Metformin ameliorates peripheral
neuropathy in diabetic rats by
downregulating autophagy

via the AMPK pathway
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ABSTRACT

Diabetic neuropathy (DN) is an important complication of diabetes mellitus. Autophagy
is considered to be potentially involved in the regulation of DN. Metformin is broadly utilized in the
first-line treatment of diabetes. The present work aimed to assess whether and how metformin exerts
protective effects in DN. A DN rat model induced by streptozotocin (STZ)
was established. Metformin was administered to examine its effect on sciatic nerve pathology, and
the possible mechanisms involved in this process were explored. Morphological damage
was observed in sciatic nerve samples from diabetic animals, accompanied by decreased p-AMPK
expression and increased LC-3 levels. Notably, metformin ameliorated the morphological changes in
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the sciatic nerve by downregulating autophagy via p-AMPK upregulation.
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indicate that metformin attenuates peripheral neuropathy in diabetic rats by regulating autophagy.
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INTRODUCTION

Diabetes mellitus (DM) constitutes currently
an important and growing health concern

this

disabilities, requires costly management, and reduces

worldwide; life-threatening  disease  causes
life expectancy (1). An estimated 537 million individuals
had DM in 2021, and this number is predicted to rise
to 643 million and 783 million by 2030 and 2045,
respectively (2). Estimates also show that about 6.7
million individuals aged 20-79 years died from DM-
associated causes in 2021 (2). Direct health costs for
DM care approximated USD 1 trillion in 2021 and are
expected to rise year by year (2).

Diabetic neuropathy (DN) is an important, well-
known complication of DM. About half of all individuals
with DM, including those with prediabetes and types
1 and 2 DM, develop DN (3). The DN symptoms
differ depending on the disease stage. Early DN cases
experience mostly pain and hyperalgesia. With disease
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progression, numbness, muscle weakness, loss of
balance, and foot ulcers gradually appear (4). Currently,
DN treatments encompass intense glycemic control
and pain relief drugs (5). However, a recently published
meta-analysis of DN trials suggested that glycemic
control confers no benefit to most DN cases (6).
In addition, a fast glucose level reduction may induce
neuropathic pain, also referred to as treatment-induced
neuropathy (6). Therefore, current DN therapies
remain insufficient.

Different molecular pathways are involved in
DN development.

The pathological process of

DN is multifactorial, with unknown underpinning
the
polyol pathway (7), hexosamine pathway (8), protein
kinase C (PKC) pathway (9), synthesis of advanced
glycation end-products (AGEs) (10), and elevation

mechanisms. Potential mechanisms include

of proinflammatory cytokines (11). Autophagy may
also be involved in DN regulation (12), although
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the specific relationship between autophagy and DN
remains unelucidated.

Metformin is broadly applied in the first-line
treatment of type 2 DM. Accumulating evidence
reveals that metformin exerts anti-inflammatory effects
and improves endothelial function in obesity or DM
associated with a high-fat diet (HFD) (13). Meanwhile,
previous research has shown that metformin contributes
to the regulation of endothelial cell function triggered
by high glucose via the autophagy pathway (14).

To determine the roles of metformin in DN, a rat
model of DM was established to examine whether and
how metformin confers protection in DN induced by
streptozotocin (STZ).

MATERIALS AND METHODS
Experimental animals
The experiments involving animals followed the
institutional guidelines and were approved by the
Animal Ethics Committee of Fujian Medical University.
Male Sprague Dawley rats (6 weeks old, 180 to
200 g), provided by Beijing SPF Biotechnology (China),
were housed in individual cages under specific pathogen-
free conditions, with a 12-hour photoperiod and freely
available water in the Laboratory Animal Center of
Fujian Medical University. After a 7-day adaptation,
the animals were randomized to two groups. 1 — The
normal chow group (NC, n = 10) received a standard
chow diet (24% protein, 66% carbohydrates, and 10%
fat) for 8 weeks, followed by oral administration of
0.9% saline for 8 weeks. 2 — The DM group (DM, n
= 20) was fed HFD (20% protein, 20% carbohydrates,
and 60% fat; H10060, Beijing HFK Bioscience, China)
tor 8 weeks, and then subjected to intraperitoneal STZ
induction (30 mg/kg) using citrate buffer (pH 4.5).
Tail vein blood collection was performed 72 hours after
intraperitoneal treatment with STZ to measure blood
glucose (BG) levels; BG > 16.7 mmol/L suggested
successtful DM modeling. The DM group was randomly
subdivided into a DM control group (DMC, n = 10;
HED for 8 weeks and STZ treatment, followed by 0.9%
saline administered orally for 8 weeks) and a metformin
group (DMM, n = 10; HFED for 8 weeks and STZ
treatment, followed by metformin 400 mg/kg [Sigma-
Aldrich] administered orally in 0.9% saline daily for 8
weeks). The DMM and DMC groups received equal
amounts of the vehicle 0.9% saline, with and without
metformin, respectively. After the 16-week treatment
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period, euthanasia was performed by intraperitoneal
treatment with sodium pentobarbital (40 mg/kg).
Levels of BG were assessed every 4 weeks using a
glucometer (Bayer, Leverkusen, Germany). Blood
specimens were obtained by cardiac puncture. The
experimental design and dosage regimens were based
on previous reports of experimental DN (15,16).

Tail-flick test

The rats’ tails were continuously irradiated with a light
radiometer (Changchun New Industry Optoelectronic
Technology, mdl-hd-635, China), and the time from
the beginning of irradiation to the occurrence of a
tail-flick reaction (tail-flick latency in seconds) was
recorded. Each rat was tested thrice, and values were
averaged. The upper limit of the incubation period was
set at 30 seconds to avoid damaging the tails.

Motor nerve conduction velocity

Sciatic nerves were stimulated with previously inserted
electrodes using constant-current (10 to 20 mA)
square-wave pulses (40 ps) for the generation of
compound muscle action potential. A total of three
latency-of-M wave pairs were obtained and averaged.
The average latency difference (ALD) between the
first-onset peak and the maximum negative peak was
considered the conduction time between the two sites.
Motor nerve conduction velocity was derived as the
distance separating the stimulating electrodes divided
by the ALD.

Sensory nerve conduction velocity

Sciatic nerves were stimulated with previously inserted
electrodes using constant-current (2 mA) square-wave
pulses (40 ps) to evoke an H-reflex. Then, six latency
pairs were obtained, to determine the minimal latency
difference (MLD) between the two sites. Sensory
nerve conduction velocity (SNCV) was derived as the
distance separating the stimulating electrodes divided
by the MLD. Stimulus digitization and capture utilized
the RM6240 multi-channel signal collection system.

Histology detection
Sciatic nerve segments (1 to 2 cm) underwent overnight

fixation with 25 g/1. glutaraldehyde at 4 °C. This was

tollowed by a 1-hour post-fixation with 10 g/L osmium :

tetroxide at 4 °C, dehydration, resin embedding, and

placement in an Araldite mixture. Blocks underwent °
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polymerization at 60 °C for 48 hours. Semi-thin
sections underwent staining with 5% uranyl acetate and
lead citrate, followed by observation under an electron
microscope (Hitachi, Japan) (17).

Western blotting

Protein samples were obtained from sciatic nerves lysed
with RIPA lysis buffer supplemented with protease
inhibitors (Beyotime, China). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was
performed for protein separation, followed by electro-
transfer onto polyvinylidene fluoride membranes
(Millipore, USA). Upon blocking with 5% skimmed
milk, the membranes underwent overnight incubation
at 4 °C with primary antibodies targeting p-AMPK
(Thr-172), AMPK, LC-3, and B-actin (Cell Signaling
Technology, USA), followed by chemiluminescent
detection (18). Image] version 1.48 (NIH, USA) was
utilized to quantity densitometric signals.

Statistical analysis

Data are shown as mean + standard error of the mean
(SEM). Group pairs and multiple groups were compared
with Student’s t test and analysis of variance (ANOVA),
respectively, using GraphPad Prism 8.0 (GraphPad,
USA). P < 0.05 indicated statistical significance.

RESULTS

Metformin ameliorates blood glucose in the rat
model of diabetes

No significant differences were found in baseline BG
levels among the study rats. After 8 weeks of HFD,
BG levels were slightly higher in rats of the DM group
compared with those of the NC group, but with no
significant difference (p > 0.05). However, STZ
administration combined with HFD induced partial
destruction of B cells in the islet, which decreased
insulin secretion, inducing DM in the rat model. After
metformin treatment, BG in the DMM group was
controlled to a certain extent, with levels markedly
reduced compared with the DMC group (p < 0.05),
although still elevated compared with those of the NC
group (Table 1 and Figure 1).

Metformin ameliorates peripheral nerve symptoms
in diabetic rats

The tail-flick test was applied to assess the level and
change of the rats’ pain threshold and to evaluate
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neuropathic pain. As depicted in Figure 2, tail-flick
latency was significantly longer in the DMC group
compared with the NC group (13.55 + 2.21 seconds
vs. 7.76 £ 1.26 seconds, p < 0.01). However, after 10
weeks of metformin intervention, tail-flick latency was
remarkably shorter in the DMM group compared with
the DMC group (9.9 + 0.85 seconds »s. 13.55 £ 2.21
seconds, p < 0.05).

Both motor nerve conduction velocity (MNCV)
and SNCV were determined to examine the function
of myelinated nerve fibers (Table 2). The conductance
of motor and sensory nerves was significantly lower
in the DMC group compared with the NC group. In
contrast, MNCV and SNCV were higher in the DMM
group compared with the DMC group (p < 0.05).

Table 1. Blood glucose levels

Week NC group DMC group DMM group
(mmol/L) (mmol/L) (mmol/L)

Ow 5.61+0.86 5.59+0.92 5.76 + 0.54
4w 5.68+1.14 6.98 +1.09 6.89+1.18
8w 6.03+£1.09 8.14+1.01 8.26£1.03

12w 555+1.32 18.61 +0.87** 14.15 + 0.86#

16w 5.69 + 0.84 17.03 + 0.63** 9.84 + 0.57##

Data are shown as mean =+ standard error of the mean (SEM). Abbreviations: DMC group,
diabetes mellitus group; DMM group, metformin group; NC group, normal chow group;
w, weeks. **p <0.01. vs NC; #p < 0.05 vs. DMC; ##p < 0.01 vs. DMC.
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Figure 1. Blood glucose levels. Blood glucose curves across all
groups. After 8 weeks of a high-fat diet, blood glucose levels were slightly
higher in rats of the diabetes mellitus group compared with those in the
normal chow (NC) group, but the difference was not statistically significant
(p > 0.05). However, a single dose of streptozotocin injection combined
with high-fat diet resulted in the occurrence of diabetes mellitus in the rat
model. After metformin treatment, blood glucose in the metformin group
(DMM) group was controlled to a certain extent. Blood glucose levels
became significantly lower in the DMM group than in the DMC group (p <
0.05) but were still higher than those in the NC group. Data are expressed

as mean =+ standard error of the mean (SEM). Abbreviations: BG, blood
glucose level; DMC group, diabetes mellitus group; DMM group, metformin &
group; NC group, normal chow group; w, weeks. **p < 0.01 vs. NC; #p < :

0.05 vs. DMM; ##p < 0.01 vs. DMM.
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Figure 2. Tail-flick latency. Tail-flick test results, expressed as tail-flick
latency across all groups. Tail-flick latency was significantly longer in the
rats of the diabetes mellitus (DMC) group compared with those in the
normal chow (NC) group (13.55 + 2.21 seconds vs. 7.76 + 1.26 seconds,
respectively, p < 0.01). However, after 8 weeks of metformin treatment,
tail-flick latency was significantly shorter in the metformin (DMM) group
compared with the DMC group (9.9 = 0.85 seconds vs. 13.55 + 2.21
seconds, p < 0.05). Data are expressed as mean =+ standard error of the
mean (SEM). Abbreviations: NC group, normal chow group; DMC group,
diabetes mellitus group; DMM group, metformin group; s, seconds. *p <
0.01 vs. DMG; #p < 0.05 vs. DMM.

Table 2. Motor nerve conduction velocity and sensory nerve conduction
velocity across groups

NC group DMC group DMM group
MNCV (m/s) 59.81+2.38 4458 + 4.19% 52.81 + 3.56#
SNCV (m/s) 492+2.14 36.51+3.01** 42.08 + 3.31#

Data are presented as mean + standard error of the mean (SEM). Abbreviations: MNCYV,
motor nerve conduction velocity; SNCV, sensory nerve conduction velocity; NC group, normal
chow group; DMC group, diabetes mellitus group; DMM group, metformin group; m/s,
meters per second. *p < 0.05 vs. NC; **p < 0.01 vs. NC; #p <0.01 vs. DMM.

Metformin ameliorates the quantity and
morphology of myelinated fibers of the sciatic
nerve in diabetic rats

Nerve fibers were uniform and dense, with lamellae
shaped into concentric circles in the NC group (Figure 3
Al-A3). The axons were swollen and had no shrinkage,
with aligned neurofilaments and microtubules. Schwann
cells and axonal mitochondria were not swollen. The
ridge of the mitochondrial inner membrane was clearly
visible, and myelin protrusion was scarce.

the
revealed that sciatic nerves in the DMC group

Observations under electron microscope
(Figure 3 B1-B3) had altered myelin configuration,
myelin protrusion, lamella separation, neurofilaments,
neurotubule accumulation and disarrangement, and
various bubble-shaped defects in the myelinated axons.
Schwann cells and axonal mitochondria were broadly
swollen or lysed, and no ridge was observed in the

mitochondrial inner membrane.
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myelinated fibers in the sciatic nerve. Electron micrographs of sciatic
nerves from rats in the normal chow group (NC; A1, A2, and A3), diabetes
mellitus control group (DMC; B1, B2, and B3), and metformin group (DMM;
C1, C2, and C3). After metformin treatment, myelinated nerve fibers had a
relatively complete lamellar structure, with reduced density and uniformity.
Occasionally, bubble-shaped defects, lamella separation, neurofilaments,
and neurotubule disarrangement were observed, but the ridge of the
mitochondrial inner membrane within the axon retained its original shape.
Overall, demyelination and axonal lesions persisted, and the sciatic nerve
pathology was substantially ameliorated in the DMM compared with the
DMC group. Scale bar: 5 um, 2 pym, or 0.5 pm.

In the DMM group (Figure 3 C1-C3), myelinated
nerve fibers had a relatively complete lamellar structure
with reduced density and uniformity. Some bubble-
shaped defects, lamella separation, neurofilaments, and
neurotubule disarrangement were detected, but the
ridge of the mitochondrial inner membrane regained
its normal shape. In general, demyelination and axon
damage persisted, although sciatic nerve pathology was
considerably improved in the DMM group compared
with the DMC group.

Metformin inhibits autophagy in the sciatic nerve of
diabetic rats

As depicted in Figure 4, relative AMPK expression levels
were similar in the DMM (0.058 = 0.02), DMC (0.045
+ 0.01), and NC (0.066 + 0.01) groups. P-AMPK
(Thr-172) expression was decreased in the DMC group
compared with the NC group but restored after the
metformin intervention. Expression of LC-3 (which
reflects autophagy level) was markedly upregulated in
the DMC group compared with the NC group. After
the metformin intervention (DMM group), autophagy
level decreased significantly relative to the DMC group.
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Figure 4. Autophagy, AMPK, and p-AMPK levels in the sciatic
nerve. Relative protein levels of AMPK, p-AMPK (Thr-172), and LC-3 in
sciatic nerves. Compared with the normal chow (NC) group (0.066 +
0.01), no significant changes were detected in relative AMPK expression
in the metformin (DMM) group (0.058 + 0.02) and control (DMC) group
(0.045 + 0.01). However, p-AMPK (Thr-172) levels in the DMC group
were decreased, and p-AMPK activity was restored after metformin
intervention. In addition, LC-3 expression was significantly higher in the
DMC group compared with the NC group. After metformin treatment,
autophagy level was significantly decreased in the DMM compared with
the DMC group. Data are expressed as mean + standard error of the
mean (SEM). Each group included 10 rats. Abbreviations: DMC group,
diabetes mellitus group; DMM group, metformin group; NC group, normal
chow group. *p < 0.01 vs. NC; #p < 0.05 vs. DMC.

DISCUSSION

The occurrence of DN is known as a prominent DM
complication (19), and its prevalence may be decreased
by continuing improvements in clinical examination
and diagnostic methods (20).
study aimed to explore the mechanisms underpinning

Hence, the present

metformin-related alleviation of DN. The study results
demonstrated that metformin alleviated peripheral
neuropathy in diabetic rats by suppressing autophagy
via the AMPK pathway, providing evidence that
metformin is a fundamental treatment target in DN.

the
pathogenetic mechanism of DN. However, the precise

Many pathways jointly contribute to
regulatory factors involved remain undefined. Slowing
the development of DN and preventing or even
reversing its symptoms remain the top therapeutic

strategies for this disorder.
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Autophagy is a natural process in which damaged
organelles and macromolecules are degraded. Due to
its double-sided regulatory role, autophagy contributes
to maintaining intracellular environmental homeostasis;
a normal level of autophagy protects cells from
environmental insults, but excessive and insufficient
autophagy might cause disease (21). In recent years, a
series of cell culture and animal studies have confirmed
the close relationship between autophagy and DN
(22,23), but the specific functional relationship
between both remains unclear.

Yerra and cols. (24) showed that autophagy exerts
neuroprotective effects by decreasing the buildup
of damaged organelles and proteins in nerve cells.
Compared with normal cultured cells, Neuro2a
(N2a) cells cultured with high glucose had reduced
autophagosome formation, with lower beclin-1 and
LC-3-1I protein levels. In other studies, Purkinje cells
in the cerebellum of a 24-week STZ-induced DN rat
model were degenerated, accompanied by progressive
expansion of the axon ends, decreased autophagosome
formation, reduced Lamp2 expression and LC-3 II/
LC-3 II ratio, and increased aggregation of the p62
protein, which is specifically degraded by autophagy.
Similarly, beclin-1 was remarkably downregulated in
the sciatic nerve of STZ-induced DN rats (22).

However, different views exist among scholars.
For example, using in vivo experiments, Towns and
cols. (25) found that dorsal root ganglion neurons
in STZ-induced DN rats had impaired mitochondrial
function, increased apoptosis, enhanced autophagy,
and increased number of autophagosomes co-located
with the mitochondria in the neuronal cell body.

Metformin is the most common drug used in type
2 DM treatment. The main action of metformin is in
the gut, and through a gut-liver crosstalk, there is an
indirect effect on gluconeogenesis in liver (26). Mean-
while, growing evidence suggests metformin contrib-
utes to the regulation of aging and cancer development
(27). Notably, AMPK was initially described as a sup-
pressor of liver acetyl-CoA carboxylase and HMG-
CoA reductase, which are major factors controlling
the biosynthetic pathways of fatty acid and cholesterol
(28). In addition, metformin exerts protective effects
in diabetic retinopathy, whose mechanisms are associ-
ated with AMPK-dependent and AMPK-independent
pathways (29). In the present study, we established that
autophagy level in diabetic rats was enhanced after 8
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weeks of metformin treatment. Although AMPK ex-
pression was not remarkably changed, autophagy level
was decreased with increasing p-AMPK amounts, thus
ameliorating DN symptoms. Meanwhile, metformin
also improved the number of myelinated fibers in the
sciatic nerve and reversed the morphological changes of
the sciatic nerve in diabetic rats.

Metformin has implications for lactate homeostasis.
The drug’s influence on lactate metabolism is of
particular interest, given the established role of lactate
as a critical energy substrate in neuronal and glial cells,
as highlighted in a review by Jha and Morrison (30).
Metformin activates AMPK, potentially impacting
lactate production and utilization by altering cellular
energy dynamics (31). This interaction could be
significant in conditions like DN, where lactate
transporter MCT1 is crucial for nerve function (32).
Further research is needed to clarify metformin’s role
in lactate metabolism within the nervous system, which
could reveal new therapeutic targets for neurological
disorders.

In summary, the present study unveiled a probable
mechanism by which metformin may suppress
autophagy in the sciatic nerve via an AMPK-dependent
pathway that phosphorylates AMPK at Thr-172 to
improve DN. Therefore, metformin can be clinically
used beyond its basic anti-DM potential. Indeed, its
beneficial effects on diabetic complications are still
being discovered. Consequently, metformin is to be
administered throughout the treatment process of
DM in patients without contraindications, regardless
of the presence or absence of diabetic complications.
In an upcoming study, we will explore other potential
mechanisms of metformin in DN control.

Acknowledgments: none.

Authors’ contributions: FQY wrote the manuscript and carried
out data collection and analysis. DYX, CL, and LHY conducted
the experiments. FML participated in the development of
research design and in manuscript writing. The authors approved
the final version of the manuscript.

Data availability statement: the data that support the findings
of this study are available on request from the corresponding
author. The data are not publicly available due to privacy or
cthical restrictions.

Funding: this work was funded by the Key Clinical Specialty
Discipline Construction Program of Fuzhou, Fujian, P.R.C.
(Grantnumber 20220301 ) and by the Natural Science Foundation
of Fujian Province, China (Grant number 2022]J011308).

Arch Endocrinol Metab, 2024, v.68, special issue, 1-7, €240137.

Metformin ameliorates diabetic neuropathy

Ethics approval statement: all animal studies were conducted
according to institutional guidelines after approval by the
Animal Ethics Committee of Fujian Medical University. These
studies have, therefore, been performed in accordance with the
recommendations in the ARRIVE guidelines. We recommend
consulting the American Veterinary Medical Association (AVMA)
Guidelines for the Euthanasia of Animals.

Consent to participate: not applicable.
Consent to publish: not applicable.

Disclosure: no potential conflict of interest relevant to this article
was reported.

REFERENCES

1. Heald AH, Stedman M, Davies M, Livingston M, Alshames R, Lunt M,
et al. Estimating life years lost to diabetes: outcomes from analysis
of National Diabetes Audit and Office of National Statistics data.
Cardiovasc Endocrinol Metab. 2020 Jun 2;9(4):183-5. doi: 10.1097/
XCE.0000000000000210.

2. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan
BB, et al. IDF Diabetes Atlas: Global, regional and country-level
diabetes prevalence estimates for 2021 and projections for 2045.
Diabetes Res Clin Pract. 2022 Jan;183:109119. doi: 10.1016/j.
diabres.2021.109119.

3. Feldman EL, Callaghan BC, Pop-Busui R, Zochodne DW, Wright DE,
Bennett DL, et al. Diabetic neuropathy. Nat Rev Dis Primers. 2019 Jun
13;5(1):42. doi: 10.1038/s41572-019-0097-9.

4. Feldman EL, Nave KA, Jensen TS, Bennett DLH. New Horizons in
Diabetic Neuropathy: Mechanisms, Bioenergetics, and Pain. Neuron.
2017 Mar 22;93(6):1296-313. doi: 10.1016/j.neuron.2017.02.005.

5. Zilliox LA, Russell JW. Physical activity and dietary interventions
in diabetic neuropathy: a systematic review. Clin Auton Res. 2019
Aug;29(4):443-55. doi: 10.1007/s10286-019-00607-x.

6. Ismail-Beigi F, Craven T, Banerji MA, Basile J, Calles J, Cohen RM, et
al. Effect of intensive treatment of hyperglycaemia on microvascular
outcomes in type 2 diabetes: an analysis of the ACCORD randomised
trial. Lancet. 2010 Aug 7;376(9739):419-30. doi: 10.1016/S0140-
6736(10)60576-4.

7. Gabbay KH. Aldose reductase inhibition in the treatment of
diabetic neuropathy: where are we in 2004? Curr Diab Rep. 2004
Dec;4(6):405-8. doi: 10.1007/s11892-004-0047-z.

8. Kolm-Litty V, Sauer U, Nerlich A, Lehmann R, Schleicher ED. High
glucose-induced transforming growth factor betal production is
mediated by the hexosamine pathway in porcine glomerular mesangial
cells. J Clin Invest. 1998 Jan 1;101(1):160-9. doi: 10.1172/JCI119875.

9. Greene DA, Lattimer S, Ulbrecht J, Carroll P. Glucose-induced
alterations in nerve metabolism: current perspective on the
pathogenesis of diabetic neuropathy and future directions for research
and therapy. Diabetes Care. 1985 May-Jun;8(3):290-9. doi: 10.2337/
diacare.8.3.290.

10. Brownlee M, Cerami A, Vlassara H. Advanced glycosylation end
products in tissue and the biochemical basis of diabetic complications.
N Engl J Med. 1988 May 19;318(20):1315-21. doi: 10.1056/
NEJM198805193182007.

11. Bishnoi M, Bosgraaf CA, Abooj M, Zhong L, Premkumar LS.
Streptozotocin-induced early thermal hyperalgesia is independent
of glycemic state of rats: role of transient receptor potential vanilloid
1(TRPV1) and inflammatory mediators. Mol Pain. 2011 Jul 27;7:52.
doi: 10.1186/1744-8069-7-52.

12. Osman AA, Dahlin LB, Thomsen NO, Mohseni S. Autophagy in
the posterior interosseous nerve of patients with type 1 and type
2 diabetes mellitus: an ultrastructural study. Diabetologia. 2015
Mar;58(3):625-32. doi: 10.1007/s00125-014-3477-4.

his resery

ght® AE&M all rig

Copyrig



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

.: BY This is an open-access article distributed under the terms of the Creative Commons Aftribution Lics

Cameron AR, Morrison VL, Levin D, Mohan M, Forteath C, Beall
C, et al. Anti-Inflammatory Effects of Metformin Irrespective of
Diabetes Status. Circ Res. 2016 Aug 19;119(5):652-65. doi: 10.1161/
CIRCRESAHA.116.308445.

Gou L, Liu G, Ma R, Regmi A, Zeng T, Zheng J, et al. High fat-
induced inflammation in vascular endothelium can be improved
by Abelmoschus esculentus and metformin via increasing the
expressions of miR-146a and miR-155. Nutr Metab (Lond). 2020 May
13;17:35. doi: 10.1186/s12986-020-00459-7.

Negi G, Sharma SS. Inhibition of IkB kinase (IKK) protects against
peripheral nerve dysfunction of experimental diabetes. Mol Neurobiol.
2015 Apr;51(2):591-8. doi: 10.1007/s12035-014-8784-8.

Li SX, Li C, Pang XR, Zhang J, Yu GC, Yeo AJ, et al. Metformin
Attenuates Silica-Induced Pulmonary Fibrosis by Activating Autophagy
via the AMPK-mTOR Signaling Pathway. Front Pharmacol. 2021 Aug
9;12:719589. doi: 10.3389/fphar.2021.719589.

Li W, Gao M, Guo W, Xiao FX, Li Y, Zeng TS. Effect of autologous
bone marrow transplantation combined with SDF-1 alpha on diabetic
peripheral neuropathy. Int J Clin Exp Med. 2018;11(10):10703-12.
Joshi RP, Negi G, Kumar A, Pawar YB, Munjal B, Bansal AK, et al.
SNEDDS curcumin formulation leads to enhanced protection from
pain and functional deficits associated with diabetic neuropathy: an
insight into its mechanism for neuroprotection. Nanomedicine. 2013
Aug;9(6):776-85. doi: 10.1016/j.nan0.2013.01.001.

Wang F, Zhang J, Yu J, Liu S, Zhang R, Ma X, et al. Diagnostic
Accuracy of Monofilament Tests for Detecting Diabetic Peripheral
Neuropathy: A Systematic Review and Meta-Analysis. J Diabetes
Res. 2017;2017:8787261. doi: 10.1155/2017/8787261.
Tabatabaei-Malazy O, Mohajeri-Tehrani M, Madani S, Heshmat R,
Larijani B. The prevalence of diabetic peripheral neuropathy and
related factors. Iran J Public Health. 2011;40(3):55-62.

Wong E, Cuervo AM. Autophagy gone awry in neurodegenerative
diseases. Nat Neurosci. 2010 Jul;13(7):805-11. doi: 10.1038/nn.2575.
QuL, Zhang H, Gu B, Dai W, Wu QL, Sun LQ, et al. Jinmaitong alleviates
the diabetic peripheral neuropathy by inducing autophagy. Chin J Integr
Med. 2016 Mar;22(3):185-92. doi: 10.1007/s11655-015-2164-8.

Yerra VG, Kalvala AK, Kumar A. Isoliquiritigenin reduces oxidative
damage and alleviates mitochondrial impairment by SIRT1 activation in
experimental diabetic neuropathy. J Nutr Biochem. 2017 Sep;47:41-52.
doi: 10.1016/j.jnutbio.2017.05.001.

Arch Endocrinol Metab, 2024, v.68, special issue, 1-7, €240137.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Metformin ameliorates diabetic neuropathy

Yerra VG, Areti A, Kumar A. Adenosine Monophosphate-Activated
Protein Kinase Abates Hyperglycaemia-Induced Neuronal Injury in
Experimental Models of Diabetic Neuropathy: Effects on Mitochondrial
Biogenesis, Autophagy and Neuroinflammation. Mol Neurobiol. 2017
Apr;54(3):2301-12. doi: 10.1007/s12035-016-9824-3.

Towns R, Kabeya Y, Yoshimori T, Guo C, Shangguan Y, Hong S, et
al. Sera from patients with type 2 diabetes and neuropathy induce
autophagy and colocalization with mitochondria in SY5Y cells.
Autophagy. 2005 Oct-Dec;1(3):163-70. doi: 10.4161/auto.1.3.2068.
Tobar N, Rocha GZ, Santos A, Guadagnini D, Assalin HB, Camargo
JA, et al. Metformin acts in the gut and induces gut-liver crosstalk.
Proc Natl Acad Sci U S A. 2023 Jan 24;120(4):€2211933120.
doi: 10.1073/pnas.2211933120.

Hou Y, Cai S, Yu S, Lin H. Metformin induces ferroptosis by targeting
miR-324-3p/GPX4 axis in breast cancer. Acta Biochim Biophys Sin
(Shanghai). 2021 Mar 2;53(3):333-41. doi: 10.1093/abbs/gmaa180.
Carling D, Clarke PR, Zammit VA, Hardie DG. Purification and
characterization of the AMP-activated protein kinase. Copurification of
acetyl-CoA carboxylase kinase and 3-hydroxy-3-methylglutaryl-CoA
reductasekinaseactivities. EurJBiochem. 1989Dec8;186(1-2):129-36.
doi: 10.1111/j.1432-1033.1989.tb 15186 .x.

Chen H, Ji Y, Yan X, Su G, Chen L, Xiao J. Berberine attenuates
apoptosis in rat retinal Miller cells stimulated with high glucose
via enhancing autophagy and the AMPK/mTOR signaling.
Biomed Pharmacother. 2018 Dec;108:1201-7. doi: 10.1016/j.
biopha.2018.09.140.

Jha MK, Morrison BM. Lactate Transporters Mediate Glia-Neuron
Metabolic Crosstalk in Homeostasis and Disease. Front Cell Neurosci.
2020 Sep 29;14:589582. doi: 10.3389/fncel.2020.589582.

Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho
RA, et al. The kinase LKB1 mediates glucose homeostasis in
liver and therapeutic effects of metformin. Science. 2005 Dec
9;310(5754):1642-6. doi: 10.1126/science.1120781.

Min K, Yenilmez B, Kelly M, Echeverria D, Elleby M, Lifshitz LM, et al.
Lactate transporter MCT1 in hepatic stellate cells promotes fibrotic
collagen expression in nonalcoholic steatohepatitis. Elife. 2024 Apr
2;12:RP89136. doi: 10.7554/eLife.89136.

his resel

ght® AE&M all rig

Copyrig



