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Abstract Impaired adenosine monophosphate kinase
(AMPK) signalling under hyperglycaemic conditions is
known to cause mitochondrial dysfunction in diabetic sensory
neurons. Facilitation of AMPK signalling is previously report-
ed to ameliorate inflammation and induce autophagic re-
sponse in various complications related to diabetes. The pres-
ent study assesses the role of AMPK activation on mitochon-
drial biogenesis, autophagy and neuroinflammation in exper-
imental diabetic neuropathy (DN) using an AMPK activator
(A769662). A769662 (15 and 30 mg/kg, i.p) was adminis-
tered to Sprague–Dawley rats (250–270 g) for 2 weeks after
6 weeks of streptozotocin (STZ) injection (55 mg/kg, i.p.).
Behavioural parameters (mechanical/thermal hyperalgesia)
and functional characteristics (motor/sensory nerve conduc-
tion velocities (MNCV and SNCV) and sciatic nerve blood
flow (NBF)) were assessed. For in vitro studies, Neuro2a
(N2A) cells were incubated with 25 mM glucose to simulate
high glucose condition and then studied for mitochondrial
dysfunction and protein expression changes. STZ administra-
tion resulted in significant hyperglycaemia (>250 mg/dl) in
rats. A769662 treatment significantly improved mechanical/
thermal hyperalgesia threshold and enhanced MNCV, SNCV
and NBF in diabetic animals. A769662 exposure normalised
the mitochondrial superoxide production, membrane
depolarisation and markedly increased neurite outgrowth of
N2A cells. Further, AMPK activation also abolished the
NF-κB-mediated neuroinflammation. A769662 treatment

increased Thr-172 phosphorylation of AMPK results in stim-
ulated PGC-1α-directed mitochondrial biogenesis and au-
tophagy induction. Our study supports that compromised
AMPK signalling in hyperglycaemic conditions causes defec-
tive mitochondrial biogenesis ultimately leading to neuronal
dysfunction and associated deficits in DN and activation of
AMPK can be developed as an attractive therapeutic strategy
for the management of DN.
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Introduction

Microvascular complications of diabetes imposes major
health burden in developed as well as developing countries
[1]. Diabetic neuropathy (DN) has very high prevalence (50–
60 %) in subjects with chronic diabetes [2]. Altered axonal
transmission, increased pain sensitisation, abnormal sensa-
tions and allodynia are common symptoms associated with
DN [3]. Aetiopathogenesis of DN is least characterised and
is reported to be mediated through enhanced generation of
reactive oxygen species (ROS), improper bioenergetic supply,
amplified apoptosis, loss of insulinotropic support, nuclear
factor kappa B (NF-κB)-directed neuroinflammation, ineffi-
cient removal of damaged proteins and organelles in neurons
and glial cells [4–6]. These interwoven pathways further com-
plicates the therapeutic targeting for the management of DN.
Duloxetine and pregabalin are the only FDA-approved drugs
for the palliative care in DN [7]. Non-uniform success, limited
options and the need for an ideal therapeutic intervention ne-
cessitates further research in the area of DN [8].

Neurons meet high metabolic demands for growth and neu-
rotransmission from oxidative phosphorylation [9]. Hence,
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failure of mitochondrial function in neurons may lead to neu-
ropathological consequences such as impaired growth, metab-
olism and disturbed neurotransmission. Hyperglycaemia-
directed silencing of adenosine monophosphate kinase
(AMPK) leads to mitochondrial dysfunction which can con-
tribute to vascular complications of diabetes [10]. AMPK acti-
vation adds to ATP generation by enhancing catabolic cellular
pathways, increasing mitochondrial function and by removing
damaged mitochondria through mitophagy [11]. Mitochondrial
biogenesis through peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1α) has been reported to
ameliorate several chronic diseases associated with mitochon-
drial dysfunction [12]. Active biogenesis of mitochondria
should be complemented with efficient removal of damaged
mitochondria by active autophagy process which is essential
for maintaining cellular and redox homeostasis [13].
Mitochondrial dysfunction and altered bioenergetics have been
known to exert their pathological footprints in sensory deficits
in streptozotocin (STZ)-induced diabetes [14, 15]. However,
the pharmacological benefit of activating the mitochondrial
biogenesis and autophagy through modulation of bioenergetic
sensor, AMPK, in experimental DN is an unexplored avenue.

We evaluated the pharmacological potential of AMPK ac-
tivation in terms of regulation of mitochondrial function and
their turnover in experimental models of DN using A769662,
an allosteric activator of AMPK [16]. A769662 has been doc-
umented for its potential effect on AMPK activation in several
experimental models including those of neuropathic pain [17].
We have studied the ROS generation, mitochondrial superox-
ide generation and neurite outgrowth in N2A cells to charac-
terise the effect of AMPK signalling facilitation on mitochon-
drial performance and neuronal growth. The effect of
A769662 on neuroinflammation, PGC-1α mediated mito-
chondrial biogenesis and autophagy induction was studied in
in vitro and in vivo models of experimental DN.

Materials and Methods

Animals

Healthy male Sprague–Dawley rats (250–270 g) 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 in accordance
to regulations of Institutional Animal Ethics Committee
(IAEC)—NIPER-Hyderabad, India.

Induction of Diabetes and Experimental Design

Diabetes was induced by STZ (55 mg/kg, i.p.) using citrate
buffer (pH 4.5). The rats with blood glucose >250mg/dL after
48 h of diabetes induction were randomly allocated to

different groups. A769662 (Chemscene Ltd., NJ, USA) was
administered for the last 2 weeks of 8-week-old diabetic rats at
15 and 30 mg/kg, i.p. by dissolving it in saline containing 5 %
DMSO. The experimental design and dosage regimen were
followed according to the previously established reports of
experimental DN [18–20].

Behavioural Parameters

Thermal and Mechanical Hyperalgesia

Thermal hyperalgesia to both hot (45 °C) and cold (10 °C)
water was performed. Animals were acclimatised prior to the
experiment. The tail flick response latency was observed as
endpoint response (cut-off time 15 s) [21]. Mechanical sensi-
tivity to noxious stimuli was assessed using a Vonfrey
aesthesiometer and Randall Sellitto callipers (IITC Life
Sciences, USA) [22].

Functional Parameters

Motor and Sensory Nerve Conduction Velocities

Motor/sensory nerve conduction velocities (MNCV and
SNCV) were calculated using power lab (ADInstruments,
Australia). Needle electrodes were used for stimulation of sci-
atic nerve at sciatic notch or Achilles tendon with 3 V stimu-
lus. The bipolar surface receiving electrodes were kept in foot
muscle and the M-wave and H-reflex latencies were measured
using Lab chart software. The distance between the stimula-
tion points and latencies were used to determine MNCV/
SNCV (m/s) [23].

Sciatic Nerve Blood Flow

Blood flow to the sciatic nerve was measured using laser
Doppler oximeter (Moor instruments, UK). Briefly, animals
were anaesthetised and their left flank was exposed to visual-
ise the sciatic nerve. Laser probe was placed slightly over the
sciatic nerve in an area free from epineurial and perineurial
blood vessels. To avoid dehydration of the exposed site, nor-
mal saline was applied and the probe was left latent for 10–
15 min for stabilisation of the recording. Flux measurements
were made for constant time period (10 min) among different
animals and reported as arbitrary perfusion units [19].

Biochemical Parameters

Measurement of Glucose Levels

Plasma glucose levels were estimated using GOD-POD kit
(Accurex, India) according to the manufacturer’s protocol
[24].
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Measurement of Malondialdehyde

Malondialdehyde (MDA) levels were measured by thiobarbi-
turic acid reactive substance (TBARS)method. Briefly, 0.2 ml
of sciatic nerve protein homogenate was mixed with 0.2 ml of
8.1 % SDS, 1.5 ml of 20 % glacial acetic acid solution (pH
3.4) and 1.5 ml of 0.8 % thiobarbituric acid. The resultant
mixture was heated on water bath at 95 °C for 60 min. After
that, mixture was centrifuged at 10,000 rpm and the absor-
bance of supernatant was measured at 532 nm. Results are
expressed as μM/mg protein [25].

Estimation of Reduced Glutathione

Reduced glutathione (GSH) was measured by Ellman’s meth-
od in sciatic nerves in accordance to previously established
protocol [26]. Sciatic nerve homogenate was centrifuged with
5 % trichloroacetic acid (TCA) to precipitate out the proteins.
To the supernatant, 100 μl of Ellman’s reagent (dithiobis-2-
nitrobenzoic acid (DTNB) in phosphate-buffered saline (PBS)
(pH 8)) solution was added and the mixture was then incubat-
ed for 10 min at 37 °C and the absorbance was recorded at
412 nm.

Estimation of IL-6 and TNF-α

ELISA estimations were performed using commercial
interleukin-6 (IL-6) and tumour necrosis factor alpha
(TNF-α) assay kits (eBioscience, USA). The colour devel-
oped in the assay plates was read at 450 nm using a spectro-
photometer (Spectramax M4).The values obtained were nor-
malised to the protein content and the final values were
expressed as pg/mg protein [18].

Estimation of ATP Levels

ATP estimations in sciatic nerves were performed according to
kit protocol (Abcam, MA, USA). Briefly, equal volume of the
protein supernatant obtained by homogenizing the sciatic
nerves was added to an equal volume of mixture of assay
buffer, ATP converter, ATP probe, and ATP developer mix.
The mixture was incubated in the dark for 30 min and then
absorbance reading was taken at 570 nm. The concentration of
ATP was represented as nm/mg protein.

DNA Fragmentation and Protein Expression Studies

TUNEL Assay

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labelling (TUNEL) assay was performed to study DNA
fragmentation. Sciatic nerves were dehydrated, paraffin em-
bedded, and 4–5-μm sections were made using microtome

(Leica). The naked ends of fragmented DNA in the paraffin-
embedded nerve sections were labelled with fluorescein iso-
thiocyanate (FITC) using TdT-FragEL kit (Calbiochem,
USA). Mounting media containing 4′, 6-diamidino-2-
phenylindole (DAPI) was added to sections. TUNEL-
positive cells and total number of cells were counted under a
fluorescent microscope (Nikon ECLIPSE Ti-U, Japan) [27].

Immunohistochemistry

The nerve sections were deparaffinised and hydrated followed
by blocking with bovine serum albumin (BSA) for 15 min.
Then, sections were incubated with antibodies for NF-κB P65
subunit and COX-2 (CST) at a dilution of 1:400 at 4 °C over-
night followed by incubation with secondary antibody.
Thereafter, sections were incubated with a 3, 3-o-
diaminobenzidine solution followed by counterstaining with
haematoxylin and observed under light microscope [28].

Western Blotting Analysis

Protein samples containing equal protein content across all
groups were separated by SDS-PAGE and transferred to
PVDF membrane. After blocking with 3 % BSA, membranes
were incubated with antibodies P-AMPK, AMPK, NRF-1,
Beclin1, LC3 A/B, NF-κB, COX-2, β-actin (Cell Signalling
Technology, USA) (1:1000), and PGC-1α, SIRT1, iNOS,
Tfam (Santa cruz, USA) (1:1000) for 12 h at 4 °C. After
washing, membranes were incubated with HRP-conjugated
secondary antibodies (Cell Signalling Technology, USA)
(1:20000). Chemiluminescence was visualised using a
Fusion-FX chemiluminescence imager (Vilber Lourmat,
Germany). The relative band densities were quantified by
densitometry using ImageJ software (version 1.48, NIH,
USA) [27].

Neuronal Cell Culture

The neuro2a (N2A) cell line from National Centre for Cell
Sciences (NCCS, Pune, India) were grown in minimum es-
sential medium (MEM) (containing 5 mM glucose) supple-
mented with 10 % fetal bovine serum (FBS), glutamine
(2 mM), streptomycin/penicillin (1 %), at 37 °C, in a humid-
ified atmosphere of 95 % air and 5 % CO2. High glucose
condition was created by adding 25 mM glucose to medium
(final concentration in medium 30 mM).

Assessment of Neurite Outgrowth

N2A cells were plated in a 12-well plate at a density of 5000
cells/well. After 12 h, cells were treated with glucose and
A769662. Five random fields (100–200 cells/well) were ex-
amined using a phase contrast microscope (Nikon ECLIPSE
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Ti-U, Japan). Neurite length was measured in at least 30 cells
per randomly chosen fields by using ImageJ (Version 1.48,
NIH, USA) software. The number of neurite outgrowths, de-
fined as axon-like extensions that were double or more than
the diameter of cell body was recorded. The percentage
neurite bearing cells (%) is the number of neurite bearing cells
divided by the total number of cells and then multiplied by
100 [29].

Measurement of Intracellular ROS by DCFDA Staining

Cells were seeded in 6-well plate at a density of 5×104 cells/
cm2. After 24-h incubation, they were exposed to drug solu-
tions with indicated concentrations for 6 h. Then, cells were
loaded with 5 μM H2DCF-DA for 20 min and fluorescence
was visualised using a fluorescence microscope (Nikon
ECLIPSE Ti-U, Japan) [30].

Assessment of Mitochondrial Superoxide Anion (O2
.−)

by MitoSOX staining

N2A cells were plated in a 6-well plate at a density of 50,000
cells/well and incubated overnight. After 24 h, cells were sub-
jected to treatment for 6 h. The cells were then incubated with
5 μM MitoSOX for 10 min at 37 °C, protected from light,
washed and processed for imaging under a fluorescent micro-
scope [31].

Assessment of Mitochondrial Membrane Potential (Δψm)
by JC-1 Staining

N2A cells were seeded in 6-well plate at a density of 5×104

cells/cm2 and after 24-h incubation exposed to drug solutions

with indicated concentrations for 6 h. JC-1 (5 μM/ml) was
prepared in phosphate buffered saline (PBS) and cells were
incubated for 20 min with JC-1. Then, cells were visualised
under fluorescent microscope [32].

Statistical Analysis

The results were expressed as mean±SEM. Statistical com-
parisons were made with BBonferroni's multiple comparison
test^. The intergroup variations were measured by one-way
analysis of variance using the GraphPad Prism (version 5.0.,
USA). Results with p<0.05 were considered to be statistically
significant.

Results

Glucose levels in the diabetic rats were significantly elevated
(p<0.001). Significant (p<0.001) loss in body weights were
observed in diabetic rats when compared to normal rats
(Table 1). Two-week treatment with A769662 (15 and
30 mg/kg, i.p) showed no significant effect on plasma glucose
and body weight changes in treated animals.

AMPK Activation by A769662 Normalises the Nerve
Functional Changes and Reduces Pain Associated With
DN

Sensorimotor responses to thermal and mechanical stimuli
(p < 0.001) were significantly decreased in diabetic rats
(Table 1). A769662 treatment for 2 weeks significantly atten-
uated the pain hypersensitivity and resulted in improved tail
flick latencies and paw withdrawal thresholds (p<0.001 at

Table 1 Effect of 2-week treat-
ment with A769662 (15 and
30 mg/kg) on various behaviour-
al, biochemical and functional
characteristics of DN

Parameter ND STZ-D STZ-D+A-15 STZ-D+A-30

MNCV (m/s) 60.26 ± 1.62 39.70± 0.91^^ 44.75± 4.53 51.40± 3.20*

SNCV (m/s) 55.58 ± 1.54 34.00± 1.81^^^ 43.03± 6.34 49.92± 2.80**

NBF (PU) 102.55± 1.83 46.43± 2.37^^^ 55.76± 2.63 89.30± 5.18***

Tail withdrawal latency to hot
stimuli (s)

13.62 ± 0.44 4.74± 0.11^^^ 7.45± 1.09 11.89± 1.43***

Tail withdrawal latency to
cold stimuli (s)

14.22 ± 0.28 5.03± 0.36^^^ 8.80± 0.87** 13.97± 0.97***

Paw withdrawal threshold (g) 63.68 ± 1.18 44.70± 1.14^^^ 53.32± 1.34* 61.30± 2.29***

Paw withdrawal pressure (g) 198.30± 4.91 100.17 ± 1.73^^^ 145.15± 8.35*** 186.47± 5.11***

Plasma glucose (mg/dl) 95.91 ± 9.47 403.80 ± 18.22^^^ 361.68± 19.44 385.31± 33.44

Average body weight (gm) 326.67± 7.27 210.00 ± 4.62^^^ 223.67± 6.65 226.67± 3.53

MDA (μM/mg) 5.44± 1.04 30.91± 1.95^^^ 22.79± 0.70* 10.19± 1.03***

GSH (μM/mg) 34.93 ± 0.94 18.15± 0.63^^^ 21.60± 0.53 25.50± 0.51**

Results are expressed as mean ± SEM (n= 6)

ND non-diabetic, STZ-D diabetic, STZ-D+A-15 diabetic rats treated with A769662 at 15, STZ-D+A-30 diabetic
rats treated with A769662 at 30 mg/kg

^^p< 0.01, ^^^p< 0.001 vs ND, *p< 0.05, **p< 0.01, ***p< 0.001 vs STZ-D
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30 mg/kg dose) in treated diabetic animals. Marked reduction
in the MNCV (p<0.01) and SNCV (p<0.001) was observed
in diabetic rats when compared to normal rats (Fig. 1). NBF
was also significantly (p<0.001) impaired in diabetic rats
when compared to normal rats. Treatment with A769662 to
the diabetic rats significantly restored these functional deficits
associated with diabetes (Table 1).

AMPK Activation Reverses Oxidative Stress-Associated
Changes in High Glucose-Exposed N2A Cells
and STZ-Induced Rats

An increased DCF fluorescence in high glucose conditions after
6 h of exposure indicates the glucose-driven ROS generation.
Coincubation of high glucose-treated cells with A769662 at 25
and 50 μM significantly attenuated ROS generation in a dose-

dependent manner (Fig. 3). An elevated number of TUNEL-
positive cells (p<0.01) in the nerve microsections of diabetic
rats were observed (Fig. 1a). Significant increase in MDA
(p<0.001) and diminished GSH (p<0.001) level in the sciatic
nerves of diabetic rats were also observed (Table 1). A769662
treatment significantly reduced TUNEL-positive cells (p<0.05)
(Fig. 1a), inhibited the lipid peroxidation (p<0.05 at 15 mg/kg
and p<0.001 at 30 mg/kg) and improved the antioxidant de-
fence by improving glutathione levels (p<0.01 at 30 mg/kg) in
the sciatic nerves of treated diabetic rats.

AMPK Activation Promotes Neuritogenesis in High
Glucose-Insulted N2A Cells

Exposure to 30 mM glucose reduced average neurite length
(p < 0.01) and neurite generation when compared to the

Fig. 1 Effect of A769662 administration on oxidative DNA damage in
STZ-induced rats and neuritogenesis in high glucose-exposed N2A cells:
a fluorescent microscopic images of TUNEL-positive cells and corre-
sponding DAPI-stained sciatic nerve microsection and graphical repre-
sentations of average (%) TUNEL-positive cells. b Representative bright
field microscopic images of N2A cells captured after 12 h exposure to
glucose (30 mM) and A769662 (25 and 50 μM) (×20) and graphical
representation of average neurite length (μM) and percentage neurite

bearing cells. Values are expressed as mean ± SEM (n = 3). ND: non-dia-
betic, STZ-D: diabetic, STZ-D+A-15 are STZ-D+A-30 are diabetic rats
treated with A769662 at 15 and 30 mg/kg respectively. ^^p< 0.01 vs ND,
*p< 0.05 vs STZ-D. NC: normal N2A cells, HG: high glucose (30 mM)-
exposed N2A cells, HG+A 25 and HG+A 50 are high glucose-insulted
cells coincubated with A769662 at 25 and 50 μM, respectively.
^^p< 0.01 vs NC, **p< 0.01, ***p< 0.001 vs HG
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normal N2A cells (Fig. 1b). Average neurite length and aver-
age neurite-bearing cells have been considerably increased
with A769662 treatment in a dose-dependent manner even
under high glucose conditions (Fig. 1b).

A769662 Treatment Ameliorates Neuroinflammation
in High Glucose-Exposed N2A Cells and Peripheral
Nerves of STZ-Induced Rats

High glucose exposure to N2A cells caused significant in-
crease in NF-κB level (p<0.001) and inflated proinflamma-
tory COX-2 and iNOS proteins (p<0.001) when compared
with the normal N2A cells (Fig. 2a). A769662 treatment for
24 h to high glucose-insulted N2A cells decreased NF-κB
levels. Reduction in p65, COX-2 and iNOS protein expression
resulted after A769662 administration (Fig. 2a). Chronic

diabetes significantly elevated the NF-κB-mediated neuroin-
flammation as evident by enhanced levels of IL-6 (p<0.001)
and TNF-α (p<0.001) in the sciatic nerve lysates (Fig. 2c)
and increased immunopositivity towards p65 (p<0.001) and
COX-2 (p<0.001) in the nerve microsections of diabetic rats
(Fig. 2b). A769662 treatment significantly reduced the ex-
pression of IL-6 (p<0.001) and TNF-α (p<0.01) and reduced
the expression of NF-κB (p< 0.01) and COX-2 (p < 0.05)
when compared to STZ-induced rats (Fig. 2b).

High Glucose-Mediated Mitochondrial Dysfunction
in N2A Cells and Reversal by AMPK Activation

High glucose (30mM) exposure led to increased generation of
mitochondrial specific superoxide as evident by elevated
MitoSOX fluorescence and mitochondrial membrane

Fig. 2 Effect of A769662 on high glucose-induced inflammatory changes
in N2A cells and inflammatory marker expression in sciatic nerves of STZ-
induced rats. a Representative immunoblot images of iNOS, COX-2, NF-
κB, β-actin and corresponding graphical representations of densitometric
analysis. b Pictorial representations of immunoperoxidase-stained nerve sec-
tions for NF-κB (first row) and COX-2 (second row). Bar graphs (c) repre-
sent the levels of IL-6 and TNF-α in sciatic nerve lysates. Results are

expressed as mean±SEM (n=3).NC: normal N2A cells,HG: high glucose
(30 mM)-exposed N2A cells, HG+A 25 and HG+A 50 are high glucose-
insulted cells coincubated with A769662 at 25 and 50 μM, respectively.
^^^p<0.001 vs NC, *p< 0.05, ***p< 0.001 vs HG. ND: non-diabetic,
STZ-D: diabetic, STZ-D+A-15 and STZ-D+A-30 are diabetic rats treated
with A769662 at 15 and 30 mg/kg, respectively. ^^^p< 0.001 vs ND,
**p<0.01 and ***p<0.001 vs STZ-D
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depolarisation as confirmed by increased JC-1 monomer
green florescence in N2A cells (Fig. 3). Treatment with
A769662 to the high glucose-exposed cells reduced the mito-
chondria generation of superoxide and ensured repolarisation
of mitochondrial membrane (red fluorescence) (Fig. 3).

A769662 Treatment Increases AMPK Phosphorylation
and Augments Mitochondrial Biogenesis and Autophagy
in High Glucose-Treated N2A cells

High glucose exposure caused significant (p<0.001) impair-
ment in AMPK phosphorylation and its activity (Fig. 4).
A769662 treatment enhanced Thr 172 phosphorylation of
AMPK in high glucose-insulted cells in a dose-dependent man-
ner (p< 0.001 at 25 and 50 μM). Significant reductions
(p<0.001) in the levels of SIRT1 and PGC-1α, NRF1 and
Tfam signalling were also observed in high glucose-exposed
cells (Fig. 4). High glucose exposure impaired the formation of
autophagosomes, as evident from reduced levels of Beclin1
(p<0.01) and LC3-II (p<0.001) proteins when compared with
their basal expression (Fig. 4). A769662 exposure resulted in
increase in expression of PGC1α (p<0.001 at 50 μm), NRF1
(p<0.01 at 50 μm), SIRT1 (p<0.001) at higher dose (50 μm)
and Tfam (p<0.05 and p<0.001 at 25 and 50μm respectively),
Beclin1 (p<0.01 at 50 μm) and LC3-II (p<0.001 at both doses
of A7696622) in a dose-dependent manner.

Diabetes Compromises Mitochondrial Biogenesis,
Turnover and Functional Capacity in the Sciatic Nerves
of STZ-Induced Diabetic Rats and A769662
Administration Corrected These Anomalies

A profound reduction in Thr 172 phosphorylation of AMPK
(p<0.001) in the diabetic rats was observed when compared
to the normal healthy rats (Fig. 5a). Further, PGC-1α
(p<0.001) and NRF-1 (p<0.001) expression in the STZ-
induced rats were reduced when compared with the normal rats.
Chronic diabetes in rats reduced Beclin1 levels (p<0.001) in the
sciatic nerves (Fig. 5a). A769662 treatment for 2weeks reversed
AMPK inactivation and associated mitochondrial biogenesis
and autophagy deficits in diabetic rats. ATP content was dimin-
ished in sciatic nerves of diabetic rats (STZ-D 0.65±0.13 nM vs
ND 1.98±0.09 nM), and A769662 significantly (p<0.001) el-
evated mitochondrial ATP production in treated rats (Fig. 5b).

Discussion

The results obtained in this study indicated possible involvement
of AMPK signalling in diabetic neuropathy and associated mi-
tochondrial dysfunction. AMPK activation efficiently
counteracted the diabetes-induced thermal and mechanical
hyperalgesia as well conduction and nerve blood flow deficits.

Fig. 3 Effect of high glucose exposure and AMPK activation on
intracellular ROS levels, mitochondrial superoxide generation and
mitochondrial membrane potential: representative DCF fluorescent
images of ROS generation (first panel) in N2A cells exposed to high
glucose and A769662. MitoSOX staining for the determination of
mitochondrial superoxide generation (second panel) in N2A cells. JC-1

stained N2A cells for the determination of mitochondrial membrane po-
tential. Orange fluorescence indicates the aggregated form of JC-1 and
green colour is that of monomeric form. NC: normal N2A cells,HG: high
glucose (30mM)-exposed N2A cells,HG+A 25 andHG+A 50 are high
glucose-insulted cells coincubated with A769662 at 25 and 50 μM,
respectively
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Reduced Thr 172 phosphorylation of AMPK resulted in com-
promised mitochondrial biogenesis and autophagosome forma-
tion in diabetic rats. This study also supported the fact that acti-
vation of AMPK enhances PGC-1α-mediated mitochondrial
biogenesis and inhibits the pathological activation of NF-κB-
induced neuroinflammation under hyperglycaemic conditions.

Neurons require copious amount of energy (ATP) to meet
their high energetic demands such as maintenance of large
electrochemical gradients across the cell membrane and den-
dritic arborisation for neurotransmission [33]. Impaired neu-
ronal sprouting under hyperglycaemic conditions is identified
as outcome of reduced insulinotropic or neurotrophic support
to the nerves [34]. The increase in the neurite length and
neurite-bearing capacity by AMPK activation confirmed the
critical importance of ATP requirement in the formation of
growth cone and sprouting of neurites [35, 36].

Reduced nerve conduction velocities in diabetic rats leads
to impaired and altered sensory signalling in the peripheral
limbs which manifests in the form of hyperalgesia and

allodynia, the hallmark symptoms of neuropathic pain [37].
AMPK activation was reported for its protective effect against
allodynia and hyper excitability in trauma-induced neuropath-
ic pain [17]. Improvement in the conduction deficits and re-
duced pain hypersensitivity in diabetic animals by A769662
administration indicates that the AMPK modulation might
have exerted neuroprotection via limiting inflammatory dam-
age to myelin layer of peripheral nerves and reduced nocicep-
tive sensitisation by inflammatory mediators [38]. NF-κB-
mediated neuroinflammation is also known to exert its effect
on vascular deficits seen in DN via induction of COX-2 and
iNOS. COX-2 has previously been identified to alter Na+-K+

activity in the nerves and enhances the production of vasocon-
strictor thromboxane [39]. iNOS production is also known to
produce aberrant NO generation and can result in nitrosative
damage [40]. A769662 administration enhanced the peripher-
al blood supply to the neurons in diabetic animals at both the
doses which may be due to inhibition of NF-κB activation or
eNOS activation by AMPK [41].

Fig. 4 Effect of A769662 treatment on protein expression changes in high
glucose-insulted N2A cells: immunoblot images of p-AMPK, total AMPK,
SIRT1, PGC-1α, NRF-1, Tfam, LC3-II, Beclin1 and β-actin. Bar graphs
represent densitometric analysis of respective western blots. Results are

expressed as mean±SEM (n=3).NC: normal N2A cells,HG: high glucose
(30 mM)-exposed N2A cells, HG+A 25 and HG+A 50 are high glucose-
insulted cells coincubated with A769662 at 25 and 50 μM, respectively.
^^p<0.01, ^^^p<0.001 vs NC, *p<0.05, **p<0.01, ***p<0.001 vs HG
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Hyperglycaemia-mediated ROS generation and subsequent
activation of inhibitory kappa kinase (IKK) result in aberrant
activation of NF-κB signalling [42]. Hyperglycaemia-induced
neuroinflammation was evident through increased
immunoperoxidase staining for NF-κB, COX-2 in the sciatic
nerves of diabetic rats and elevated levels of NF-κB, COX-2
and iNOS in high glucose-exposed N2A cells. AMPK activa-
tion byA769662 reduced the neuroinflammatorymanifestations
associated with NF-κB signalling in both STZ-induced rats as
well as hyperglycaemia-exposed N2A cells which is in line with
earlier reports on AMPK-directed NF-κB inhibition [43].
Oxidative stress-associated damage was evident from increased
lipid peroxidation and reduced glutathione content observed in
STZ-induced rats and ROS-mediated DNA fragmentation in
sciatic nervemicrosections which concurred earlier observations
in experimental DN [44, 45]. AMPK activation reduced the
overall ROS generation under hyperglycaemia and thus

prevented oxidative damage in sciatic nerves of diabetic rats.
These features were anticipated to be observed due to improve-
ment in mitochondrial performance by AMPK activation [46].

Unlike most tissues in the body, glucose entry into the neuro-
nal cells does not depend on the insulin but is diffusion-mediated
and thus makes the neurons susceptible to hyperglycaemic load
[47]. High glucose entered in the cell is directed to the mitochon-
drial electron transport chain (ETC) through primary metabolic
pathways such as glycolysis and tricarboxylic acid (TCA) cycle.
Increased shuttling of the energy equivalents through ETC chain
can result in leakage of electrons and generation of superoxide.
The generated superoxide may damage mitochondrial DNA,
which results in error-prone transcription and translation of de-
fective mitochondrial components [46]. In the present study,
hyperglycaemia-induced increase in the mitochondrial superox-
ide production and corresponding depolarisation of inner mito-
chondrial membrane clearly indicated the glucose-driven

Fig. 5 Effect of 2-week administration of A769662 on protein expres-
sion changes and ATP levels in STZ-induced rats: a western blot images
indicating the expression of p-AMPK, total AMPK, PGC-1α, NRF-1,
Beclin1 and β-actin protein in sciatic nerve lysates of normal and STZ-
induced rats. Graphical representations indicate densitometric analysis
for respective western blots. Average ATP levels (b) measured in sciatic

nerve lysates of normal and STZ-induced rats. Results are expressed as
mean ± SEM (n = 3). ND: non-diabetic, STZ-D: diabetic, STZ-D+A-15
and STZ-D+ A-30 are diabetic rats treated with A769662 at 15 and
30 mg/kg, respectively. ^^^p < 0.001 vs ND, *p < 0.05,**p < 0.01,
***p< 0.001 vs STZ-D
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mitochondrial dysfunction. Restoration of mitochondrial mem-
brane potential by A769662 exposure supports the observation
of reduced superoxide generation and maintenance of electro-
chemical gradient across the inner membrane.

Recent studies have evaluated the role of healthy mitochon-
drial biogenesis and its therapeutic benefit in the neurodegener-
ative disorders [48–50]. Indeed, mitochondrial transcription fac-
tor A (Tfam) overexpressed rats were protected from nerve con-
duction deficits and mitochondrial degeneration observed in ex-
perimental DN [51]. In our study, we also observed

hyperglycaemia-directed reduction of PGC-1α, the master regu-
lator of mitochondrial biogenesis. The reduced expression of
PGC-1α, NRF1 and Tfam under hyperglycaemic condition fur-
ther fortifies our observation of reducedmitochondrial biogenesis
as contributor to the pathophysiology of DN. Treatment with
A769662 results in increased Thr 172 phosphorylation of
AMPK in both STZ-induced rats as well as 30-mM-exposed
N2A cells. Further AMPK activation resulted in enhanced mito-
chondrial biogenesis under diabetic condition as evident by in-
creased expression of PGC-1α, NRF1 and Tfam. AMPK

Fig. 6 Probable mechanism of AMPK-mediated neuroprotection in ex-
perimental DN: high glucose-driven ETC flux in mitochondria results in
ROS generation, which can damage the mitochondrial components.
Oxidative damage to mitochondria makes them labelled for recycling
through mitophagy. Autophagosome encloses the damaged mitochondria
which eventually fuse with lysosomes to degrade the mitochondria and
release the raw materials into cytoplasm. The released components such
as amino acids can be used for protein synthesis. Glucose-induced AGE
and its further association with RAGE are also involved in nuclear
localisation of NF-κB heterodimer and thus enhance proinflammatory
mediators such as IL-6, TNF-α, COX-2 release which results in neuroin-
flammation. TNF-α can further positively modulate this NF-κB signal-
ling through TNFR facilitation. AMPK activation by A769662 can in-
duce the autophagy through facilitation of autophagosome formation

(Ulk1 activation). AMPK can also inhibit the NF-κB signalling and thus
halts the NF-κB-induced neuroinflammation. AMPK-mediated phos-
phorylation of PGC-1α facilitates NRF1 transcription and mitochondrial
biogenesis. The newly synthesised healthy mitochondria and removal of
damaged mitochondria by autophagy have an overall impact of reducing
the ROS-mediated oxidative stress inside the cellular system. (AGE: ad-
vanced glycation end products, AMPK: adenosine monophosphate ki-
nase, COX-2: cycloxygenase2, ETC: electron transport chain, IL-6: inter-
leukin6, NF-κB : nuclear factor kappa light chain enhancer of B cells,
NRF1: nuclear respiratory factor1, PGC-1α: peroxisome proliferator-
activated receptor gamma coactivator 1 alpha, RAGE: receptor for
AGE, ROS: reactive oxygen species, TNF-α: tumour necrosis factor alfa,
Tfam: transcription factor A, mitochondrial, TNFR: tumour necrosis fac-
tor receptor, Ulk1: unc-51-like autophagy-activating kinase 1)
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activation also facilitated SIRT1 signalling in the neurons, which
may be due to overall adjustment of cellular NAD energy pool.
The critical observation was the measurement of ATP levels in
the sciatic nerves of STZ-induced rats, where reduced ATP gen-
eration under diabetic condition indicate the degree of mitochon-
drial functional impairment due to ETC dysfunction. AMPK
activation by A769662 enhanced the ATP production under
hyperglycaemic conditions, which may point towards
replenishing the metabolic balance via increased production of
cellular energy.

Autophagy is a neuroprotective measure to reduce the accu-
mulation of damaged cellular components and protein aggre-
gates in neurological disorders [52]. We found reduced forma-
tion of autophagosomes under hyperglycaemic conditions, as
evident from the reduced expression of LC3B-II and Beclin1.
Beclin1 with the help of class III PI3K enzyme, Vsp34, helps in
formation of phagophore and recruitment of other autophagy-
related proteins such as LC3B-II to the phagophore which leads
to formation of autophagosomes [53]. A769662 treatment re-
sulted in enhanced cleavage of LC3B-II from LC3B-I and en-
hanced expression of Beclin1, an indication for the induction of
autophagy. This elevated autophagosome formation results in
clearance of damaged or degenerated mitochondria which fur-
ther improved mitochondrial function by A769662 [54].

Diabetic condition creates a maladaptive inhibition of AMPK
signalling by mimicking a nutrient excess condition inside neu-
rons. However, excess glucose is underutilised for producing
ATP; instead, it enhances the accumulation of depolarised, dam-
aged mitochondria inside the cells. Thus, the high glucose-
mediated mitochondrial dysfunction results in a futile mitochon-
drial performance i.e. reduced ATP generation and increased
ROS production. AMPK activation facilitated the clearance of
damaged mitochondria and also enhances the biogenesis of
healthymitochondria, thus helps tomaintain a healthymitochon-
drial phenotype under the conditions of experimental DN
(Fig. 6). The study serves as a substantial evidence of harnessing
the therapeutic benefit afforded by AMPK activation and paves
the way for further exploration of therapeutic molecules targeting
AMPK in diabetes-associated microvascular complications.
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