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Abstract

Bardoxolone methyl (Bard), a nuclear factor erythroid 2-related factor 2 (Nrf2) activator regulates multiple oxidative and inflammatory
diseases. However, the role of Bard in painful diabetic neuropathy (DN) remains unknown. Bard administration at two dose levels (15
& 30 mg/kg/day) to STZ (55 mg/kg, i.p) induced diabetic rats for last two weeks of eight week study significantly improved motor
nerve conduction velocity (61.84+ 1.9 vs. 38.57 + 1.08 m/s), sensory nerve conduction velocity (66.86+5.1 vs. 39.43 +3.3 m/s),
nerve blood flow (86.28 £6.4 vs. 56.56 + 1.62 PU), and intraepidermal nerve fiber density. Additionally, Bard treatment attenuated
thermal and mechanical hyperalgesia in diabetic rats. Further molecular investigation on dorsal root ganglions (DRG) tissue isolated
from L4-L6 regions of diabetic rats and High glucose (HG) exposed PC12 cells displayed decreased expression and transcriptional
activity of Nrf2 which might have resulted in depleted antioxidant enzymes and mitochondrial chaperones. Bard treatment significantly
reversed these effects in diabetic rats and also in HG exposed PC12 cells. Moreover, mitochondrial complex activities were diminished
in DRG mitochondrial fractions of diabetic rats and mitochondrial isolates of HG exposed PC12 cells and Bard treatment significantly
reversed these effects. Furthermore, Bard treatment significantly impeded the impact of hyperglycemic insults on mitochondrial
membrane potential, ROS production and mitochondrial oxygen consumption rate (OCR) (Basal respiration, Maximal respiration,
ATP production and spare respiratory capacity) in PC12 cells. Collectively our data suggests that Bard treatment to STZ induced
diabetic rats robustly reduces DN which may be due to its effect on Keap1-Nrf2-ARE pathway and have contributed to improvement in
mitochondrial function.
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Introduction

Diabetes has reached pandemic proportions worldwide, with
IDF estimates demonstrating that 425 million adults were living
with diabetes currently and about 352 million people are at risk
of developing diabetes. It is also projected that 625 million peo-
ple will suffer from diabetes by the year 2045 [1]. Infact, the
considerable morbidity, poor quality of life and mortality with
diabetes is associated with diabetic complications. Diabetic
Neuropathy (DN) is one of the major clinical manifestations of
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diabetes that affects 50-70% of the diabetic population [2]. This
causes the alterations in autonomic, sensory and motor neuronal
transmission. Sensory defects include numbness, paraesthesia,
dysaesthesia and limb amputations which add misery to life of
person suffering from long withstanding diabetes. IDF noticed
that for every 30 s, loss of lower limb or a part of lower limb
occurs somewhere in the world in diabetic patients [3].
Duloxetine and pregabalin are main stay therapy for the symp-
tomatic relief of DN [4]. Non availability of drugs for treating
complications like neuropathy and neuropathic pain as well as
poor understanding of pathobiology of the DN necessitates the
quest to research for finding newer targets/therapies to meet this
unmet clinical need.

Advanced research articulates disturbances created in the nor-
mal mitochondrial maintenance by the metabolic excess during
hyperglycemia induced distress in the peripheral neurons [5].
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Recent reports clearly evidenced the loss of mitochondrial func-
tion and impaired mitochondrial biogenesis as major culprits for
DN progression [6, 7]. Accumulating literature suggests that nu-
clear factor erythroid 2-related factor 2 (Nrf2) play a pivotal role
in regulation of mitochondrial homeostasis [8]. Nrf2 null mice
showed severe mitochondrial dysfunction and perturbed mito-
chondrial biogenesis which was evident by compromised mito-
chondrial complex activities and reduced expressions of PGC-
1 and mitochondrial transcription factor A (TFAM) [9, 10].
Several preclinical and clinical studies reported significant im-
provement in mitochondrial function by administration of Nrf2
activators [11, 12]. Further, experimental studies also revealed
that Nrf2 activation curbed mitochondrial proteotoxicity by en-
hancing chaperones expression [13]. Recently, Nrf2-ARE ele-
ments have been reported to bind at heat shock factor 1 (HSF-
1) gene and promote the expression of HSF-1 protein [14].
Sirtuin 3 (SirT3) is an NAD+ dependent deacetylase which pri-
marily resides in mitochondria and functions to maintain mito-
chondrial homeostasis under stress [15]. However, Nrf2-ARE
binds on promoter regions of SirT3 and regulates its transcrip-
tional expression [16]. Mitochondrial lon protease (LONP1)
plays a pivotal role in mitochondrial quality control and cellular
homeostasis by eliminating abnormal proteins and concurs in
rapid turnover of regulatory proteins [17]. SirT3 deacetylates
LONP1 and thereby mediates its mitochondrial protective effects
[18]. Decades of research in diabetes articulated that oxidative
stress, inflammation, apoptosis, mitochondrial dysfunction,
perturbed mitochondrial biogenesis and autophagic defects were
the major culprits for the progression of DN [19].

Bardoxolone methyl (Bard) is a semi synthetic
oleanane triterpenoid derivative which has been studied
in clinical trials against diabetic nephropathy owing to
its potential antioxidant and anti-inflammatory properties
[20]. This drug effects were investigated in the patients
suffering from diabetic nephropathy (BEAM TRIAL) and
it was observed to ameliorate renal function [21]. Later,
BEACON (Phase 3 trial) observed similar renoprotective
actions, but it was terminated for adverse events precipi-
tated to cardiac failure [22]. However, a new study report-
ed Bard might be safe with patients without cardiovascu-
lar risk [23]. Bard conjugates with cysteine residues avail-
able on kelch-like ECH-associated protein 1 (Keapl) and
allows Nrf2 translocation into the nucleus and thereby
regulates Nrf2 transcriptional activities in controlling cel-
lular homeostasis [24]. Several preclinical studies also re-
ported the protective effects of Bard against multiple dis-
eases by targeting Nrf2 activation in controlling oxidative
stress and inflammation [25].

In the present study we evaluated the neuroprotective po-
tential of Bard by targeting Keapl-Nrf2-ARE pathway, in
regulation of mitochondrial function, mitochondrial biogene-
sis and proteotoxicity under diabetic condition using in vivo
and in vitro systems.

Materials and Methods
Chemicals and Kits

Unless specified all the chemicals were of reagent grade and
obtained from Sigma Aldrich, USA. Bard is obtained from
MedChem Express, USA. Complex I (ab109721), IV
(ab109911) and V (ab109714) activity assay kits were pur-
chased from Abcam, UK. RPMI 1640 media is purchased
from Invitrogen.

Animals

Three months old (250-270 g) Healthy Male Sprague Dawley
(SD) rats were fed on standard diet and water ad libitum and
housed in plastic cages (temperature 24 + 1°c, humidity 55 +
5%) with 12 h light-dark cycle. All the experiments were
conducted as per guidelines laid by Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA) guidelines and Institutional Animal
Ethics Committee (IAEC)-NIPER Hyderabad.

Diabetes Induction and Experimental Design

After 2 h fasting, diabetes was induced by single dose of STZ
(55 mg/kg, i.p.) in a citrate buffer (pH 4.5). Blood samples
were collected from tail vein 48 h after STZ administration.
Rats with plasma glucose levels more than 250 mg/dl were
considered as diabetics and considered further for study.
Diabetic animals were randomized into three groups compris-
ing of diabetic control group (STZ-D), diabetic rats treated
with 15 mg/kg Bard (STZ-D + Bard15) and 30 mg/kg Bard
(STZ-D + Bard30). Age matched control rats were random-
ized into two groups namely non diabetic animals (ND), treat-
ment control (Bard30) receiving 30 mg/kg Bard. The treat-
ment was started 6 wk. after diabetes induction and was con-
tinued for 2 wk. as shown in Fig. 1. Bard was dissolved in
sterile saline and 1% tween 80 as a vehicle [26]. The function-
al and biochemical parameters were performed 24 h after ad-
ministration of last dose. Biochemical and molecular studies
were performed on isolated dorsal root ganglions (DRG) from
L4-L6 origin.

PC12 Cell Culture

Rat pheochromocytoma (PC12) cell line was purchased from
NCCS, Pune, India and were cultured in RPMI 1640 media
supplemented with 10% FBS, glutamine (2 mM),
streptomycin/ penicillin (1%), glucose (5.5 mM) and grown
at 37 °C, in a humidified atmosphere of 95% air and 5% CO2.
Prior to the experiment, cells were differentiated with
50 ng/ml of nerve growth factor (NGF) in serum free media
for 24 h (18). High glucose (HG) condition was simulated by
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Fig. 1 Flow chart representing the experimental design. Single dose
of STZ administration (55 mg/kg, i.p) to SD rats induced diabetes.
Diabetic neuropathy was conformed in 6 wk. after Diabetes induction.
Bard at the dose 15 and 30 mg/kg of body weights of rats were adminis-
tered to animals for 2 wk. after conforming diabetic neuropathy. Last dose

exposing PC12 cells to 30 mM {3-D glucose. This glucotoxic
concentration (30 mM) was previously standardized to simu-
late in vivo diabetic condition in many in vitro models of
diabetic complications [5]. Based on MTT results obtained,
we have chosen 0.25 and 0.5 uM of Bard (IC50: 1.67 uM) as
a sub maximal doses to assess its neuroprotective potential in
HG exposed PC12 cells. We had considered 6 h time point to
study the effects of Bard on ROS or mitochondrial superoxide
production and 24 h time point to study the molecular param-
eters [5].

Nerve Functional Studies
Nerve Conduction Velocity (NCV)

MNCYV and SNCV were assessed in the sciatic-posterior tibial
conducting system using the Power Lab 4sp system (AD
Instruments, Australia) as described previously. Briefly, the
sciatic nerve was stimulated proximally at the level of sciatic
notch and the time taken to receive the electrical impulse dis-
tally at the level of ankle of the rats was measured as NCV.
The time for first deflection and second deflection in the lab
chart software was considered as respective time latencies to
determine the MNCV and SNCV in m/s units [27].

Nerve Blood Flow (NBF)
Sciatic NBF was determined by Laser Doppler Oxymeter

(Moor Instruments, UK) as described in our previous reports.
Briefly, a laser probe was placed over the left flank of cut
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after 24 h, animals are subjected to behavioral, functional and biochem-
ical assessment. ND: Non diabetic, Bard30: Non diabetic rats treated with
Bardoxolone methyl at 30 mg/kg, STZ-D: Diabetic, STZ-D + Bard15 &
STZ-D + Bard30 are Diabetic rats treated with Bardoxolone methyl at 15
and 30 mg/kg respectively

opened sciatic nerve of anesthetized animals and flux was
measured for 10 min using moor instrument software.
Average arbitrary perfusion units were recorded among the
different group of animals [28].

Behavioral Parameters
Thermal and Mechanical Hyperalgesia

Thermal hyperalgesia was determined by using Hargreaves
plantar apparatus. Time taken for a rat to lift the paw during
infrared irradiation (40%) was recorded in the system connect-
ed software with a cut off time of 20s and five consecutive
readings were taken and each reading reported as paw with-
drawal latency in seconds [29]. Thermal sensitivity of the rat
was also measured using hot (45 °C) and cold water tail im-
mersion (10 °C) tests in which the time latency for the animal
to flick its tail was measured with cut off time 15 s and three
consecutive readings were taken with an interval of 30s
among each reading reported as paw withdrawal latency in
seconds [30].

Mechanical hyperalgesia was measured using Vonfrey
Aesthesiometer and Randall Sellito Calipers (IITC life sci-
ences, USA). The force at which paw withdrawal of the ani-
mal was observed indicates paw withdrawal threshold in
grams. Five consecutive readings were taken with at least
5 min interval among each read point. The average of the
paw withdrawal threshold was calculated from the observa-
tions [31].



Mol Neurobiol (2020) 57:3616-3631

3619

Biochemical Parameters
Measurement of Plasma Glucose Levels

Tail blood vein of rats was centrifuged at 5000 RPM for 5 min
to separate plasma in a 1 ml heparinized centrifuge tubes and
GOD-POD kit (Accurex, India) was used to estimate plasma
glucose in mg/dl as per the manufacturer protocol [19].

Isolation of Mitochondria

Mitochondria from DRG tissue (MITOISOI1, Sigma) and
PC12 cells (MITOISO2, Sigma) were isolated using the kits
according to the manufacturer protocol.

Enzymatic Activity

Enzymatic activities of mitochondrial complex I (ab109721,
Abcam), IV (ab109911, Abcam) and V (ab109714, Abcam)
were measured in the freshly prepared mitochondrial samples
of DRG and PC12 cells using the kits according to the man-
ufacturer protocol. Briefly, DRG and PC12 cells were minced
in ice cold conditions using the mitochondrial isolation buffers
provided in kit containing protease and phosphatase inhibitor
cocktail (1:100). 40 pg of protein sample was used to perform
this assay. Absorbance was recorded using spectrophotometer
(Molecular Devices, CA, USA) at specified wavelengths as
indicated in manufactures protocol [32].

GSH Activity Assay

Reduced GSH was measured by Ellman’s method in DRG
homogenates of diabetic rats with slight modifications.
Briefly, 5% Trichloroacetic acid was used to precipitate out
the proteins. To the supernatant, 100 pl of Ellman’s reagent
(dithiobis 2- nitro benzoic acid (DTNB)) in potassium
dihydrogen phosphate buffer (pH: 8) was added. The resulting
mixture was then incubated for 10 min at 37°c and the absor-
bance was measured at 412 nm [33].

Estimation of ATP Levels

ATP levels in DRG tissue was estimated according to the kit
protocol (calorimetric assay, MAK190). The concentration of
ATP was expressed in nmol/mg protein as reported elsewhere
[19].

Protein Expression Studies

Immunohistochemistry (IHC)

Briefly, deparaffinized rehydrated micro sections (5 pm) of
DRG were heated in citrate buffer (pH: 6.0) for antigen

retrieval. Endogenous peroxidase activity was inhibited by
incubating the sections with 3% H,O, solution, then blocked
with 3% BSA in PBS for 60 min followed by Nrf2 antibody
incubation at a dilution of 1:200, (Santacruz biotechnologies,
USA) at room temperature for 2 h. The sections were washed
with tris buffered saline (pH: 7.4) followed by 30 min incuba-
tion with anti rabbit secondary antibody (1:100), at room tem-
perature. Chromogenic staining was carried out with
VECTASTAIN® Elite ABC Reagent kit (Vector Labs, CA,
USA) according to the instructions provided in the kit until the
development of desired brown intensity. Sections were coun-
terstained with hematoxylin followed by dehydration and then
mounted with DPX. At least 5 different microscopic fields in
each section were observed under light microscope (Olympus
corporation, Japan) to ascertain the immunopositivity [34].

Immunofluorescence

Deparaffinized, rehydrated DRG micro sections were
heated in citrate buffer (pH: 6.0) for antigen retrieval
followed by blocking with 3% BSA, the cells were then
incubated with rabbit SOD2 Ab (1:200 dilution), rabbit
SirT3 (1:50) and with rabbit LONP1 Ab (1: 50 dilution)
at 4 °C for overnight. After PBS washing they were
incubated for 2 h with anti rabbit rhodamine (1:100)
or anti rabbit FITC (1:100) conjugated secondary anti-
bodies at room temperature. Sections were then
mounted with DAPI containing mounting medium
(sigma) and observed under confocal microscope
(Leica TCS SP8 Laser Scanning Spectral Confocal,
Germany) [35].

Immunocytochemistry

For detailed procedure, please refer to the protocol men-
tioned elsewhere (24). Briefly, cells were plated at an
appropriate cell density on glass cover slips placed in 6-
well plates and subjected to different treatment condi-
tions. Following 24 h after treatment, media from the
wells was removed and cells were fixed in 4% parafor-
maldehyde for 5 min. Cells were then permeabilized
with 0.5% Triton-X 100 for 10 min at room temperature
and then subjected to blocking with 3% BSA for 2 h.
Later, cells were incubated with primary antibodies;
Nrf2 (1:200) in 3% BSA at 4 °C for overnight followed
by incubation with secondary anti rabbit antibody con-
jugated with FITC (Sigma) for 2 h at room temperature.
Finally the coverslips were mounted on a glass slide
with a DAPI mounting medium (Fluoroshield™)
(Sigma). Images were obtained using a confocal micro-
scope (Leica TCS SP8 Laser Scanning Spectral
Confocal) [5].
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Western Blotting

DRG protein lysates prepared in tissue protein extraction re-
agent (TPER, Sigma) and protein lysates from PC12 cells
were prepared in radioimmunoassay buffer [36]. The homog-
enate was centrifuged at 12000 g for 20 min at 4 °C and the
clear supernatant was isolated and determined for protein con-
tent by Bradford assay. Equal quantity of protein samples was
resolved using SDS-PAGE gel electrophoresis and transferred
on to the PVDF / nitrocellulose membrane followed by
blocking with 5% non fatty dried milk powder / 3% BSA
solution in TBST. The membranes were incubated with pri-
mary antibodies at 4 °C overnight; Keap-1, SOD2, HSFI,
HSP27, HSP90, HSP60, HSP27, SirT3 and LONP1 obtained
from cell signaling technology (CST), USA, Nrf2, HO-1 and
NQOI1 procured from Santacruz biotechnologies, USA, ATP
synthase ¢ and Complex 1 purchased from Abcam, USA,
were prepared at 1:1000 dilution in TBST. The membranes
were incubated with HRP tagged secondary anti-rabbit and
anti-mouse antibody for 2 h at room temperature.
Luminescence signal was captured using a Fusion-FX imager
(Vilber Lourmat, Germany) and relative band intensities were
quantified by densitometry using image J software (version
1.48, NIH, USA) [37].

Co-Immunoprecipitation

PC12 cell lysates were prepared with
Radioimmunoprecipitation buffer [36] and the primary anti-
body SirT3 or control rabbit 2° antibody (IgG) were coupled
with Dynabeads/Protein G beads (Invitrogen, CA) and incu-
bated 12 h at 4 °C. The Ab—Ag immunocomplex was collect-
ed after magnetic separation and three times washed with
PBS. Immunocomplexes were released into 2x SDS sample
buffer by boiling at 95 °C for 10 mins. Proteins were resolved
on 10% SDS-PAGE gel and blocked with 3% BSA and the
membrane was incubated with the primary antibodies SirT3
and LONPI for 12 h at 4 °C, followed by incubation with an
HRP-conjugated secondary antibody for 2 h. Luminescence
signal was captured using a Fusion-FX imager (Vilber
Lourmat, Germany) and relative band intensities were quanti-
fied by densitometry using image J software (version 1.48,
NIH, USA) [38]. Co-immunoprecipitation of LONP1 and
SirT3 experiment may evidence the expression and associa-
tion among these proteins in various groups which have an
immense role in the regulation of mitochondrial function.

Intra Epidermal Nerve Fiber Density (IENF) in Hind
Paw

Foot pad micro sections (8 pM) were processed as described

in Immunofluorescence protocol. PGP 9.5 antibody (1:200
dilution, Abcam, UK) was used to label the nerve fibers.
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Confocal microscopic images were captured at 6300X using
oil immersion on the slide [32].

Analysis of Mitochondrial Potential (Apm) by JC-1
Staining

JC-1 Staining was performed on PC-12 cells as described
earlier [36]. Cells were given group wise treatment and after
6 h followed by incubation for 15 min with 5 pM of JC-1.
After trypsinization and centrifugation, the pellets were resus-
pended in PBS containing 5% FBS and subjected to fluores-
cence analysis using BD FACSVerse (BD Biosciences, CA,
USA).

Evaluation of Total ROS and Mitochondrial
Superoxide Anion (02) by Mitosox Staining

It was performed on neuronal PC-12 cells as per the previous-
ly mentioned protocol with slight modifications. After 6 h of
treatment, Cells were incubated with 10 uM of DCFDA for
measuring total ROS and 5 uM of Mitosox red for measuring
mitochondrial superoxides for 10 mins at 37 °C in CO, incu-
bator followed by PBS washing. After trypsinization and cen-
trifugation, the pellets were resuspended in FBS containing
PBS and subjected to fluorescence analysis using BD
FACSVerse (BD Biosciences, CA, USA) [5].

Extracellular Flux Analysis to Measure Mitochondrial
Respiration

Mitochondrial respiration was measured by using Seahorse
XFp analyzer (Agilent technologies, USA). XFp analyzer de-
signed with a transient 7 pl chamber in a specialized 8 well
microplates allows measuring oxygen consumption rate
(OCR) in real time. Briefly, neuronal cell density was main-
tained between 4000 and 5000 cells per well leaving A and H
control wells. The cells were differentiated, transfected and
treated according to the experimental design. One hour before
measurement of OCR, RPMI 1640 media was changed with
Dulbecco’s modified eagle medium with 1 mM pyruvate and
2 mM glutamate. Oligomycin (1 uM); FCCP (Carbonyl cya-
nide-p-trifluoromethoxyphenylhydrazone) (2 uM); and rote-
none + antimycin A (I puM each) were injected sequentially
through ports in the Sea- horse flux pak cartridges. Each loop
was started with mixing for 3 mins, delayed for 2 mins and
followed measuring OCR for 3 mins. This experiment allows
to measure the amount of oxygen consumption linked to ATP
production, spare respiratory capacity, basal respiration and
maximal respiration in respective wells. The data was
imported into wave software and it allowed us to measure all
aforementioned parameters after normalizing with the protein
concentration of respective wells. The data was represented as
OCR picomoles/min/mg/ml protein [5].



Mol Neurobiol (2020) 57:3616-3631

3621

Statistical Significance

The values are represented as mean+ SEM. The inter-
group variation was measured by one way ANOVA
followed by “Bonferroni’s Multiple Comparison Test”
using the Graph Pad Prism, version 5.0. Results with
p values <0.05 were considered to be statistically
significant.

Results

Bard treatment for two weeks at dose levels of 15 and
30 mg/kg has insignificant effect on blood glucose
levels and body weights of STZ induced diabetic rats.
Body weights and blood glucose levels of diabetic rats
were significantly (p <0.001) altered when compared to
age matched normal control rats (Table 1).

Effect of Bard Treatment on Nerve Function and
Neurobehavior of Diabetic Rats

Eight weeks after, STZ induced type 1 diabetic rats have
shown significantly (p <0.001) reduced MNCV, SNCV and
NBF when compared to age matched normal control rats
(Fig. 2). Last two weeks of Bard treatment (15 & 30 mg/kg)
to eight weeks diabetic rats significantly increased MNCV (p
<0.001), SNCV (p<0.001) and NBF (p<0.001) in a dose
dependent manner when compared to diabetic rats (Fig. 2).
Eight weeks old diabetic rats significantly displayed reduced
thermal and mechanical insensitivity when compared to nor-
mal control rats (Table 1). Bard treatment at two dose levels
significantly improved thermal and mechanical insensitivity
of diabetic rats in a dose dependent pattern (Table 1). Intra
epidermal nerve fiber density (IENFD) is considered as sur-
rogate marker for identifying peripheral neuropathy. IENFD

Table 1 Table 1. Effect of two oral administration of Bard (15 &
30 mg/kg) on various behavioral and biochemical deficits of STZ
induced DN: Values are expressed as mean + SEM (n = 3—6). ND: Non
diabetic, Bard30: Non diabetic rats treated with Bardoxolone methyl at

significantly decreased in the epidermis of hind paw
microsections of diabetic rats when compared to normal con-
trol rats. Bard treatment (30 mg/kg) for two weeks to diabetic
rats significantly improved IENFD in hind paws as shown in
the Fig. 2.

Effect of Bard Treatment on Oxidative Stress and Heat
Shock Response

IHC analysis of Nrf2 expression in DRG micro sections re-
vealed reduced expression of Nrf2 in diabetic rats when com-
pared to normal control rats (Fig. 3A). Nrf2 expression was
significantly increased in DRG micro sections of Bard
(30 mg/kg) treated diabetic rats (Fig. 3A). Further, immuno-
colocalization study of Nrf2 revealed that the expression and
colocalization of Nrf2 into the nucleus was decreased
(Fig. 6A) in high glucose (HG) exposed PC12 cells after
24 h. When HG exposed PCI12 cells were treated with
0.5 uM Bard, Nrf2 expression and colocalization into the
nucleus was enhanced when compared to hyperglycemic
PC12 cells (Fig. 6A). Further western blotting analysis re-
vealed that protein expressions of Nrf2, SOD2, NQO1, HO-
1, HSF-1, HSP27, HSP60, HSP90 and HSP70 significantly
decreased in DRG homogenates of diabetic rats (Fig. 3B & C)
and High glucose exposed PC12 cell lysates (Fig. 6B & C).
These protein expressions significantly increased in DRG ho-
mogenates of diabetic rats after treatment with Bard at two
dose levels (15 & 30 mg/kg) (Fig. 3B & C) and in Bard treated
(0.25 and 0.5 uM) hyperglycemic PC12 cells (Fig. 6B & C) in
a dose dependent manner. To confirm further, we performed
IF assay for SOD2 expression in DRG microsections of dia-
betic rats. SOD2 expression are enhanced in DRG
microsections of Bard treated diabetic rats (Fig. 3A) and
which was under expressed in DRG microsections of diabetic
rats when compared to control rats (Fig. 3A).

30 mg/kg, STZ-D: Diabetic, STZ-D + Bard15 & STZ-D + Bard30 are
Diabetic rats treated with Bardoxolone methyl at 15 and 30 mg/kg re-
spectively. *p < 0.05, **p < 0.01, ***P < (0.001 Vs STZ-D & Mp< 0.01
and ™'p < 0.001 Vs ND

Parameter ND Bard30 STZ-D STZ- STZ-D + Bard30
D + Bard15
Tail withdrawal latency to hot stimuli (s) 11.69 + 0.32 11.32 £ 0.60  541+0.34"77 6.91 + 0.61 10.08 + 0.40%**
Tail withdrawal latency to cold stimuli (s) 14.08 + 0.46 12.82 £ 0.67  6.95+0.37 74 8.81 +0.32 11.52 £ 0.38%%*
Paw withdrawal latency (s) 12.23 + 0.60 11.86 £ 0.62  629+0.74 "4 9.40 £ 0.60* 11.28 £ 0.51%%*
50% Paw withdrawal threshold (g) 125 £ 1.11 11.66 + 1.0 6.66+0.84"" 8.83 +1.37 11.2 + 1.45%
Paw withdrawal pressure (g) 192.11 +£2.52 187.72 £ 2.91 92.88 £2.597A 138.77 £ 3.95 163.16 + 4.07*%*
Plasma glucose (mg/dl) 95.01 £3.12 97.13 £3.91 398.19+£631M~  365.84 £5.11 329.43 £9.43
Average Body weight (g) 389.21 +9.66 384 £437  21598+487A 22695 +£5.19 253.81 £ 6.18
GSH (uM/mg) 24.66 + 1.83 2898 £0.96  14.73+1.24" 23.89 + 1.39% 28.22 + 2 (ke
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Fig. 2 Effect of Bard administration on nerve functional
characteristics and intra epidermal nerve fiber density in diabetic
rats. Graphical representations showing (A) motor and (B) sensory nerve
conduction velocities (MNCV & SNCV), (C) nerve blood flow (NBF) in
normal, diabetic and Bard treated rats. Values are expressed as mean +
SEM (n =6) (D) Fluorescent images showing the expression of PGP9.5
staining in plantar skin tissue sections of normal and diabetic rats. Values

Effect of Bard Treatment on SirT3 and LONP1
Expression

SirT3 and LONP1 expressions were significantly decreased in
DRG homogenates of diabetic rats (Fig. 4) and in HG exposed
PCI12 cell lysates (Fig. 6B & C). Treatment with Bard dose
dependently increased these protein expressions in DRG homog-
enates of diabetic rats (Fig. 4) and in HG exposed PC12 cell
lysates (Fig. 6). Further, co-immunoprecipitation study on
PC12 Cell lysates revealed that LONP1 co-expressed with
SirT3 significantly decreased when compared to normal control
(Fig. 4B). However, Bard treatment enhanced the LONP1 ex-
pression levels which co precipitated with SirT3 (Fig. 4B).

Effect of Bard on Total ROS Generation, Mitochondrial
Superoxides and Mitochondrial Membrane Potential
(Wm)

Flow cytometry of DCFDA staining has shown significantly
increased total ROS production in HG exposed PC12 cells
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are expressed as mean+ SEM (n =3). ND: Non diabetic, Bard30: Non
diabetic rats treated with Bardoxolone methyl at 30 mg/kg, STZ-D:
Diabetic, STZ-D + Bard15 & STZ-D + Bard30 are Diabetic rats treated
with Bardoxolone methyl at 15 and 30 mg/kg respectively. *p < 0.05,
*#p < 0.01, #*P<0.001 Vs STZ-D & ~p < 0.01 and "'p< 0.001 Vs
ND

(Fig. 7A & B). Bard treatment at 0.5 uM concentration to HG
exposed PC12 cells significantly attenuated ROS production
which is evident by shifting of the histogram peak away FITC-A
(green color) when compared to histogram peak of HG exposed
cells as shown in the Fig. 7A. Similarly, flow cytometry of
Mitosox staining has shown significantly increased mitochondrial
superoxides in HG exposed PC12 cells when compared to control
cells (Fig. 7C & D). Bard treatment (0.5 uM) to hyperglycemic
cells displayed significantly decreased red fluorescence intensity
peak as shown in the Fig. 7D which indicates decreased mitochon-
drial superoxides. Additionally, JC-1 staining of flow cytometry
revealed that JC1 monomers were significantly predominant than
JC-1 aggregates in HG exposed PC12 cells which were evident by
measuring red: green fluorescence intensity ratio (Fig. 8A & B).
Bard treatment significantly reversed this effect and enhanced the
formation of JC-1 aggregates which is evident by increased red:
green fluorescence intensity ratio (Fig. 8A & B). However, drug
control has insignificant effect in altering total ROS, mitochondrial
superoxides generation and mitochondrial membrane depolariza-
tion when compared to normal control group.
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Fig. 3 Effect of Bard on antioxidant enzymes and Heat shock
proteins expression in DRG homogenates of diabetic rats. (A) The
upper panel shows confocal microscopic images of superoxide
dismutase-2 (SOD2) immunopositivity (Red color) and the lower panel
shows represents immunohistochemical expression of nuclear factor ery-
throid 2-related factor 2 (Nrf2) (brown color) in DRG micro sections. (B)
Representative western blots and (C) respective bar graphs represent the
densitometric expression of Nrf2, Keapl, SOD2, NQO1, HO-1, HSF-1,

Effect of Bard on Mitochondrial Function

ATP levels were significantly depleted in the freshly prepared
DRG homogenate of diabetic rats when compared to control
group (Fig. 5D). Bard treatment significantly enhanced ATP
levels in diabetic rats in a dose dependent manner (Fig. SD).

STZ-D STZ-D+Bard30

g B

Keap1 (% of control)
g

SOD2 (% of control)

<

HO-1(% of Control)
HSF-1 (% of control)

HSP70 (% of control)
HSP60 (% of control)

HSP27 (% of control)

HSP90, HSP70, HSP60 and HSP27 protein expression in DRG tissue
homogenates. Results are expressed as mean+ SEM (n=3). ND: Non
diabetic, Bard30: Non diabetic rats treated with Bardoxolone methyl at
30 mg/kg, STZ-D: Diabetic, STZ-D + Bard15 & STZ-D + Bard30 are
Diabetic rats treated with Bardoxolone methyl at 15 and 30 mg/kg re-
spectively. *p < 0.05, **p < 0.01, ***P < 0.001 Vs STZ-D & Vp < 0.01
and p < 0.001 Vs ND

Moreover, immunoblotting analysis of ATP and complex I
displayed dose dependent increased ATP levels in HG exposed
PCI12 cells when subjected to Bard treatment (Fig. 7H & I).
Additionally, Bard treatment also improved mitochondrial com-
plex activities of I, IV and V in DRG homogenates of diabetic
rats (Fig. 5A, B & C) and in HG exposed PC12 cell lysates (Fig.

@ Springer



3624 Mol Neurobiol (2020) 57:3616-3631
a NC Bard0.5 HG HG+Bard0.5
o
Wz
=0
=
b c
=|50 —5150 %“150
Nrf2 |- - "|68kDa £ £ £
S 8 100 § 100
HO-1 32kDa % 5 s
= ® w0 S ®
My a
SoD2 2kpa  § ¢ | g
B-Actin 45kDa -
— :o‘ § 150
sis | 0 0 o W)oc0. :
s s
LONP1 106kDa = g
. 2 &
B-Actin 45kDa & S
HSF-1 85kDa  _ _ _
— s g g
Hsp70 | | 8 | 00 ¢ 8 o g
5 %5 5
HSP60 60kDa = s, =
= g 2
S-Actinl- - e - -I45kDa 2 g | 2
B-D Glucose (30 mM) - -+ + +

Bard (uM) - 05 - 025 05

Fig. 6 Effect of Bard on Nrf2 Immunolocalization and protein
expressions in high glucose exposed PC12 cells. (A) Confocal micro-
scopic images showing Nrf2 Immunolocalization and expression in high
glucose exposed PC12 cells (green color) and blue color represents the
DAPI nuclear staining. (B) Representative western blots and (C) respec-
tive bar graphs represent the densitometric expression of Nrf2, HO-1,
SOD2, SirT3, LONP1, HSF-1, HSP70 and HSP60 protein expression

7E, F & G). These mitochondrial complex activities were com-
promised in DRG homogenates of diabetic rats (Fig. 5SA, B & C)
and in HG exposed PCI12 cells (Fig. 7E, F & G). Further to
corroborate these results we studied effect of Bard on OCR in
PC12 cells (Fig. 8C). OCR in terms of minimal and maximal
respiration, ATP production and spare respiratory capacity sig-
nificantly decreased in the HG exposed PC12 cells for 24 h (Fig.
8D, E. F & G). Nrf2 activation by Bard treatment in HG exposed
PC12 cells has shown significant improvement in OCR as shown
in Fig. 8.

Discussion

Bard was selected as a new chemical entity under Phase 3
clinical trials for the treatment of autosomal dominant
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in PC12 cell lysates. Results are expressed as mean+ SEM (n=3). NC:
PC12 cells under basal condition, Bard0.5: Normal PC12 cells exposed to
0.5 uM Bardoxolone methyl, HG: PC12 cells exposed to 30 mM (-D
Glucose, HG + Bard0.25 and HG + Bard0.5: High glucose exposed PC12
cells treated with 0.25 and 0.5 uM of Bardoxolone methyl respectively.
#<0.05, *%p<0.01, ***P<0.00] Vs HG & ~p< 0.0 and "p <
0.001 Vs NC

polycystic kidney disease (Clinical trial Reg ID:
NCT03918447), owing to its therapeutic potentials in activat-
ing Nrf2-keapl axis. In our previous studies, we articulated
the importance of Nrf2 pathway in regulating DN [39]. Apart
from our studies, other groups have also reported the role of
Nrf2 and HSF1 in regulating DN [40]. However, the role of
Bard in DN remains elusive and hence in the present study, we
evaluated the potential of Bard treatment on various deficits
associated with DN. We have found that Bard administration
ameliorated DN by improving nerve functional and behavior-
al deficits in a dose dependent manner. Further, molecular
investigations also revealed that Bard treatment improved mi-
tochondrial function and enhanced transcriptional activity of
Nrf2 and HSF-1.

In our study, Nrf2 protein expression levels were decreased
in DRG of STZ induced eight weeks diabetic rats, similarly
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Fig. 4 Effect of Bard on SirT3 and LONP1 immunolocalization, Co-
immunoprecipitation and protein expression in DRG’s of STZ in-
duced diabetic rats. (A) The upper panel shows confocal microscopic
images of SirT3 immunopositivity (green color) and the lower panel
shows confocal microscopic images of LONP1 immunopositivity (Red
color) in DRG micro sections. (B) Co-immunoprecipitation (CO-IP) was
performed in the PC12 cell lysates in NC: Normal PC12 cells, HG: high
glucose exposed (30 mM) PC12 cells, HG + Bard0.5: hyperglycemic
PCI12 cells treated with 0.5 uM Bardoxolone methyl and IgG was used

the translocation of Nrf2 into the nucleus was decreased in
neuronal phenotype PC12 cells in response to HG stress in-
sult. These findings were supported by many experimental
and clinical studies of DN where chronic hyperglycemia re-
sulted in depletion of Nrf2 levels and inhibition of Nrf2 trans-
location into the nucleus from Keap1 Protein [41-43]. In vitro
and in vivo results of this study revealed Bard treatment ef-
fectively increased Nrf2 expression and downregulated Keap1
protein dose dependently and colocalization studies revealed
that Nrf2 was translocated into the nucleus upon treatment
with Bard. Infact, Bard forms adducts with cysteine residues
of Keapl protein and helps in releasing of Nrf2 which is
hindered in the internal structure of the Keapl [44].
Moreover, Bard treatment improved insulin resistance in high
fat fed obese rats [45], protected against cisplatin induced
renal toxicity, angiotensin-2 induced renal toxicity and protein
overloaded nephrotoxicity by enhancing the Nrf2 expression
and its translocation into the nucleus [46].

Nrf2 interacts with the two antioxidant responsive elements
located between 1707 and 1530 base pairs upstream of the
transcription start site of the HSF-1 gene and upregulates the

as a control for non specific signal. (C) Representative western blots and
(D) respective bar graphs represent the densitometric expression of SirT3
and LONPI protein expression in DRG tissue homogenates. Results are
expressed as mean+ SEM (n =3). ND: Non diabetic, Bard30: Non dia-
betic rats treated with Bardoxolone methyl at 30 mg/kg, STZ-D: Diabetic,
STZ-D + Bard15 & STZ-D + Bard30 are Diabetic rats treated with
Bardoxolone methyl at 15 and 30 mg/kg respectively. *¥p < 0.01 Vs
STZ-D & "< 0.00] Vs ND

expression of HSF-1 [14]. HSF-1 is considered as a stress
responsive protein which plays a vital role in regulating the
mitochondrial unfolded protein response. Moreover, natural
phytopharmaceuticals promoting Nrf2 and HSF-1 upregula-
tion have shown improvement in neuropathic pain from
chronic diabetes [47, 48]. However, these natural compounds
failed in the clinical trials owing to their poor bioavailability
with assorted motives. In the current study, dose dependently
Bard treatment upregulated HSF-1 in DRG homogenates of
diabetic rats. We speculate this effect to the transcriptional
activity of Nrf2 based on the reported literature. Bard treat-
ment also increased the expressions of HO-1, NQOI1 and
SOD2 which are considered as antioxidant detoxifying en-
zymes in a dose dependent manner. In concurrence with our
results, many studies reported that knock out or loss of these
proteins expedited the neuropathic pain in different experi-
mental models [49-51]. However, Nrf2 is considered as the
master regulator of all these proteins [52]. Metabolic excess
inside the neuronal cells augment the leakage of electrons
from electron transport chain during the process of ATP syn-
thesis. Recent literature evidenced mitochondrial ROS as one
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Fig. 5 Effect of Bard on ETC
complex activities and ATP
production in DRG’s of STZ 150+
induced diabetic rats. Bar
graphs represent the (A) complex
T activity (B) Complex IV activity
(C) Complex V activity and (D)
ATP levels in Fresh samples of
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important culprit in the prognosis of diabetes induced
neuronal death by accumulating oxidized proteins in
the mitochondria [17]. It is reported that Nrf2 activation
boost ups these antioxidant detoxifying enzymes and
thereby reduces the mitochondrial and total ROS pro-
duction [53]. In the current study, we witnessed that
Bard treatment reduced total and mitochondrial ROS
production which is in line with the published reports.
Further, DRG neurons of diabetic rats also showed de-
creased expressions of low and high molecular weight
heat shock proteins (HSP’s) including HSP27, 60, 70
and 90. These HSP’s were upregulated by the transcrip-
tional activity of HSF-1 by binding at respective pro-
moter regions of HSP genes [54]. A 13-year longitudi-
nal study in humans, HSP27 significantly decreased
from baseline in patients with type 1 diabetes and this
correlated with the progression of a large fiber neurop-
athy [55]. In prediction of biomarkers for early detec-
tion of peripheral neuropathy, researchers found deplet-
ed levels of HSP27 in patient’s blood and the patients
with elevated levels of HSP27 showed reduced symp-
toms of neuropathic pain [56]. Number of studies re-
ported the protective role of HSP90 in regulating the
pain along with the opioids and analgesics [57].
Present study also witnessed the under expression of
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HSP’s which may be a reason behind developing neu-
ropathy under hyperglycemic condition. Additionally,
we also observed down regulation of SirT3 levels in
DRG homogenates of diabetic rats. There are reports
which evidenced that Nrf2 stimulation regulates the
SirT3 expression [15]. In this study Bard treatment
boosted the SirT3 expression levels in a dose dependent
manner which may be driven by the activation of Nrf2.
On other hand, a recent report showed that SirT3 inter-
acts with mitochondrial lon protease (LONP1) likely at
K917 site and deacetylates this ATP dependent protease
[58]. Deacetylated LONP1 plays a crucial role in main-
taining mitochondrial quality control by eliminating ag-
gregated proteins and harmonizing protein turnover [17,
59]. Moreover LONP1 functions are also involved in
many cellular processes - membrane fusion, protein
and organelle translocation, DNA and RNA unwinding,
assembly, mitochondrial DNA binding and disassembly
of multi-protein complexes [60]. In consistent to these
findings, we also found LONPI1 was co-
immunoprecipitated with SirT3 protein and Bard treat-
ment upregulated both the proteins in DRG homoge-
nates of diabetic rats. Despite this, mitochondrial respi-
ration in terms of minimal respiration, maximal respira-
tion, ATP production and spare respiratory capacity
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Fig. 7 Effect of Bard on Mitochondrial Function of high glucose
exposed PC12 cells. (A) Representative graphs showing flow cytometric
analysis of DCFDA staining indicating total ROS production in PC12
cells (C) Representative graphs showing flow cytometric analysis of
Mitosox staining indicating mitochondrial superoxides production in
PC12 cells and (B) & (D) Histograms represents respective quantification
of green and red fluorescence intensities of DCFDA and Mitosox stain-
ing. Histograms represents (E) Complex I (F) Complex IV and (G)
Complex V activities in PC12 cells mitochondrial fraction. (H)

were declined in high glucose exposed PCI12 cells.
However, Bard treatment improved mitochondrial respi-
ration in high glucose exposed PCI12 cells. Spare

°

Representative western blots and (I) respective bar graphs represent the
densitometric expression of ATP synthase C and Complex I protein ex-
pression in PC12 cell lysates. Results are expressed as mean+ SEM (n=
3). NC: PC12 cells under basal condition, Bard0.5: Normal PC12 cells
exposed to 0.5 uM of Bardoxolone methyl, HG: PC12 cells exposed to
30 mM (3-D Glucose, HG + Bard0.25 and HG + Bard0.5: High glucose
exposed PC12 cells treated with 0.25 and 0.5 uM of Bardoxolone methyl
respectively. *p < 0.05, **p < 0.01, ***P<0.00/ Vs HG & "p<
0.001 Vs NC

respiratory capacity is regarded as an important factor
in defining mitochondrial function which is the actual
difference between maximal and basal respiration [61].
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Fig. 8 Measurement of mitochondrial membrane potentials (A ¥'m)
and mitochondrial respiration in cultured PC12 cells. (A)
Representative dot plotted graph of JC-1 by flow cytometer represents
the scattered PC12 cells into red JC-1 and green population and (B)
respective quantification of red: green fluorescence ratio indicating
depolarized mitochondria. (C) Oxygen consumption rate (OCR) was
measured at basal level with the subsequent and sequential addition of
oligomycin (1 uM), FCCP (2 uM), and rotenone+antimycin A (1 pM
each) to the NC: PC12 cells under basal condition, Bard0.5: Normal

In this study, when PC12 cells were subjected to hyper-
glycemic stress, the spare respiratory capacity declined
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PC12 cells exposed to 0.5 uM of Bardoxolone methyl, HG: PC12 cells
exposed to 30 mM B-D Glucose and HG + Bard0.5: High glucose ex-
posed PC12 cells treated with 0.5 M of Bardoxolone methyl. The levels
of OCR are normalized with per mg total protein. Agilent wave software
are used to measure the OCR data and the following histograms repre-
sents the quantification of (D) basal respiration, (E) maximal respiration,
(F) ATP production and (G) spare respiratory capacity. Results are
expressed as mean+ SEM (n=3). *p < 0.05, **p < 0.01, ¥***P<0.001
Vs HG &P < 0.01, ™'p < 0.001 Vs NC

and this energy less cells were highly susceptible to
oxidative stress which later progressed to mitochondrial
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Fig. 9 Schematic diagram showing mechanistic basis for Bard
mediated neuroprotection in experimental diabetic neuropathy.
During chronic diabetes, excess glucose diffuses into neuronal cells
through Glucose transporter 3 and this metabolic excess overloads
reducing equivalents (NADH & FADH,) on electron transport chain
(ETC), thereby mediates excess production of mitochondrial ROS
through Mitochondrial complex III. Concurrently, Mitochondrial ROS
interacts with the proteins and alters the folding conformation of them.
Perhaps, these misfolded proteins accumulate and forms a toxic
aggregates of protein lumps. Bardoxolone methyl activates Nrf2
pathway and boost up the expressions of antioxidant defensive proteins

dysfunction. Bard treatment by stimulating Nrf2-ARE
axis enhanced spare respiratory capacity which boosted
the function of mitochondria.

Conclusion

The results obtained from our studies suggest that Bard may
alleviate experimental DN by enhancing the levels of antioxidant
defense enzymes, improving chaperone and protease activity and
boosting mitochondrial respiration via stimulation of Nrf2-ARE

which could scavenges free radicals, and heat shock proteins which could
recuperate misfolded proteins to their normal conformation. In another
hand, Nrf2 mediated SirT3 expression deacetylates the mitochondrial
LON protease and that could help in removing aggregated proteins.
BARD: Bardoxolone methyl, Nrf2: Nuclear factor erythroid 2-related
factor 2, NQO1: NAD(P) H dehydrogenase [quinone], SOD2:
Superoxide dismutase 2, HO-1: Heme oxygenase 1, HSP’s: Heat shock
proteins, ARE: antioxidant responsive element, SirT3: NAD-dependent
deacetylase sirtuin-3, PGC-1a: Peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha

pathway. Our studies thus offer novel insights to understand the
mechanism of action of Bard as a neuroprotective agent, and to
identify novel targets for the pharmacological management of
DN.
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