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Abstract

Iron overload can lead to cytotoxicity, and it is a risk factor for diabetic peripheral neuropathy.
However, the underlying mechanism remains unclear. We conjectured that iron overload-induced
neurotoxicity might be associated with oxidative stress and the NF-E2-related factor 2 (Nrf2)/ARE
signaling pathway. As an in vitro cellular model of diabetic peripheral neuropathy, PC12 cells ex-
posed to high glucose concentration were used in this study. PC12 cells were cultured with ferric
ammonium citrate at different concentrations to create iron overload. PC12 cells cultured in ferric
ammonium citrate under high glucose concentration had significantly low cell viability, a high rate of
apoptosis, and elevated reactive oxygen species and malondialdehyde levels. These changes were
dependent on ferric ammonium citrate concentration. Nrf2 mRNA and protein expression in the fer-
ric ammonium citrate groups were inhibited markedly in a dose-dependent manner. All changes
could be inhibited by addition of deferoxamine. These results indicate that iron overload aggravates
oxidative stress injury in neural cells under high glucose concentration and that the Nrf2/ARE sig-
naling pathway might play an important role in this process.

Key Words

neural regeneration; peripheral nerve injury; iron overload; oxidative stress; diabetic peripheral
neuropathy; reactive oxygen species; high glucose; PC12 cells; Nrf2/ARE; grants-supported paper;
neuroregeneration

Central Hospital, Wuhan
430014, Hubei Province,
China, zhaoshiwuhan@
126.com.

Received: 2013-08-29
Accepted: 2013-11-02
(N201304023)

Acknowledgments: The
authors would like to thank
Xu ZH from the Department
of Endocrinology, Wuhan
Central Hospital, Wuhan,
Hubei Province, China for
assisting with paper editing
and data discussion.

Funding: The study was
supported by the Natural
Science Foundation of Hubei
Province, No.
2010CDB09001.

3423



Zhao S, et al. / Neural Regeneration Research. 2013;8(36):3423-3433.

Author contributions: Zhao
S conceived and directed the
study, revised the
manuscript. Zhang L
designed the study,
conducted the experiments,
analyzed the data, and
drafted the manuscript. Xu
ZH revised the paper. Chen
WQ guided the study and
provided technical support.
All authors approved the final
version of the paper.

Conflicts of interest: None
declared.

Author statements: The
manuscript is original, has
not been submitted to or is
not under consideration by
another publication, has not
been previously published in
any language or any form,
including electronic, and
contains no disclosure of
confidential information or
authorship/patent
application/funding source
disputations.

3424

INTRODUCTION

Diabetic peripheral neuropathy is one of most
common chronic complications induced by
diabetic hyperglycemia, and is associated
with axonal atrophy, blunted regenerative
potential, demyelination, and loss of peri-
pheral nerve fibers™. Although numerous
factors contribute to diabetic peripheral neu-
ropathy, including insulin-induced resistance
to neuronal trophic support?, decreased
(Na/K)-ATP-ase activity™ and Schwann cell
dysfunction™, increased oxidative stress and
mitochondrial dysfunction seem intimately
associated with nerve dysfunction and dimi-
nished regenerative capacity. Oxidative
stress and apoptosis have been found to play
crucial roles in diabetic peripheral neuropa-
thy®®. Under hyperglycemia, large amounts
of reactive oxygen species are produced by
the mitochondrial respiratory chain, and
neuronal apoptosis is increased™. Despite
advances in understanding the etiology of
diabetic peripheral neuropathy, few approved
therapies exist for the pharmacological
management of the disease. Therefore,
identifying novel therapeutic strategies re-
mains paramount.

Iron is ubiquitous in cells and is essential for
biological functioning. Normal iron balance is
maintained by meticulous regulation of its
absorption from the intestine and release
from macrophages. It is modulated in re-
sponse to requirement from body iron stores
and demand from erythropoiesis to prevent
deleterious extremes of iron deficiency or
excess®. However, without adequate man-
agement, excess amounts of free iron may
cause progressive damage. In recent years,
there has been increasing interest in brain
iron metabolism during normal ageing, par-
ticularly as excessive iron deposition has
been found in neurological disorders™. Iron
overload is also a risk factor for diabetes. The
link between iron and diabetes was first rec-
ognized in pathologic conditions (hereditary
hemochromatosis and thalassemia), but high

levels of dietary iron also confer diabetes risk.

Iron plays a direct and causal role in diabetes
pathogenesis, which involves both 3 cell fail-

ure and insulin resistance. Iron also regu-
lates metabolism in most tissues involved in
energy homeostasis, with the adipocyte in
particular having an iron- sensing role. The
molecular mechanisms underlying these
processes are numerous and incompletely
understood, but include oxidative stress and
the modulation of adipokine and intracellular

signal transduction pathways™.

A large body of evidence shows that iron
overload is closely related to diabetes mel-
litus as well as its chronic complications™**!;
oxidative stress and inflammatory factors
may play a pivotal role in this relationship™®.
However, there is no direct evidence on
whether abnormal iron metabolism is related
to diabetic neuropathy.

In this study, we made use of a cellular
model of diabetic peripheral neuropathy
using PC12 cells exposed to high glucose
concentration, and examined cell viability
and apoptosis under iron overload. We
measured the levels of reactive oxygen
species and malondialdehyde, and the ex-
pression of the transcriptional activator
NF-E2-related factor 2 (Nrf2).

RESULTS

Iron overload aggravated high glucose
concentration-induced neurotoxicity in
PC12 cells

Hyperglycemia was recently shown to in-
duce oxidative stress and generate reactive
oxygen species in neurons, resulting in
neuronal damage and dysfunction™™. In
addition, high glucose induced oxidative
damage in PC12 cells™®. Thus, we gener-
ated a cell culture model of diabetic peri-
pheral neuropathy by culturing PC12 cells in
high glucose (25 mmol/L). Iron overload was
created by exposure to ferric ammonium
citrate™. To determine the appropriate ex-
perimental concentration of ferric ammo-
nium citrate, PC12 cells cultured under high
glucose (25 mmol/L) were exposed to 12
different concentrations of the compound (0O,
12.5, 25, 50, 100, 200, 300, 400, 500, 600,
700, 800 umol/L) for 24 hours.
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The 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium
bromide (MTT) assay was used to assess PC12 cell
growth inhibition. Ferric ammonium citrate inhibited the
growth of PC12 cells in a concentration-dependent
manner (Figure 1A). The degree of growth inhibition
could be divided into three phases according to ferric
ammonium citrate concentration—the initial phase (less
than 50 ymol/L), the rapid rising phase (50—-200 pmol/L),
and the plateau phase (more than 200 pumol/L). The
growth inhibitory effect was statistically significant when
the 25, 100 and 400 pmol/L treatment doses were com-
pared with each other (P < 0.05 or P < 0.01). Hence, we

chose these three concentrations of ferric ammonium
citrate for use in the subsequent experiments.

Deferoxamine is a chelating agent used to remove
excess free iron from the body. Therefore, we examined
the effect of deferoxamine on our cell culture model of
diabetic peripheral neuropathy. After PC12 cells were
exposed to high glucose (25 mmol/L) for 24 hours, ferric
ammonium citrate and/or deferoxamine were added
and the cells were cultured for an additional 24, 48 or
72 hours, and cell viabilty was assessed (Figure
1B-D).
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Figure 1 PC12 cell growth and viability were inhibited by ferric ammonium citrate (FAC) and rescued by deferoxamine (DFO)
(3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide assay).

(A) The growth inhibition ratio of PC12 cells after FAC treatment. Cells were exposed to 12 different concentrations of FAC (0,
12.5, 25, 50, 100, 200, 300, 400, 500, 600, 700 and 800 pmol/L) under high glucose (25 pmol/L) for 24 hours. The cell viability
of PC12 cells after 24 hours (B), 48 hours (C) and 72 hours (D) of culture. Cell morphology of PC12 cells at 48 hours showing
that cells subjected to high glucose and/or FAC treatment failed to extend long neurites compared with the normal glucose
concentration group. Deferoxamine protected PC12 cells by promoting neurite growth and cell proliferation(E).

(A-D) All data are the percentage to control PC12 cells without supplementation with glucose, FAC or DFO. Data are shown as
mean + SD from triplicate experiments. One-way analysis of variance was adopted for multiple-group comparison; two-tailed
Student's t-test was used for intergroup comparison. 2P < 0.05, vs. HGG; °P < 0.01, vs. 25 umol/L FAC group; °P < 0.01, vs.
100 pmol/L FAC group; %P < 0.01, vs. 400 umol/L FAC group.

NGG: Normal glucose concentration group; HGG: high glucose concentration group; FAC25: 25 umol/L FAC group; FAC100:
100 pmol/L FAC group; FAC400: 400 pmol/L FAC group; FAC + DFO: 400 ymol/L FAC + 200 umol/L DFO group.
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Interestingly, our data showed that cell viability in the
high glucose concentration group was significantly higher
than in the normal glucose concentration group 24 hours
after adding the drug (P < 0.05), but there was no signif-
icant difference at 48 or 72 hours (P > 0.05). Irrespective
of how long PC12 cells were cultured (24, 48 or 72
hours), cell viability after ferric ammonium citrate treat-
ment was significantly lower than in the high glucose
concentration group (P < 0.05). At higher ferric ammo-
nium citrate concentrations, there was a statistically
higher toxicity compared with the lower doses (P < 0.05).
Furthermore, compared with the 400 ymol/L ferric am-
monium citrate group, the ferric ammonium citrate + de-
feroxamine group had significantly higher cell viability
(P < 0.01). These results indicate that deferoxamine

rescues PC12 cells under iron overload and high glucose.

PC12 cells subjected to high glucose and/or ferric am-
monium citrate treatment failed to extend long neurites
compared with the normal glucose concentration group.
Deferoxamine protected PC12 cells by promoting neurite
growth and cell proliferation (Figure 1E).

To further evaluate the neurotoxicity of ferric ammonium
citrate, annexin V-FITC/PI staining and flow cytometry
analysis were performed to assess apoptosis in PC12
cells (Figure 2). Similar to the cell viability results, the

apoptosis rate in the normal glucose concentration group
was significantly higher than that in the high glucose
concentration group 48 hours after adding the iron com-
pound (P < 0.05). The apoptosis rates in PC12 cells cul-
tured for 48 hours in the three different ferric ammonium
citrate concentrations were significantly higher than the
apoptosis rate in the high glucose concentration group
(P < 0.05). In addition, the apoptosis rate in PC12 cells
rose in tandem with increasing ferric ammonium citrate
concentration. Compared with the 400 ymol/L ferric am-
monium citrate group, ferric ammonium citrate combined
with deferoxamine significantly reduced the apoptosis rate
(P < 0.01), indicating that deferoxamine inhibits neurotox-
icity by chelating excess iron extracellularly.

Iron overload increased intracellular reactive oxygen
species and malondialdehyde levels in PC12 cells

To determine whether iron overload induced apoptosis
via oxidative stress, reactive oxygen species and ma-
londialdehyde levels in PC12 cells were measured after
treatment with ferric ammonium citrate and/or deferox-
amine for 48 hours (Figure 3). Compared with the normal
glucose concentration group, the reactive oxygen spe-
cies and malondialdehyde levels were significantly high-
er in the high glucose concentration group (P < 0.01 or P

< 0.05).
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Figure 2 Apoptosis rate was increased by ferric ammonium

citrate (FAC) and decreased by deferoxamine (DFO) in PC12
cells after 48 hours of culture (annexin V-FITC/PI staining and
flow cytometry).

(A) Apoptosis rate of PC12 cells in the six groups was
measured by annexin V-FITC/PI staining and flow cytometry.
X-axis: The number of cells positive for annexin V-FITC
staining; Y-axis: the number of propidium iodide-stained cells.
First quadrant: Annexin V-FITC and propidium iodide
double-stained cells, representing late apoptotic cells. Second
guadrant: Annexin V-FITC-negative and propidium
iodide-positive cells, representing necrotic cells. Third
guadrant: Annexin V-FITC-negative and propidium
iodide-negative cells, representing normal cells. Fourth
guadrant: Annexin V-FITC-positive and propidium
iodide-negative cells, representing early apoptotic cells. (B) A
histogram of the apoptosis rate of PC12 cells in the different
groups. FAC increased apoptosis rate in a
concentration-dependant manner. DFO rescued the
neurotoxicity caused by FAC.

Data are shown as mean + SD from triplicate experiments.
One-way analysis of variance was adopted for multiple- group
comparison. Two-tailed Student’s t-test was used for
intergroup comparison. ®P < 0.05, vs. HGG; PP <0.01, vs. 25
pmol/L FAC group; °P < 0.01, vs. 100 umol/L FAC group; P <
0.01, vs. 400 pmol/L FAC group.

NGG: Normal glucose concentration group; HGG: high
glucose concentration group; FAC25: 25 ymol/L FAC group;
FAC100: 100 pmol/L FAC group; FAC400: 400 umol/L FAC
group; FAC + DFO: 400 pmol/L FAC + 200 pymol/L DFO group.
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Figure 3 Reactive oxygen species (ROS) and malondialdehyde (MDA) levels were increased by ferric ammonium citrate
(FAC) and decreased by deferoxamine (DFO) in PC12 cells after 48 hours of culture (flow cytometry).

(A) ROS level was significantly higher in FAC groups under high glucose concentration compared to HGG. ROS level was
(B) MDA index was significantly increased in FAC groups under high glucose concentration compared to HGG. MDA index was

Data are shown as mean + SD from triplicate experiments. One-way analysis of variance was adopted for multiple-group
comparison. Two-tailed Student’s t-test was used for intergroup comparison. P < 0.05, vs. HGG; °P < 0.05, vs. 25 pymol/L FAC
group; °P < 0.05, vs. 100 umol/L FAC group; “P < 0.05, vs. 400 pmol/L FAC group.

NGG: Normal glucose concentration group; HGG: high glucose concentration group; FAC25: 25 pmol/L FAC group; FAC100:
100 umol/L FAC group; FAC400: 400 umol/L FAC group; FAC + DFO: 400 umol/L FAC + 200 umol/L DFO group.
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Reactive oxygen species and malondialdehyde levels
were significantly higher in the ferric ammonium citrate
groups compared with the high glucose concentration
group (P < 0.01 or P <0.05). These levels rose in parallel
with increasing ferric ammonium citrate concentration.
Malondialdehyde and reactive oxygen species levels in
the ferric ammonium citrate + deferoxamine group were
significantly lower than those in the 400 umol/L ferric
ammonium citrate group (P < 0.05).

Iron overload inhibited Nrf2 expression in PC12 cells
To explore whether the Nrf2/ARE signaling pathway par-
ticipates in oxidative stress induced by iron overload in
PC12 cells, we analyzed Nrf2 mRNA expression using
real-time PCR and Nrf2 protein expression using western
blot assay.

The amplification curves for the quantitative real-time
PCR were smooth, and each curve had a significant
exponential amplification period (data not shown), in-

dicating that the assay could be used for the experiment.

The amplification efficiency of the target and reference
genes were consistent. Thus, the 27 method could
be used for the relative quantification of mMRNA. Com-
pared with the normal glucose concentration group,
Nrf2 mRNA expression in the high glucose concentra-
tion group was significantly lower (P < 0.05; Figure 4A).
Nrf2 mRNA levels in the ferric ammonium citrate groups
(100 and 400 pmol/L, but not 25 pmol/L) were signifi-
cantly lower than in the high glucose concentration
group, and the reductions in expression were dose-
dependent (P < 0.05; Figure 4A). In PC12 cells treated

with ferric ammonium citrate and deferoxamine, ex-
pression of Nrf2 mRNA was relatively higher. The dif-
ference was statistically significant when compared with
the 400 umol/L ferric ammonium citrate group (P < 0.05;
Figure 4A).

Western blot analysis was used to determine the levels of
Nrf2 protein (Figure 4B). PC12 cells in the high glucose
concentration group had reduced Nrf2 protein expression
compared with the normal glucose concentration group (P
< 0.05; Figure 4C). Furthermore, we found that the relative
protein levels of Nrf2 in PC12 cells were significantly de-
creased by ferric ammonium citrate treatment (25, 100,
and 400 pmol/L) compared with the high glucose concen-
tration group (P < 0.05; Figure 4C). The relative protein
level of Nrf2 was significantly decreased by 400 umol/L
ferric ammonium citrate treatment compared with the 25
pmol/L ferric ammonium citrate group (P < 0.05; Figure
4C). Similar to its effect on Nrf2 mRNA expression, defe-
roxamine treatment resulted in higher Nrf2 protein ex-
pression (in the ferric ammonium citrate + deferoxamine
group compared with the 400 pmol/L ferric ammonium
citrate group; P < 0.05; Figure 4C).

DISCUSSION

The pathogenesis of diabetic peripheral neuropathy is
complex and involves an intricate web of mechanisms.
The majority of studies have focused on glucose and
lipid metabolism disorders, oxidative stress, apoptosis
and autoimmune dysfunction.
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Figure 4 Iron overload inhibits NF-E2-related factor 2 (Nrf2) expression in PC12 cells after 48 hours of culture.

(A) Quantification of Nrf2 mRNA in PC12 cells in the different groups as shown by quantitative PCR. 3-Actin mRNA served as
an internal standard. The relative levels of Nrf2 mRNA were analyzed using the comparative threshold cycle method (2

(B) Western blot assay results showing Nrf2 protein expression in PC12 cells. Nrf2 protein level is expressed as the

(C) Immunofluorescence microscopy on PC12 cells showing that Nrf2 localizes both in the cytoplasm and nucleus, and that it
is primarily localized in the nucleus in the NGG and HGG. In the 400 pmol/L FAC group, the fluorescence intensity was reduced
and labeling was dispersed. Deferoxamine promoted the expression of Nrf2 in the FAC + DFO group.

(A, B) Data are shown as mean + SD from triplicate experiments. One-way analysis of variance was adopted for multiple-group
comparison. Two-tailed Student’s t-test was used for intergroup comparison. ?P < 0.05, vs. HGG; °P < 0.05, vs. 25 umol/L FAC
group; °P < 0.05, vs. 100 pymol/L FAC group; “P < 0.05, vs. 400 umol/L FAC group.

NGG: Normal glucose concentration group; HGG: high glucose concentration group; FAC25: 25 uymol/L FAC group; FAC100:
100 umol/L FAC group; FAC400: 400 umol/L FAC group; FAC + DFO: 400 pmol/L FAC + 200 pmol/L DFO group.
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Numerous studies??” have shown that oxidative
stress plays a major role in the disease, and have im-
plicated the polyol pathway, microangiopathy, ad-
vanced glycation end product formation, protein kinase
C pathway activation, and the hexosamine biosynthetic
pathway.

Oxidative stress induced by iron overload is a major
contributor to neural cell injury?®. In vitro experiments
have shown that neural cells cultured with high concen-
trations of iron (= 10 umol/L) die in large quantities after 7
days because of oxidative stress®. In diabetic rats, both
motor and sensory nerve conduction velocities in the
sciatic nerve can be restored by adding deferoxamine in
the diet, and the drug was found to increase endoneurial
blood flow?*%,

3428

The PC12 cell is often used as a neuron model because
of its characteristic neuronal features. PC12 cells ex-
posed to high glucose are often employed as in vitro
model of diabetic peripheral neuropathy®®. Therefore, in
this study, we investigated the effect of iron overload on
oxidative stress in diabetic peripheral neuropathy using
this PC12 cell model. Here, we found that iron overload
(induced with ferric ammonium citrate) inhibited the
growth of PC12 cells, induced apoptosis, increased the
levels of reactive oxygen species and malondialdehyde,
and reduced the expression of Nrf2. It is interesting that
the viability of PC12 cells in the high glucose concentra-
tion group was higher than in the normal glucose con-
centration group after 24 hours in culture. Concomitantly,
the apoptotic rate was decreased in the high glucose
concentration group compared with the normal glucose
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concentration group at 24 hours of culture. We speculate
that stress caused by 25 mmol/L glucose protects cells
acutely, but is toxic in the long term. This is supported by
another study which showed that short pretreatment with
high glucose protects H9c2 cells against hypoxia®”. In
this study, cell viability and apoptotic rate were not sig-
nificantly different between the high glucose concentra-
tion and normal glucose concentration groups at 48 or 72
hours. Although the findings support our notion, further
study is required to clarify how glucose protects cells in
the short term.

Global clinical data and epidemiological investigations
show that there is an intimate relationship between in
vitro iron overload and diabetes mellitus (type 1, type 2 or
gestational diabetes mellitus) and its chronic complica-
tions®?4. Hereditary hemochromatosis is a typical ex-
ample of iron overload leading to diabetes. Iron overload
results in apoptosis of pancreatic beta cells, which re-
sults in reduced insulin secretion. Furthermore, liver iron
deposition can cause insulin resistance, impairing glu-
cose tolerance. Bloodletting therapy can reverse pan-
creatic islet injury in patients with diabetes mellitus.
Another study found that therapeutic bloodletting alle-
viates glucose metabolism disorder in 35-45% of here-
ditary hemochromatosis patients®®.

Accumulating evidence indicates that iron overload plays
a pathological role in diabetic complications®". It has
been recognized that in diabetic patients, compensatory
mechanisms are impaired by hyperglycemia or hyperli-
pidemia, which makes tissues and organs more sus-
ceptible to oxidative stress injury®>*". Therefore, com-
plications, including macrovascular and microvascular
disorders (cardiomyopathy, neuropathy, retinopathy,
nephropathy) and vascular dysfunction (arteriosclerosis
and hypertension), may be enhanced in diabetic patients
with increased serum and organ iron. Indeed, studies
indicate that reduction of serum ferritin levels is beneficial
for delaying or preventing cardiovascular complications
in diabetic patients®,

It is known that iron overload causes oxidative stress.
The toxicity of iron is mediated by the Fenton reaction,
Fe?*+ H,0,—~Fe*+OH-+OH", in which the reaction be-
tween iron and hydrogen peroxide generates the highly
toxic hydroxyl radical (OH-)*?. Free radicals can damage
biological macromolecules (such as lipids, DNA and
protein), produce extensive cellular oxidative stress in-
jury, and induce tissue destruction. Both in vitro and in
vivo studies show that an increase in iron content can
aggravate lipid peroxidation, leading to neuronal apopto-

sis. An increase in reactive oxygen species is a direct
index of oxidative stress, and malondialdehyde is a major
product of lipid peroxidation within cells, and can reflect
the degree of lipid peroxidation. Therefore, reactive
oxygen species and malondialdehyde are representative
indexes of oxidative stress damage. This study showed
that after iron is overloaded in PC12 cells with ferric
ammonium citrate, the levels of reactive oxygen species
and malondialdehyde in the ferric ammonium citrate
groups increased prominently in a dose-dependent
manner compared with the high glucose concentration
group. Their levels decreased substantially when iron
was removed with deferoxamine. This demonstrates that
iron overload is responsible for the increased levels of
reactive oxygen species and malondialdehyde. Some
studies have shown that neuronal apoptosis underlies
diabetic neurological disorder and damage™”. Along with
the increase in iron concentration, oxidative stress within
cells increases rapidly, leading to a reduction in cell via-
bility and a gradual enhancement of apoptotic rate, which
is the result of iron overload-induced injury.

Nrf2, a member of the basic leucine zipper protein family,
is strongly associated with oxidative stress™. Under
normal physiological conditions, Nrf2 is bound to and
negatively regulated by Keapl. Nrf2 dissociates from
Keapl during oxidative stress and activates the tran-
scription of genes containing an ARE, which participate
in multiple antioxidative and detoxification reactions.
These genes include glutathione S transferases, cata-
lase and superoxide dismutase. This increases resis-
tance to oxidative stress and protects cells against in-
jury™?. However, if the expression of Nrf2 is obstructed,
resistance to oxidative stress will diminish, leading to cell
dysfunction or death. A previous study showed that the
localization and levels of Nrf2 are dependent on a bal-
ance maintained by a nuclear localization sequence and
a nuclear export sequence rich in leucine. This balance
is broken during oxidative stress, leading to a decrease
in Nrf2 levels™®. The abnormal expression of Nrf2 is as-
sociated with diabetes. Accumulating data show that the
Nrf2/ARE pathway can influence the pathogenesis of
diabetes by regulating antioxidase expression. Zheng et
al " 'showed that dietary therapy with activators of Nrf2
ameliorates the metabolic disorder in diabetic rats and
alleviates renal damage caused by diabetes.

In the present study, we examined the effect of iron
overload on Nrf2 expression in nerve cells under high
glucose conditions, and tested whether iron overload
aggravates oxidative stress in nerve cells by suppressing
the Nrf2/ARE pathway. Results demonstrated that Nrf2
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MRNA and protein expression in the high glucose con-
centration group was significantly lower than in the nor-
mal glucose concentration group, suggesting that the
Nrf2/ARE signaling pathway is inhibited in nerve cells
under high glucose conditions. This, in turn, increases
intracellular oxidative stress injury. These findings dem-
onstrate that there is a close relationship between the
abnormal expression of Nrf2 and the development of
diabetes. This study also suggests that with increasing
iron concentration, the expression of both Nrf2 mRNA
and protein diminish, and that Nrf2 levels increase after
removing the iron, which shows a strong relationship
between iron overload and Nrf2. Iron overload likely
leads to reduced Nrf2 levels in cells, which enhances the
sensitivity of PC12 cells to oxidative stress and leads to
pathological damage and apoptosis. In short, iron over-
load in PC12 cells significantly increases oxidative stress,
which results in cellular damage and apoptosis. Taken
together, the results of this study provide support for a link
between diabetic neuropathy, iron metabolic disorder, and
oxidative stress. Our data suggest that iron overload may
lead to diabetic peripheral neuropathy through oxidative
stress, and that Nrf2 is involved in this process. Our find-
ings provide insight into the mechanisms underlying di-
abetic peripheral neuropathy and should facilitate the de-
velopment of novel therapeutic strategies (for example,
iron-removal therapy) for this disease.

MATERIALS AND METHODS

Design
A comparative observational, controlled, molecular, in
vitro study.

Time and setting

All experiments were performed at the Central Labora-
tory, Wuhan Central Hospital, China from May to De-
cember 2012.

Materials

PC12 cells were provided by Department of Neurobiology,
College of Basic Medicine, Tongji Medical College, Hua-
zhong University of Science and Technology, China. Ferric
ammonium citrate was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Deferox-
amine was purchased from Novartis (Basel, Switzerland).

Methods

PC12 cell culture

PC12 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Hyclone, Logan, UT, USA) supple-
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mented with 10% fetal bovine serum, 100 U/mL penicillin
and 100 pg/mL streptomycin in a 5% CO, incubator at
37°C and saturated humidity. The medium was changed
every 3 days. After incubating for 24 hours, cells took on
the characteristics of nerve cells and adhered to the
culture flask. Cells were passaged at 80% confluence
with 0.08% trypsin. All the cells used in this experiment
were in the logarithmic phase of growth. To determine
the appropriate experimental dose of ferric ammonium
citrate, cells cultured under high glucose conditions were
exposed to 12 different concentrations of ferric ammo-
nium citrate—O0, 12.5, 25, 50, 100, 200, 300, 400, 500,
600, 700 and 800 umol/L—for 24 hours.

Grouping and treatments

PC12 cells were assigned to six different groups: (1)
normal glucose concentration group: PC12 cells were
incubated with a normal glucose concentration
(5.6 mmol/L) in DMEM containing 10% fetal bovine se-
rum for 24, 48 or 72 hours; (2) high glucose concentra-
tion group: PC12 cells were cultured in a high glucose
concentration (25 mmol/L) in DMEM supplemented with
10% fetal bovine serum for 24, 48 or 72 hours; (3)
25, 100, or 400 ymol/L ferric ammonium citrate: PC12
cells were incubated with different concentrations of fer-
ric ammonium citrate (25, 100 or 400 uymol/L) for 24, 48
or 72 hours after exposure to a high glucose concentra-
tion (25 mmol/L) culture medium for 24 hours; (4) ferric
ammonium citrate + deferoxamine group: PC12 cells
were incubated in a final concentration of 400 pmol/L
ferric ammonium citrate and 200 pmol/L deferoxamine
for 24, 48 or 72 hours after exposure to a high glucose
concentration (25 mmol/L) culture medium for 24 hours.

MTT assay for PC12 cell viability

The cells were seeded in 96-well culture plates at a den-
sity of 1 x 10°%L, 100 uL/well. Each group consisted of
three wells. After PC12 cells were given the relevant drug
treatment, MTT (5 g/L; Guge, Wuhan, Hubei Province,
China) was added into each well and cells were incubated
at 37°C for an additional 4 hours. Supernatant was dis-
carded and dimethyl sulfoxide was added (100 uL/well) to
dissolve the formazan product. Absorbance was meas-
ured at 570 nm with a microplate reader (Tecan Group Ltd,
Mannedorf, Switzerland). The cell viability was calculated
as follows: (absorbance of experimental
group—absorbance of blank group) / (absorbance of high
glucose concentration group—absorbance of blank group)
x 100%.

Annexin V-FITC/PI flow cytometry for PC12 cell
apoptosis
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Cells were harvested and resuspended at a density of
1 x 10° cells/L and incubated in 6-well culture plates.
After 24 hours, PC12 cells adhered to the flask and the
relevant drug treatments were provided to the six differ-
ent experimental groups, and 48 hours later, cells were
incubated in the dark with 5 uL Annexin V-FITC (Beyo-
time Institute of Biotechnology, Nanjing, Jiangsu Prov-
ince, China) and 10 pL propidium iodide (Beyotime In-
stitute of Biotechnology) at room temperature for 15 mi-
nutes®”. The samples were analyzed with a flow cyto-
meter (BD Biosciences, Franklin Lakes, NJ, USA). Each
group had three samples. A total of 1 x 10* cells were
counted and analyzed using Win MDI2.8 software
(Scripps Institute, West Lafayette, IN, USA).

Measurement of intracellular reactive oxygen
species and malondialdehyde levels

To determine whether iron overload increased intracel-
lular accumulation of reactive oxygen species and ma-
londialdehyde, reactive oxygen species levels were es-
timated using 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA; Beyotime Institute of Biotechnology)“®. In
the presence of reactive oxygen  species,
2'7'-dichlorofluorescin is rapidly oxidized to fluorescent
2'7'-dichlorofluorescein. Flow cytometry was used to
measure the fluorescence intensity. The mean of the
fluorescence intensity in cells reflects reactive oxygen
species level. Malondialdehyde content was measured
using the thiobarbituric acid assay according to the in-
structions in the kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, Jiangsu Province, China). The cells
were incubated with DCFH-DA (10 pmol/L) in the dark at
37°C for 30 minutes, and then washed three times with
PBS and resuspended in a final volume of 500 uL PBS.
Subsequently, flow cytometry was used to measure the
fluorescence intensity. Malondialdehyde index = (absor-
bancedetection tube - absorbancedetection blank
wbe)/(ADSOrbanCesandard whe — ADSOrbaNCEstandard biank woe)- A
total of 10 000 cells from each sample were meas-
ured. The excitation filter was set at 488 nm and the
emission filter at 525 nm.

Real-time PCR for Nrf2 mRNA expression

Cells were harvested from each group to extract total
RNA. Total RNA was isolated from cells using Trizol
Reagent (Invitrogen, Carlsbad, CA, USA). An ultraviolet
spectrophotometer (Beckman, Brea, CA, USA) was used
to measure the absorbance ratio (Azsonm/2gonm) Which
ranged between 1.80 and 2.00. According to the cDNA
synthesis kit (Toyoba, Osaka, Japan), total mMRNA was
reverse transcribed into single-stranded cDNA, and the
target gene and B-actin, used as an internal standard,

were amplified. Reverse transcription reaction conditions
were 42°C, 30 minutes; 80°C, 5 minutes. Primers for
Nrf2 and B-actin were designed and synthesized (Invi-
trogen). The sequences are shown in Table 1. Real-time
PCR conditions were as follows: pre-denaturation at
95°C for 1 minute; denaturation at 95°C for 15 seconds,
annealing at 58 °C for 20 seconds and extension at 72°C
for 20 seconds (40 cycles); extension at 72°C for
10 minutes. Finally, the solubility curve was drawn. De-
tection of each sample was repeated twice, and the rela-
tive content of Nrf2 mRNA was analyzed using the

comparative threshold cycle method (274%).
Table 1 Primer sequences
Primer Sequence Length (bp)
Nrf2 Upstream: 5-~AGA CAAACA TTC AAG 195
CCG ATT AGA G-3'
Downstream: 5-TTATTC TTC CCT CTC
CTG CGT AT-3'
B-Actin  Upstream: 5'-CGT TGA CAT CCG TAA 110
AGA CCT C-3'
Downstream: 5'-TAG GAG CCA GGG
CAG TAATCT-3'

Western blot assay for Nrf2 protein expression

Total protein from PC12 cells was extracted using the
Protein Extraction Kit (Invitrogen). Protein concentra-
tions were determined using the Bradford method™”,
employing a Universal Microplate Reader (Bio-Rad,
Hercules, CA, USA) at 595 nm. A total of 25 ug protein
from each sample was resolved with sodium dodecyl
sulfate polyacrylamide gel electrophoresis, transferred
to a polyvinylidene difluoride membrane (Millipore,
Billerica, MA, USA), blocked, incubated in primary
rabbit anti-Nrf2 monoclonal antibody (1:400; ab54364,
Abcam, Cambridge, UK) and goat anti-p-actin polyc-
lonal antibody (1:500; ab8229, Abcam) overnight at
4°C. After washing with PBS three times, the mem-
brane was incubated with horseradish perox-
idase-conjugated secondary goat anti-rabbit 1gG
(1:3 000; AB21-K, Millipore) or rabbit anti-goat 1gG
(1:5 000; SC-2768, Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) for 30 minutes at room temper-
ature. The antibody-reactive bands were visualized
with X-ray film, and band absorbance values were
calculated with Alpha Software 5.0 software (Alpha
Technologies Inc., Bellingham, WA, USA).

Immunofluorescence

PC12 cells were fixed for 10 minutes with 4% parafor-
maldehyde/ PBS and blocked in 4% normal goat serum
(NGS)/PBS/0.1% Triton-X for 30 minutes at room tem-
perature, then incubated with Nrf2 antibody diluted in 4%
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NGS/PBS overnight at 4°C. Cells were washed three
times with PBS and then incubated with Alexa
488-conjugated secondary antibody (Jackson Immuno-
Research, Lancaster, Pennsylvania, United States; 1:500)
diluted in 4% NGS/PBS for 30 minutes at 4°C, and then
subjected to immunofluorescence microscopy. Light mi-
crographs were taken using a Zeiss microscope (Axio-
vert 200 MOT, Oberkochen, Germany).

Statistical analysis

All experimental data were provided as mean + SD and
analyzed using SPSS 17.0 software (SPSS, Chicago, IL,
USA). One-way analysis of variance was adopted for
multiple-group comparisons. Two-tailed Student’s t-test
was used for intergroup comparison. A level of P < 0.05
was considered statistically significant.

Research background: Numerous studies have shown that
iron overload is strongly associated with diabetes mellitus and
its chronic complications. Oxidative stress and inflammatory
factors play an important role in this relationship.

Research frontiers: If iron steady-state levels are perturbed,
excessive free iron may lead to progressive damage to the body.
Clinical significance: Our results indicate that iron overload
aggravates oxidative stress injury in neural cells, and this dam-
age can be alleviated by expelling excess iron from PC12 cells.
The interaction between iron overload and high glucose may play
a major role in the pathogenesis of diabetic neuropathy.
Academic terminology: Iron overload is a serious chronic
condition that develops when the body absorbs too much iron
and excess iron builds up in organs, tissues and/or cells.

Peer review: The authors in this paper analyzed the role of
iron toxicity in the presence of high glucose, which is very
interesting. After analyzing the impact on cell survival and
apoptosis, the authors went on to analyze markers of oxida-
tive stress, and they investigated the underlying mechanisms.
This study adds new knowledge to the field of diabetic peri-
pheral neuropathy.
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