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A B S T R A C T

Diabetes mellitus is one of the most common chronic diseases in the United States and peripheral neuropathy
(PN) affects at least 50% of diabetic patients. Medications available for patients ameliorate symptoms (pain), but
do not protect against cellular damage and come with severe side effects, leading to discontinued use. Our
research group uses differentiated SH-SY5Y cells treated with advanced glycation end products (AGE) as a model
to mimic diabetic conditions and to study the mechanisms of oxidative stress mediated cell damage and anti-
oxidant protection. N-acetylcysteine (NAC), a common antioxidant supplement, was previously shown by our
group to fully protect against AGE-induced damage. We have also shown that 3H-1,2-dithiole-3-thione (D3T), a
cruciferous vegetable constituent and potent inducer of nuclear factor (erythroid-derived 2)- like 2 (Nrf2), can
significantly increase cellular GSH concentrations and protect against oxidant species–induced cell death.
Paradoxically, D3T conferred no protection against AGE-induced cell death or neurite degeneration. In the
present study we establish a mechanism for this paradox by showing that D3T in combination with AGE in-
creased oxidant species generation and depleted GSH via inhibition of glutathione reductase (GR) activity and
increased expression of the NADPH generating enzyme glucose-6-phosphate dehydrogenase (G6PD). Blocking
NADPH generation with the G6PD inhibitor dehydroepiandrosterone was found to protect against AGE-induced
oxidant species generation, loss of viability, and neurite degeneration. It further reversed the D3T potentiation
effect under AGE-treated conditions. Collectively, these results suggest that strategies aimed at combating oxi-
dative stress that rely on upregulation of the endogenous antioxidant defense system via Nrf2 may backfire and
promote further damage in diabetic PN.

1. Introduction

Diabetes mellitus, a disease hallmarked by hyperglycemia, is one of
the most common chronic diseases worldwide with new diagnoses on
an upward trajectory. By some estimates, 30.3 million Americans live
with diabetes [1]. The high incidence of diabetes poses both a public
health as well as a financial concern. Direct annual medical costs for
diabetes treatment in recent years has reached $176 billion [2].
Therefore, there has been growing interest in identifying new and easily
accessible preventive compounds that may alleviate diabetic health

complications.
Peripheral neuropathy (PN) is one of the most common health

complications in type 1 and 2 diabetics, with oxidative stress implicated
as a major contributor to diabetes-induced PN [3]. An underlying cause
of oxidative stress-induced complications in diabetes, including PN, is
the accumulation of Advanced Glycation End Products (AGEs) in cir-
culation and tissues [4–8]. The products of non-enzymatic glycation of
proteins, AGEs accumulate in peripheral nerves of diabetic patients [9].
Through binding the receptor for AGE (RAGE) in target tissues, AGEs
stimulate oxidative stress through downstream activation of NAD(P)H
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oxidase in a PKCδ-dependent manner [10,11]. The resulting increase in
oxidant species facilitates damage in peripheral neurons [4]. Given the
above mechanism of AGE-induced PN, dietary compounds with anti-
oxidant properties have been proposed as potential remediating agents.

Dietary compounds with antioxidant properties may provide benefit
through a variety of mechanisms [12–14]. Some compounds including
ascorbate, N-acetylcysteine (NAC) or alpha-tocopherol have intrinsic
antioxidant potential. These compounds can either directly neutralize
reactive oxygen species (ROS), or in the case of NAC, provide the ne-
cessary substrate for synthesis of essential cellular antioxidants such as
glutathione (GSH). Other compounds, including 3H-1,2-dithiole-3-
thione (D3T), generate an antioxidant effect through stimulating en-
dogenous cellular antioxidant defenses. In the case of D3T, the anti-
oxidant response involves activation of Nuclear factor (erythroid-de-
rived 2)-like 2 (Nrf2) through several potential mechanisms [15–18].
Nrf2, a transcription factor, controls expression of a wide array of target
genes including glutathione synthesizing enzymes, quinone reductases,
glutathione reductase (GR), as well as NADPH generating enzymes such
as glucose-6-phosphate dehydrogenase (G6PD) [14,19–21]. Reduced
NADPH resulting from G6PD upregulation serves as a cofactor for GR
mediated recycling of oxidized glutathione (GSSG) back to its reduced
form (GSH). However, NAD(P)H oxidases (a major source of AGE-in-
duced oxidative stress) [4,9] may also potentially utilize reduced
NADPH generated through Nrf2 activation to increase ROS such as
superoxide, stressing the importance of mechanistic context when as-
sessing the benefit of individual antioxidant and phytochemical com-
pounds.

The variable mechanism of action of different antioxidants suggests
some compounds may be more suitable than others in protection
against diabetic PN. In particular, previous studies from our laboratory
demonstrated variable effects of antioxidant compounds on AGE-in-
duced oxidative stress and neurite morphology in the differentiated SH-
SY5Y cell model. NAC offered protection from neurite loss as well as
protection from DNA and protein oxidation [22]. On the other hand,
D3T, a potent Nrf2 inducer, had a paradoxical impact on redox balance
in SH-SY5Y cells exposed to AGE. D3T co-treatment promoted AGE-
induced oxidant species formation, did not maintain GSH levels (com-
pared to BSA control group), and did not protect from AGE-induced
neurite loss [23]. In the present studies, the mechanism underlying
D3T's paradoxical effect on oxidative stress in the presence of AGEs was
investigated. It was hypothesized that D3T mediated induction of
NADPH generating antioxidant enzyme G6PD promotes AGE-induced
oxidative damage.

2. Methods

2.1. Materials

Dulbecco's Modified Medium (DMEM), Ham's F12 Medium, peni-
cillin-streptomycin, and fetal bovine serum (FBS) were purchased from
Invitrogen (Waltham, MO). All standard cell culture flasks and plates
were purchased from ThermoFisher Scientific (Waltham, MO). Black
24-well culture plates for fluorescence analysis were purchased from
Cellvis (Sunnyvale, CA). All reagents such as retinoic acid (RA), dehy-
droepiandrosterone (DHEA), bovine serum albumin (BSA), NAC, D3T,
and reagents for GSH, ROS, and GR activity analysis were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.

2.2. Cell Culture

SH-SY5Y cells were purchased from ATCC (Manassas, VA) and were
cultured initially in growth media (DMEM, 10% FBS, 1% penicillin-
streptomycin, 8 mM glucose) for 24 h to allow for adherence. Following
adherence, growth media was replaced with differentiating media (1:1
DMEM: F12, 1% FBS, 8mM glucose, 10 µM retinoic acid) for five days
to allow for neuronal cell phenotype development. Treatments for all

experiments took place following the five-day differentiation period.
Cells treated with NAC or D3T had 1mM NAC (< 1% PBS) or 100 µM
D3T (< 1% DMSO) added to the media 24 h prior to 5mg/mL BSA or
AGE treatment. This treatment was then replenished in BSA and AGE
treatment groups for 24 h. For DHEA treated cells, 100 µM DHEA
(<1% DMSO) was added to the media 24 h prior to BSA or AGE
treatment and replenished during the 24-h BSA or AGE treatment.

2.3. Preparation of AGE-BSA and BSA concentration

AGE-BSA was prepared as was previously reported in our lab [23].
Briefly, 5mg/mL BSA in PBS was incubated with 33mM glycolaldehyde
dimer for 20 h at 37 °C. Control BSA was treated in the same manner,
but without the addition of glycolaldehyde. Both control and glycated
BSA were then concentrated via ammonium sulfate precipitation. Am-
monium sulfate was added to glycated BSA and control solutions (80%
ammonium sulfate solution), and then centrifuged at 10,000 g for
30min. Precipitated proteins were resuspended with the minimal
amount of PBS required for resuspension. Solutions were then dialyzed
in PBS for three days, with daily replacement of PBS. Following dialysis,
solutions were sterile filtered. The final concentrations of both glycated
and control BSA were approximately 15mg/mL.

2.4. GSH assay

Reduced GSH, as well as its oxidized form GSSG, were quantified
using a colorimetric based assay as described by Rahman et al. [24]. SH-
SY5Y cells were plated in 6-well plates (9 cm2) at a concentration of
0.4× 106. Each well was then pretreated with either NAC, D3T, or
vehicle (< 1% DMSO or PBS) for 24 h followed by co-treatment and
addition of AGE-BSA or BSA-control for an additional 24 h. Absorption
was measured using a Bio-Tek Powerwave X200 (Winooski, VT) spec-
trophotometer (abs. 412 nm). All values were normalized to protein
content using a BCA assay kit (Pierce, Rockford, IL).

2.5. General Oxidative Stress Assay

General intracellular oxidative stress was measured as described
previously [25]. Briefly, SH-SY5Y cells were plated on black coated 24-
well plates (1.9 cm2) at a concentration of 8× 104 cells per well. After
differentiation, each well was pre-treated with indicated compounds for
24 h, followed by an additional 24-h co-treatment with either AGEs or
BSA control. At the end of 48 h, media was gently removed and 200 µL
of 20 µM 2′,7′-dichlorofluorescin diacetate (DCFH-DA) in PBS was
added to each well. Fluorescence was measured after a 20-min in-
cubation at 37 °C and 5% CO2 using a Synergy H1 Multi-Mode Reader
(ex/em. 485/530). Fluorescence units were further normalized to vi-
able cell number using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay (Sigma-Aldrich, St. Louis, MO). Though
this method has been used to measure general oxidative stress [26],
significant limitations exist. The method does not quantify specific
oxidant species. The intermediate DCF semiquinone free radical,
formed via one-electron oxidation of DCFH, reacts with molecular
oxygen to form superoxide. This can result in an artifactual amplifica-
tion of fluorescence intensity [27,28].

2.6. Glutathione reductase activity

GR activity was measured as described by Mannervik [29]. Briefly,
SH-SY5Y cells were plated in 6-well plates (9 cm2) at a concentration of
4.0× 105. Each well was then pretreated with either NAC, D3T, or
vehicle (< 1% DMSO or PBS) for 24 h followed by co-treatment with
AGE-BSA or BSA-control for an additional 24 h. Absorption was mea-
sured using an Agilent Cary 60 (Santa Clara, CA) spectrophotometer
(abs. 340 nm) at 30 °C over a five-minute period. Activity for each
sample was normalized to total DNA. DNA content was measured with
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1 µL of sample using a Thermo Scientific NanoDrop 2000 (Waltham,
MA) spectrophotometer (abs. 260 & 280 nm). Activity is reported as %
of BSA control.

2.7. Cell viability assay

Cell viability was assessed after indicated treatment and duration
using MTT, according to the manufacturer's instructions. Briefly, SH-
SY5Y cells were plated and differentiated in 24-well plates. At the end
of the specified time point, cell media was removed and replaced with
low glucose (1 g/L) serum free media containing 500 µg/mL MTT. Cells
were incubated for 2 h. Formazan product was dissolved using DMSO
and quantified using Bio-Tek Powerwave X200 spectrophotometer (abs.
540 nm).

2.8. Western blotting

All Western blots were run using a Mini-PROTEAN Tetra Cell system
(Bio-rad, Hercules, CA). Both 10% and 4–20% gradient polyacrylamide
gels were used. For gel electrophoresis, the running buffer was made up
of 25mM Tris, 192mM glycine, and 0.1% (w/v) SDS at pH 8.3. Gels
were run at constant voltage (200 v) for 30–50min. For protein transfer
to nitrocellulose membranes, transfer buffer was made up of 25mM
Tris, 0.2M glycine, and 20% methanol at pH 8.5. A constant voltage
(90 v) for 60min was maintained for transfers. The transfer buffer was
refrigerated prior to use, and the entire apparatus was kept cold (ap-
prox. 4 °C) during protein transfer. Following transfer, blots were in-
cubated based on antibody manufacturer recommendations. For G6PD,
GR, and β-actin quantification, blots were incubated for 12 h on a plate
shaker at 4 °C with a polyclonal rabbit antibody (1:1000) (Cell
Signaling, Danvers, MA) for G6PD, monoclonal mouse antibody (2 µg/
mL) (Sigma-Aldrich, St. Louis, MO) for GR, and monoclonal rabbit
(1:1000) (Cell Signaling, Danvers, MA) for β-actin. Both anti-rabbit and
anti-mouse secondary antibodies (1:1000) were HRP-linked, and an
HRP-detection kit followed by photo-development was used (Cell
Signaling, Danvers, MA). All G6PD and GR bands were normalized to
their corresponding β-actin bands and results are reported as % of β-
actin.

2.9. Neurite Quantification

At the completion of experiments, photos were taken to document
morphological changes of differentiated SH-SY5Y cells. Images were
captured at 10x magnification using a Zeiss Axio Vert. A1 microscope
(Oberkochen, Germany). A Zeiss AxioCam ICm1 camera was used to
take photos using Zeiss Zen2 imaging software. All images were
1388×1038 pixels, and exposure time for all photos was 32.03ms.
Images were then analyzed using ImageJ (NIH) software with NeuronJ
(ImageScience) plugin. Individual neurites were traced, and neurite
length was reported as length in pixels. Neurites present in the field of
view were quantified from three to four independent experiments for
each treatment group. Exclusion criteria included counting only neur-
ites with clearly defined start and end locations. Neurites that were
shorter than the width of the cell body were not counted. For each
treatment group, a minimum of 100 total neurites was quantified. To
quantify the impact of treatments on the longest neurites, the number of
neurites greater than or equal to the average length of neurites in the
BSA control group (115 pixels) was calculated for each treatment
group.

2.10. Statistical Methods

Values are presented as mean± S.E.M. Comparison of means was
conducted using analysis of variance (ANOVA) followed by multiple
comparisons of means (Dunnett or Tukey HSD), with P < 0.05 con-
sidered statistically significant.

3. Results

3.1. Impact of D3T and NAC on GSH status

Previously, Pazdro and Burgess demonstrated that both NAC and
D3T increase total GSH in the absence of AGEs, while only NAC exerted
a protective effect on GSH in the presence of AGEs [22,23]. To further
evaluate this variable effect in SH-SY5Y cells, reduced GSH and its
oxidized form GSSG were measured in cells treated with NAC or D3T
under AGE challenge or BSA control conditions. Both NAC and D3T

Fig. 1. Glutathione redox state of differentiated SH-SY5Y cells. (A) NAC and D3T treatment increase total GSH. (B) D3T does not protect reduced GSH under AGE-
treated conditions. (C) D3T exacerbates AGE-induced increase in GSSG. Differentiated cells were treated with 1mM NAC or 100 µM D3T for 24 h prior to 5mg/mL
BSA or AGE treatment. NAC and D3T were replenished during BSA and AGE treatment. Total GSH and GSSG concentrations were normalized to total protein.
Reduced GSH was calculated by subtracting 2x GSSG from total GSH. Data were analyzed by two-way ANOVA with Tukey's post-hoc analysis from 3 independent
experiments. Bars linked with an * are significantly different (p < 0.05).
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significantly increased total GSH in BSA and AGE groups (Fig. 1A). In
addition, NAC and D3T increased reduced GSH levels under BSA-con-
trol conditions by 241% and 444%, respectively (Fig. 1B). Importantly,
D3T treatment increased reduced GSH in the absence of AGEs to a
greater extent than NAC. This is consistent with the mechanism of ac-
tion of D3T through Nrf2 induction, where both GSH synthesis and
NADPH-dependent recycling of GSSG via GR are upregulated [30].
Hence reduced GSH, in response to D3T, is increased not only through
increased synthesis, but also through increased recycling of oxidized
GSSG back to its reduced form. In contrast, NAC provides antioxidant
protection primarily through providing cysteine as substrate for GSH
synthesis [31], independent of NADPH-mediated recycling of GSSG.
Consistent with this mechanism, GSSG levels were upregulated in the
absence of AGE with NAC treatment while D3T treatment did not sig-
nificantly increase GSSG under the same conditions (Fig. 1C). When
challenged with AGE, D3T treated SH-S5Y5 cells showed no significant
increase in GSH (Fig. 1B) but a drastic increase in GSSG (Fig. 1C),
showing a pro-oxidative effect of D3T specific to AGE challenge con-
ditions. NAC treatment, on the other hand demonstrated a significant
increase in both reduced GSH and GSSG in the presence of AGEs,
consistent with AGE-mediated pro-oxidative effect and the protective
role of NAC (Fig. 1B and C).

3.2. Impact of D3T on cell viability and general oxidative stress

To further assess the paradoxical effect of D3T upon AGE treatment,
cell viability after vehicle or D3T and AGE challenge was assessed. SH-
SY5Y cells treated with AGEs alone had a significant decrease in cell
viability (Fig. 2A and Sup. Fig. 1). While D3T had no effect on cell

viability in the absence of AGEs, treatment of SH-SY5Y cells with AGEs
and D3T resulted in a potentiated effect of AGEs on decreased cell
viability (Fig. 2A and Sup. Fig. 1). Levels of oxidative stress were fur-
ther analyzed to specifically investigate the potentiation effect of D3T
on AGE-induced oxidative stress. Consistent with cell viability data,
AGE treatment alone significantly increased general oxidative stress
while D3T treatment amplified that effect (Fig. 2B).

3.3. The effect of D3T on G6PD

Given the potentiation effect of D3T on AGE-induced oxidative
stress, and the mechanism of action of AGE through activation of NAD
(P)H oxidase, it was hypothesized that D3T promotes AGE-induced
oxidative stress through increased generation of reduced NADPH.
G6PD, the rate-limiting enzyme of the pentose phosphate pathway, is
one of the major contributors to the cellular reduced NADPH pool. It is
further a Nrf2 target gene, suggesting that D3T may upregulate G6PD
via its Nrf2-mediated mechanism of action. To assess the effect of D3T
on G6PD, G6PD protein expression was measured after a D3T treatment
in AGE challenge or BSA control conditions. D3T significantly increased
G6PD protein expression under BSA control conditions. Interestingly,
AGE treatment alone also upregulated G6PD expression relative to BSA-
control. Finally, D3T and AGE treatment demonstrated an additive ef-
fect on G6PD expression (Fig. 2C). These findings were consistent with
the hypothesis that D3T potentiates AGE-induced oxidative stress via
increased G6PD-mediated generation of NADPH that feeds NAD(P)H
oxidase and sustains its generation of superoxide.

Fig. 2. D3T treatment exacerbates AGE-induced damage. (A) D3T exacerbates AGE-induced viability loss. Differentiated cells were treated with 100 µM D3T for 24 h
prior to 5mg/mL BSA or AGE treatment. D3T was replenished during BSA and AGE treatment. Viability was assessed using an MTT assay and results are presented as
values relative to control (BSA) group. (B) D3T exacerbates AGE-induced oxidative stress. Differentiated cells were treated with 100 µM D3T for 24 h prior to 5 mg/
mL BSA or AGE treatment. D3T was replenished during BSA and AGE treatment. Data were analyzed by one-way ANOVA with Tukey's post-hoc analysis from 4 to 5
independent experiments. Bars with superscript letters different from each other are significantly different (p < 0.05). (C) D3T treatment results in increased G6PD
protein expression. Differentiated cells were treated with 100 µM D3T for 24 h prior to 5mg/mL BSA or AGE treatment. D3T was replenished during BSA and AGE
treatment. Blots shown are representative samples of each group. G6PD and β-actin bands appear at approximately 60 kDa and 45 kDa molecular weights, re-
spectively. Data were analyzed by one-way ANOVA with Tukey's post-hoc analysis from 3 independent experiments. Bars not linked by a superscript letter are
significantly different from each other (p < 0.05).

M.A. Stochelski et al. Redox Biology 21 (2019) 101078

4



3.4. The effect of D3T on glutathione reductase

Reducing potential generated by G6PD in the form of NADPH may
be utilized by NAD(P)H oxidase or GR, among other enzymes. The
potentiation impact of D3T on AGE-induced oxidative stress may
therefore result from both upregulating NADPH generation as well as
hindering other enzymes that would normally utilize NADPH. To ex-
plore this possibility, the impact of D3T treatment on GR was in-
vestigated, since GR is a major NADPH utilizing enzyme in the context
of antioxidant defense. D3T treatment under BSA control conditions
increased GR protein expression (Fig. 3A), likely due to its Nrf2 indu-
cing properties and consistent with the profound increase in reduced
GSH resulting from D3T treatment in the absence of AGEs. AGE treat-
ment alone also increased GR protein expression, and co-treatment with
D3T resulted in no further change (Fig. 3A). Interestingly, GR activity
did not correlate with protein expression in cells challenged with AGE
and treated with D3T. In this scenario, D3T treatment unexpectedly
resulted in a significant decrease in GR activity (Fig. 3B).

3.5. The effect of DHEA on cell viability and general oxidative stress

To test the relationship between G6PD and oxidative stress under
AGE treatment, an uncompetitive inhibitor of G6PD (DHEA) was uti-
lized [32]. Treatment of SH-SY5Y cells with AGEs in the presence of
DHEA reversed the effect of AGEs on increasing oxidative stress
(Fig. 4A). Furthermore, DHEA treatment reversed the effect of D3T on
potentiating AGE-induced oxidative stress. Cell viability was also
measured in response to D3T and AGE treatment in the presence or
absence of DHEA. As confirmed previously (Fig. 1C), D3T potentiated
the effect of AGE on cell viability (Fig. 4B). Co-treatment with DHEA
rescued SH-SY5Y cells from AGE-induced and AGE-D3T-induced de-
crease in cell viability (Fig. 4B). Collectively these studies confirmed the
importance of G6PD in AGE-induced oxidative stress. They further
implicated G6PD in the potentiation effect of D3T on the pro-oxidative
outcomes of AGE treatment.

3.6. The effect of DHEA on neurite morphology

To assess the importance of G6PD in AGE-mediated neurite func-
tional outcomes, neurite length and average number of neurites per
field of view were analyzed in the presence and absence of DHEA.

Consistent with previous studies, AGE treatment compromised neurite
morphology as measured by average neurite length (Fig. 4C) and
average neurite number per field of view (Fig. 4D). While D3T did not
further potentiate the effect of AGE on neurite morphology, it is pos-
sible a ceiling effect was approached with AGE treatment alone
(Fig. 4D). Interestingly, inhibition of G6PD via DHEA rescued SH-SY5Y
cells from AGE-induced neurite damage (Figs. 4C-D and 5), demon-
strating the importance of G6PD in the AGE-mediated mechanism of
PN.

4. Discussion

The present studies evaluated the mechanisms responsible for the
potentiation effect of D3T on AGE-induced oxidative stress. Pazdro and
Burgess have previously shown that treatment with NAC was able to
protect both viability and morphology of SH-SY5Y cells stressed with
AGEs [22]. NAC appeared to confer protection by maintaining in-
tracellular reduced GSH concentrations. The Nrf2 activator, D3T, in-
duces GSH synthesis and was also expected to protect against AGE-in-
duced cell damage. However, treating with D3T led to exacerbation of
damage under AGE stress even though under control conditions a sig-
nificant increase in reduced GSH was observed [23]. The critical ob-
servation from the Pazdro and Burgess study, that D3T potentiated
oxidative stress only under AGE-challenged conditions, led us to ex-
plore this mechanism in greater detail.

D3T has been shown to be a potent Nrf2 inducer [33] and G6PD is a
Nrf2 responsive gene [34]. Traditionally, Nrf2 activation is expected to
protect against oxidative stress through its coordinated regulation of
metabolic and antioxidant enzyme expression. In particular, the
downstream upregulation of pentose phosphate pathway enzymes (in-
cluding G6PD) is critical for production of NADPH to maintain en-
dogenous antioxidants such as GSH, thioredoxin, and glutaredoxin
[35]. In the liver, the major detoxification organ, Nrf2-null mice are
prone to oxidative stress induced liver injury [36]. Keap1-hepatocyte
knockout mice (Keap1-HKO), a model for increased liver Nrf2 activa-
tion, have been shown to be more resistant to acetaminophen hepato-
toxicity [37]. Keap1-HKO mice also have significantly higher G6PD
mRNA expression which corresponds to a significant increase in liver
NADPH concentration [19]. These observations suggest that Nrf2-in-
duced increase in NADPH generation enzymes can lead to protection by
reduction of oxidative stress [19]. Similarly, in our studies,

Fig. 3. Glutathione reductase protein expression and activity. (A) Impact of NAC and D3T treatment on GR protein expression. Differentiated cells were treated with
1mM NAC or 100 µM D3T for 24 h prior to 5mg/mL BSA or AGE treatment. NAC and D3T were replenished during BSA and AGE treatment. Blots shown are
representative samples of each group. GR and β-actin bands appear at approximately 52 kDa and 45 kDa molecular weights, respectively. (B) D3T treatment reduces
GR activity in AGE-challenged cells. Differentiated cells were treated with 1mM NAC or 100 µM D3T for 24 h prior to 5 mg/mL BSA or AGE treatment. NAC and D3T
were replenished during BSA and AGE treatment. Results are presented as a % of the control (BSA) group. Data were analyzed by one-way ANOVA with Tukey's post-
hoc analysis from 3 independent experiments. Bars with superscript letters different from each other are significantly different (p < 0.05).
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Fig. 4. DHEA treatment protects against AGE and AGE-D3T-induced damage. (A) DHEA inhibits AGE and AGE-D3T-induced oxidative stress. (B) G6PD inhibition
protects against AGE and AGE-D3T-induced viability loss. Differentiated cells were treated with 100 µM D3T and/or 100 µM DHEA for 24 h prior to 5 mg/mL BSA or
AGE treatment. D3T and DHEA were replenished during BSA and AGE treatment. Data were analyzed by one-way ANOVA with Tukey's post-hoc analysis from 3 to 4
independent experiments. Bars with superscript letters different from each other are significantly different (p < 0.05). (C) DHEA treatment protects against AGE and
AGE-D3T-induced neurite retraction. (D) DHEA treatment protects against AGE and AGE-D3T-induced loss of long neurites. Differentiated cells were treated with
100 µM D3T and/or 100 µM DHEA for 24 h prior to 5mg/mL BSA or AGE treatment. D3T and DHEA were replenished during BSA and AGE treatment. A minimum of
100 neurites per group were analyzed. Neurite length and long neurite number in 10x images was quantified using Image J software with NeuronJ plugin. Data were
analyzed by one-way ANOVA with Dunnett's post-hoc analysis. Bars with an * are significantly different (p < 0.05) compared to control (BSA).

Fig. 5. DHEA protects against AGE-induced loss of long neurites and retraction. Differentiated cells were treated with 100 µM D3T and/or 100 µM DHEA for 24 h
prior to 5mg/mL BSA or AGE treatment. D3T and DHEA were replenished during BSA and AGE treatment. Representative 10x images of those quantified using Image
J software with NeuronJ plugin.
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upregulation of antioxidant enzymes with D3T treatment in the absence
of AGEs allows for increased intracellular GSH and its maintenance in
its reduced form by GR.

We propose that this scenario reverses in the AGE-challenge group
where the same “protective” mechanism of action by D3T potentiates
the pro-oxidative effects of AGE. Through increasing G6PD, D3T may
increase NADPH generation that can provide reducing equivalents for
AGE-activated NAD(P)H oxidase, leading to the rise in superoxide
generation and oxidative stress (Fig. 2B). This is supported by results
previously reported by our group which showed that inhibition of NAD
(P)H oxidase with diphenyleneiodonium chloride resulted in abatement
of the pro-oxidative effect of both AGE and AGE-D3T treatment [23].
G6PD-derived NADPH leading to increased oxidative stress via NAD(P)
H oxidase has also been observed in the failing heart [38,39]. The
reason why increased G6PD expression led to exacerbation [38,39] of
oxidative stress rather than reduction [19] remained unanswered. For
our study, we provide one potential explanation with the results from
the AGE-D3T combination treatment. GR activity was unexpectedly
suppressed under AGE-D3T treatment conditions, therefore redox bal-
ance was not maintained, and cell morphology and viability deterio-
rated (Fig. 6). This effect was reversed by inhibiting G6PD with DHEA,
suggesting that the catalytic activity of G6PD was mediating the pro-
oxidant effect (Fig. 4A)

Determining the mechanism of inactivation of GR, and potentially
other antioxidant defense enzymes not quantified in these studies, is
critical to understanding the observed paradox. Peroxynitrite is an
oxidant species that has been shown to inhibit GR activity [40,41], and
as nitric oxide synthase is also a NADPH dependent enzyme [42], this
potential mechanism for inactivation should be explored in future
studies.

The pathogenesis of PN has been strongly linked with excess pro-
duction of oxidant species and the disruption of the redox state [43],
leading to complications such as axonal degeneration [44]. Previously
in our laboratory, Pazdro and Burgess quantified loss of neurite number
in RA differentiated SH-SY5Y cells after AGE challenge as a marker of
neurite deterioration [22,23]. We expanded on this method, and
quantified neurite length and long neurite number. This was done to
observe the effects of antioxidants on protection against neurite re-
traction and protection of long neurites upon AGE-challenge. We fo-
cused on the long neurites because in PN the longest neurons are
generally the first to get damaged [43,44]. AGE-challenged cells
showed significant deterioration of neurite structure, with mean neurite
length dropping from 115 to 76 pixels (Fig. 4C). However, G6PD in-
hibition with DHEA was able to completely rescue neurite length under
both AGE and AGE-D3T challenge (Fig. 4C). An even more dramatic

change was observed with AGE and AGE-D3T challenge on the average
number of long neurites. The BSA control group contained an average
of 21 long neurites per field of view, and this number dropped sig-
nificantly to 6.8 and 3.3 for AGE and AGE-D3T groups, respectively
(Fig. 4D). Again, DHEA treatment completely protected neurites in both
groups (Fig. 4D). These results further bring to light the critical role of
G6PD and GR in maintaining GSH redox balance to prevent neurite
degeneration in diabetic PN.

In conclusion, results of this study continue to support previous data
from our laboratory that GSH is critical for maintaining neurites in
differentiated SH-SY5Y cells. We show that under AGE-challenge con-
ditions, D3T further disrupts redox balance and induces oxidative
stress. This potentiation effect is due to upregulation of the Nrf2 re-
sponsive gene G6PD, together with a decrease in the activity of GR
despite higher protein amounts. Botanical Nrf2 inducers, such as D3T,
are seen as protective against diseases with an oxidative stress com-
ponent [43]. However, our results suggest that Nrf2 inducing phyto-
chemicals may exacerbate AGE-mediated damage via differential im-
pact on antioxidant defense enzymes. Further studies in different cell
lines and animal models will need to be conducted with phytochemicals
such as D3T to better understand the translational nature of these re-
sults.
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