to the control group
(p <0.01). After treatment with CGRP, MDA levels were sig-
nificantly decreased in the HG+CGRP group as compared to
the HG group (p < 0.05). However, treatment with LY294002
led to a further increase in the level of MDA compared to
treatment with HG+CGRP (p < 0.01) (Figure 4(a)).

There was no difference in the SOD levels of DRG cells in
the HG group and the control group. However, the SOD
activity was significantly lower in the HG group than in the
HG+CGRP group (p <0.05). The SOD activity was also
markedly reduced in the HG+CGRP+LY294002 group as
compared to that in the HG+CGRP group (p<0.01)
(Figure 4(b)).

3.4. Effects of CGRP on HO-1 and Nrf2 Protein Expression in
DRG Cells. HO-1 is considered to be a heat-shock protein
that plays an important antioxidative and antiapoptotic role
in diabetes [21-23]. To explore how CGRP decreases apopto-
sis in DRG cells in a high-glucose culture medium, we inves-
tigated whether CGRP induces the expression of HO-1.
Figure 5 shows that the expression of HO-1 in the HG group
was remarkably decreased compared to that of the HG
+CGRP group. Pretreatment with LY294002 led to a mark-
edly decreased expression of HO-1 compared to that of the
HG+CGRP group (Figure 5(a)). Nrf2 is considered to be a
regulator of HO-1 expression [24, 25]. Therefore, we next
investigated the expression of Nrf2 in the different groups.
Nrf2 expression in the HG group was markedly decreased
compared to that in the HG+CGRP group. Nrf2 expression
in the HG+CGRP+LY294002 group was markedly reduced
compared to that in the HG+CGRP group (Figure 5(b)).

3.5. PI3K/AKT Signaling Is Involved in the Induction of HO-1
and Nrf2 Expression by CGRP. Finally, we wanted to eluci-
date the signaling pathway responsible for the induction of
Nrf2 and HO-1 expression by CGRP. A previous study dem-
onstrated that PI3K/AKT plays a crucial role in the induction
of HO-1 and Nrf2 in attenuating C6, cardiomyocyte apopto-
sis, and renal cell damage [24, 26, 27]. Therefore, we investi-
gated whether CGRP activates PI3 kinase and observed no
difference in AKT expression among the three groups.
Western blot analysis confirmed that the expression level
of p-AKT was significantly increased in the HG+CGRP
group as compared to the HG group. The results suggested
that, as compared to the HG+CGRP group, the p-AKT
expression level in the HG+CGRP+LY294002 group was
downregulated by pretreatment with the PI3K/AKT inhibi-
tor LY294002 (Figure 5(c)).

4. Discussion

In our present study, we have evaluated the effects of CGRP
on antioxidation and antiapoptosis in a high-glucose cul-
ture model of DRG cells. Our results revealed that CGRP
attenuated the apoptosis of DRG cells induced by oxidative
stress injury by increasing the expression of HO-1 and Nrf2
through the PI3K/AKT pathway. To our knowledge, this is
one of the first studies to report that CGRP decreases the
ROS level in DRG cells in a HG-induced oxidative stress
model. In recent years, increasing evidence has indicated
that CGRP counters oxidative stress, improves bladder
function, and is involved in the antiapoptotic process
in vitro [4, 18, 28]. It has been reported that the polyol
pathway increases advanced glycation end products (AGEs),
hyperglycemia-induced activation of protein kinase C (PKC),
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Ficure 1: (a) High glucose inhibits DRG cell viability. DRG cell viability decreased in a dose-dependent manner with increasing
concentrations of glucose. Dissociated rat DRG cells were cultured in different concentrations of glucose with 10 ng/mL NGF for 24 h and
48h. The cell viability at 24 h with glucose concentrations of 200 mmol/L and 400 mmol/L was significantly decreased compared to the
control (25 mmol/L). At 48h, we found that the cell viability was significantly reduced at all glucose concentrations compared to the
control. *p <0.05, compared to the control; **p < 0.01, compared to the control. (b) Cell viability of DRG neurons in different groups
after 48 h. Treatment with HG, HG+CGRP, and HG+CGRP+LY294002. **p < 0.01, compared to the control; #p <0.05, compared to the

HG group; “*p < 0.01, compared to the HG+CGRP group.

and hexosamine pathway flux, which are found to participate
in the hyperglycemia-induced overproduction of superoxide
[6]. In a previous study, we confirmed that transcutaneous
electrical nerve stimulation (TENS) improves the diabetic
cystopathy (DCP) via upregulation of CGRP and cAMP.
However, the role of CGRP in the pathogenesis of DCP and
the mechanism of CGRP inhibiting the apoptosis of DRG
cells in high-glucose conditions remain largely unclear.
DRG cells have unique anatomical and structural charac-
teristics that make them easily vulnerable to hyperglycemic
damage [29, 30]. In the first part of our study, we provide
strong evidence for the role of hyperglycemia in the develop-
ment of DRG damage. Our results show that DRG damage
begins when the glucose concentration is 45mmol/L at
48h. Meanwhile, the cell viability of DRG gradually
decreased with increasing concentrations of glucose and cell
culture durations. The high-glucose culture condition was

selected to be 45 mmol/L in accordance with previous studies
[19, 20]. However, the minimum glucose concentration
required for apoptosis may be different due to different
experimental conditions. Evidence suggests that DRG cells
cultured in a medium containing elevated (30 mmol/L) glu-
cose concentrations undergo apoptosis in vitro [31]. The
apoptotic percentage of DRG cells was increased and neurite
growth was decreased in a dose-dependent manner with an
increase in the glucose concentration from 0 to 300 mmol/L
above the control concentrations [31]. These results were
partly consistent with ours.

The concept that oxidative stress plays a key role in nerve
injury in diabetes has now been confirmed [2, 7, 32, 33]. The
levels of antioxidant enzymes are considered to be an impor-
tant index in oxidative stress injury. To explore the state of
oxidative stress, we further measured the levels of ROS,
MDA, and SOD.
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FIGURE 2: (a) After 48 h of treatment with HG, HG+CGRP, and HG+CGRP+LY294002, DRG cells were subjected to oxidative stress injury,
and the relative number of annexin V-positive cells was determined using flow cytometry (b) Apoptosis of DRG neurons after HG,
HG+CGRP, or HG+CGRP+LY294002 treatment for 48h. **p < 0.01, compared to the control; **p < 0.01, compared to the HG group;

&&p < 0.01, compared to the HG+CGRP group.

Our report indicates that the levels of ROS and MDA in
DRGs in the HG group were significantly increased as com-
pared to the control. The SOD activity was markedly
decreased in the DRGs of the HG group compared to the
control. Russel et al. suggested that, compared to the expo-
sure at 45 mmol/L glucose, ROS production in DRG cells at
150 mmol/L glucose was significantly increased [34]. This
might confirm that the oxidative stress injury of DRG cells
induced by glucose was associated with the glucose concen-
tration. It has been confirmed by previous studies that
glucose-mediated oxidative stress leads to the injury of
DRG cells [35, 36]. The other finding of this study is that
the treatment of DRG cells with CGRP can inhibit the oxida-
tive stress response. CGRP serves as an antioxidative media-
tor that participates in various diseases [18, 28]. This article
showed that the level of ROS and MDA was reversed by
CGRP in the HG+CGRP group compared to that in the
HG group. Meanwhile, the apoptosis of DRG in the HG
+CGRP group was reduced compared to the HG group. This

was consistent with previous studies showing the application
of antioxidants in preventing DRG neuronal death [19, 37].
But a previous study showed that CGRP cooperated with
substance P to inhibit melanogenesis and induce the apopto-
sis of B16F10 cells. The expression of apoptotic protein was
related to the concentration of CGRP [38]. So we speculated
that the action of CGRP is related to its concentration and
exposure time.

Nrf2 is a master regulator of redox homoeostasis and a
key transcription factor mediating a wide array of antioxi-
dant genes, such as HO-1. HO-1, the downstream target of
Nrf2, was measured in our study to investigate antioxidative
function. The dissociation of the Nrf2-Keap 1 complex,
which is regulated via one or more upstream kinases, includ-
ing PKC, PI3K/AKT, and MAPK, has recently been reviewed
[39-41]. PI3K/AKT is considered to be one of the major
pathways upregulating the activity of Nrf2 [42]. In our study,
we discussed the role of Nrf2 and HO-1 expression and the
antiapoptotic and antioxidative functions of the PI3K/AKT
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FiGure 3: The production of ROS in DRG neurons after HG, HG+CGRP, or HG+CGRP+LY294002 treatment. The positive ratio of ROS
shows the percent apoptosis cells of the total number. *p < 0.05, compared with the control; *p < 0.01, compared to the HG group;
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FIGURE 4: The MDA level (a) and SOD activity (b) in DRG neurons after HG, HG+CGRP, or HG+CGRP+LY294002 treatment for 48 h.
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FiGure 5: CGRP increases the protein expression of HO-1 and Nrf2 in DRG neurons. (a) The expression of HO-1 in DRG neurons with
CGRP and CGRP+LY294002 treatment for 48 h and (b) the expression of Nrf2 in DRG neurons in each group determined by western
blotting. (c) Phosphatidylinositol 3-kinase/AKT pathway-dependent Nrf-2 and HO-1 induction by CGRP. The expression level of AKT
and the phosphorylation of AKT in DRG neurons with CGRP treatment for 48 h. *p < 0.05, compared to the HG group; **p < 0.01,
compared to the HG group; ¥p < 0.01, compared to the HG+CGRP group;**p < 0.05, compared to the HG+CGRP group.

pathway in DRG cells induced by HG. We found that CGRP
activated PI3K/AKT and increased the expression of Nrf2
and HO-1, thereby altering the activity of antioxidant
enzymes, and finally, attenuating the apoptosis of DRG cells.
This result indicated that the PI3K/AKT pathway partially
regulates Nrf-2 expression, which is in accordance with a
prior finding in H9¢2 cardiomyocytes [43]. A similar mecha-

nism was proposed in a study that reported the activation of
the PI3K/AKT pathway by atorvastatin via AKT phosphory-
lation at position Ser473, which then mediated Nrf-2 activa-
tion [25]. Our study suggested that DRGs treated with high
glucose show a marked increase in oxidative stress, as shown
by excessive ROS and MDA production. However, cotreat-
ment with CGRP significantly attenuated oxidative damage



induced by high glucose, as reflected in the augmentation of
SOD activity and the accompanying decrease in MDA and
ROS levels.

5. Conclusions

Collectively, this study is the first to demonstrate that CGRP
modulates oxidative stress injury in the high-glucose-
induced DRG cell model via the activation of the PI3K/AKT
pathway and increases the expression of Nrf2 and HO-1.
CGRP may be useful as an adjuvant therapy for diabetic neu-
ropathy in the future, owing to its antioxidative and antia-
poptotic roles.
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