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oxygen species production in
mouse Schwann cells are
modulated by pemafibrate
and/or fatty acid-binding
proteins.
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Background: Imeglimin (Ime), the first in a novel class of antidiabetic agents, has
potential therapeutic effects on diabetic peripheral neuropathy (DPN). This study
aimed to evaluate and compare the effects on cellular metabolic function and
reactive oxygen species (ROS) levels in high glucose-treated mouse Schwann
cells (SCs), an in vitro DPN model, with those of metformin (Met), a conventional
antidiabetic agent known for its beneficial effects on DPN. The roles of PPARa
and fatty acid-binding proteins 5 and 7 (FABP5 and FABP7), both of which have
been implicated in the pathogenesis of DPN, were also investigated.

Methods: Schwann cells were treated with high glucose, Ime, Met, a
selective PPARa agonist pemafibrate (Pema), or a FABP5/FABP7 inhibitor
(MF6). Cell viability assays, extracellular flux analysis, and ROS production
assays were performed.

Results: No significant changes in cell viability were observed with any
treatment. High glucose exposure increased glycolytic reserve compared to
normal glucose conditions. Ime increased mitochondrial respiratory functions,
whereas Met suppressed mitochondrial respiration and enhanced glycolytic
functions, with these effects being more evident under normal glucose
conditions. Pema significantly increased basal glycolysis under high glucose
conditions, while MF6 had no appreciable effect. Both Ime and Met reduced
ROS production in high glucose-treated SCs, with Ime exhibiting a more
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potent effect. However, the ROS-reducing effects of Ime and Met were
abolished by Pema or MF6.

Conclusion: Imeglimin exerted beneficial biological effects by enhancing the
energetic state and reducing ROS production without inducing metabolic
quiescence in high glucose-treated SCs. These findings suggest that Ime has
therapeutic potential for DPN, although its effects may be modulated by
intracellular lipid metabolism.
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Introduction

Diabetic peripheral neuropathy (DPN), a major complication
of diabetes mellitus (DM), affects approximately half of patients
with DM (Sloan et al, 2021). DPN primarily impairs sensory
nerve function, but also impacts autonomic and motor nerves
(Selvarajah et al., 2019). Approximately 30% of patients with DPN
experience painful symptoms; however, only a limited number
of patients achieve adequate pain relief with current therapeutic
strategies (Jensen et al., 2021). Metformin (Met), a first-line
therapy for type 2 DM (T2DM), has been reported to alleviate
neuropathic pain in various contexts, including chemotherapy
(Hacimuftuoglu et al., 2020), osteoarthritis (Wang et al., 2019),
post-surgery (Smith and Tran, 2019), and inflammation (Augusto
etal., 2022), possibly via activation of AMP-activated protein kinase
(AMPK). Supporting this mechanism, PPARa agonists have been
shown to improve DPN through the PPARa-AMPK-PGCla-eNOS
axis in db/db mice (Cho et al., 2014; Kolodziejski et al., 2017).
In addition, it has been reported that inhibition of fatty acid-
binding protein 5 (FABP5), an intracellular fatty-acid binding
protein that regulates lipid signaling and metabolism, may also
ameliorate peripheral neuropathy (Warren et al., 2024). Despite
these therapeutic potentials, current strategies have not resulted in
satisfactory clinical outcomes in the treatment of DPN.

Schwann cells (SCs), glial cells of the peripheral nervous
system, play essential roles in supporting the growth, maintenance
and repair of peripheral nerves (Bosch-Queralt et al, 2023).
Their biological functions have been shown to deteriorate under
hyperglycemic conditions, leading to various nerve dysfunctions
including reduced conduction velocity and axonal atrophy (Dyck
and Giannini, 1996; Eckersley, 2002).

mechanisms are unclear, metabolic changes in SCs under

Although the precise

hyperglycemic and/or hyperlipidemic conditions, such as oxidative
stress via overproduction of reactive oxygen species (ROS) as
well as activation of the polyol pathway, glycation of lipids
and proteins, and modulation of protein kinase C activity, are
likely to be involved in the pathogenesis of DPN (Mizukami
et al, 2011; Obrosova et al., 2007; Song et al., 2003; Vincent
et al,, 2009; Zhu et al., 2023). Indeed, recent studies suggest that
dyslipidemia associated with DM contributes to the development
and progression of DPN (Obrosova et al., 2007; Vincent et al,
2009). Therefore, amelioration of both metabolic dysregulation
and ROS overproduction in SCs may be a promising therapeutic
strategy for DPN. To investigate DPN pathogenesis and explore
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therapeutic strategies, in vitro models using cultured SCs under
high glucose conditions have been widely utilized (Jiang et al., 2020;
Zhang et al., 2021).

Imeglimin (Ime), the first drug in a new tetrahydrotriazine
class of oral antidiabetic drugs called “glimins”, is expected to
overcome many of the limitations of current therapies for T2DM
(Konkwo and Perry, 2021). Recent clinical studies in both Japanese
and Caucasian patients with T2DM have demonstrated that Ime
provides significant and durable antihyperglycemic effects with
favorable safety and tolerability profiles (Dubourg et al., 2021;
Reilhac et al., 2022). Although the biological effects of Ime on DPN
have not been fully elucidated, Ime, but not Met, has been reported
to reduce ROS production, decrease the number of damaged
mitochondria, and normalize mitophagic activity in islet B-cells of
db/db mice (Lachaux et al., 2020; Nishiyama et al., 2023). Thus,
Ime may have therapeutic potentials against DPN via suppression
of ROS production in SCs.

In the present study, we aimed to elucidate the effects of Ime
on DPN by comparing the effects of Ime and Met on cellular
metabolic functions and ROS generation in mouse SCs under high
glucose conditions. We also examined whether a PPARa agonist
pemafibrate (Pema) or a FABP5 inhibitor MF6 modulates these
actions under the same conditions.

Materials and methods

Planar cell culture of mouse SCs

All experiments were approved by the internal review board
of Sapporo Medical University. Commercially available mouse
Schwann cells (SCs, Catalog No. SWN-IMS32C, Cosmo Bio
CO. Ltd., Tokyo, Japan) were cultured in planar culture dishes
(diameter: 150 mm) until 90% confluence in a normal-glucose
(5.5 mM)-DMEM supplemented with 10% FBS, 1% L-glutamine
and 1% antibiotic-antimycotic and were maintained by daily
changing the medium under standard normoxia conditions (37°C,
5% CO3).

Cell viability assay

Cell viability was determined using a commercially available
kit (Cell Counting Kit-8, Dojindo, Tokyo, Japan), as previously
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described (Pan et al., 2017). Briefly, SCs were incubated with 10 pl
of a reactive solution for 2 h and then absorbance at 450 nm
was measured using a microplate reader (multimode plate reader
EnSpire®, PerkinElmer, MA U.S.A.) to determine cell viability.

Measurement of real-time cellular
metabolic functions

Under various conditions, the rates of oxygen consumption
(OCR) and extracellular acidification (ECAR) of SCs were
determined by using a Seahorse XFe96 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, U.S.A.) as described previously with
slight modification (Higashide et al., 2024). Briefly, 20 x 10> SCs
pre-cultured in media containing different glucose concentrations
(5.5 mM and 50 mM) for 24 h were seeded into each well
of an XFe96 Cell Culture Microplate (#103794-100, Agilent
Technologies, Santa Clara, CA, USA) and they were further treated
with (1) dimethyl sulfoxide (DMSO) as a control, (2) 2 mM Met,
(3) 2 mM Ime, (4) 10 uM pemafibrate (Pema), and (5) 10 .M MF6
for 24 h. On the assay day, the culture medium was replaced with
Seahorse XF DMEM assay medium (pH 7.4, containing 5.5 mM
glucose, 2.0 mM glutamine, and 1.0 mM pyruvate), followed by
incubation in a COj-free incubator at 37°C for 30 min. OCR
and ECAR were simultaneously measured at baseline and after
sequential injections of oligomycin (2.0 wM), FCCP (5.0 wM), and
rotenone/antimycin A mixture (1.0 uM). Values of OCR and ECAR
measured were normalized by the amount of protein per well.
Protein concentration measured by the BCA protein assay (TaKaRa
Bio, Shiga, Japan).

Various metabolic indices including basal respiration, ATP-
linked respiration, proton leak, maximal respiration, Non-
mitochondrial respiration, basal ECAR, glycolytic reserve, non-
glycolytic acidification and baseline OCR/ECAR ratio were
determined as described previously (Higashide et al., 2024).

Measurement of levels ROS

Levels of reactive oxygen species (ROS) in SCs were measured
by a Dichlorofluorescin-diacetate (DCFH-DA) method using a
commercially available ROS assay kit (DOJINDO, Kumamoto,
Japan) (Okazaki et al, 2019). SCs seeded in a 96-well clear
bottom black plate (Greiner Bio-One, Austria) were cultured in a
medium with different glucose concentrations (5.5 mM, 25 mM,
and 50 mM) for 24 h. SCs were further treated with (1) dimethyl
sulfoxide (DMSO) as a control, (2) 2 mM Met, (3) 2 mM Ime,
(4) 10 pM pemafibrate (Pema), (5) 10 wM MF6, (6) various
combinations of 2 mM Met or 2 mM Ime with 10 wM Pema and/or
10 WM MF6 for 24 h.

Cells were washed twice with Hanks Balanced Salt Solution
(HBSS), suspended in 100 pl of Highly Sensitive DCFH-DA
Working Solution and incubated for 30 min at 37°C, equilibrated
with 95% air and 5% CO;. For evaluation of levels of ROS,
fluorescence intensities were measured using a fluorescence plate
reader (Excitation: 490 nm, Emission: 530 nm) after washing twice
and suspended with HBSS to assess intracellular ROS levels.
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Gene expression analyses

After total RNA extraction,
quantitative real-time PCR (qRT-PCR) were processed as

reverse transcription and

previously reported (Ida et al., 2020; Itoh et al., 2020) using specific
primers and probes (Supplementary Table 1).

Statistical analysis

For statistical estimation, one-way ANOVA followed by Tukey’s
HSD (Honestly Significant Difference) post hoc analysis was carried
out using Graph Pad Prism version 9 (GraphPad Software, San
Diego, CA) as described in our recent reports (Ida et al., 2020; [toh
et al,, 2020). The analysis was conducted under the assumption
of normality, which is commonly applied in similar experimental
settings. A p value less than 0.05 was statistically significant as
indicated by asterisks.

Results

To study the effects of antidiabetic or lipid metabolism
modulating including Met and Ime, Pema and MF6 on DPN
pathogenesis including metabolic derangements and oxidative
stress, high glucose-stimulated SCs were used as an in vitro model
mimicking pathogenesis of DPN. In this study, we adopted a
concentration of 0.5 mM or 2 mM for both Met and Ime, which
exceeds their clinically observed plasma levels (Chevalier et al,
2023; Kajbaf et al, 2016). This dosage was selected based on
previous reports demonstrating dose-dependent effects on AMPK
activity and mitochondrial function at concentrations ranging
from 0.25 to 10 mM in various cell types (Hozumi et al., 2023).
Notably, 0.5-2 mM is commonly used for evaluating mitochondrial
responses in vitro (Hallakou-Bozec et al., 2021; Hozumi et al., 20235
Takahashi et al., 2024).

First, we examined the types of FABPs expressed in mouse SCs
and the glucose concentration-dependent ROS levels. As shown in
Figure 1A, we confirmed positive expression of FABP5 and FABP7
among FABP3, FABP5 and FABP7, which are known to be related
to the pathogenesis of DM and neuronal disorders (Boneva et al,
2011). FABP5 and FABP7 were also detected in SCs at protein
levels (Supplementary Figure 1). Moreover, we found that ROS
levels were increased in a glucose concentration-dependent manner
in SCs (Figure 1B). Therefore, in the subsequent experiments, we
adopted MF6, a specific inhibitor for FABP5 and FABP7, to inhibit
the role of FABPs and selected 50 mM glucose as the high-glucose
condition, considering it suitable for examining the effects of Ime,
Met, and other agents in a more severe hyperglycemic state that
mimics the pathogenesis of DPN. We also confirmed negligible
levels of toxicity in SCs by (1) normal-glucose (5.5 mM) and high
glucose (50 mM) conditions, (2) 2 mM Met, (3) 2 mM Ime, (4)
10 M Pema and (5) 10 uM MF6 (Figure 1C).

Next, to address effects of antidiabetic agents, Met and Ime, on
cellular metabolic functions of Schwann cells under a high glucose
condition, we conducted extracellular flux analysis of SCs that were
treated with Met and Ime under normal-glucose (5.5 mM) and
high glucose (50 mM) conditions, respectively (Figures 2A-D).
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Expression of FABP isoforms and the impact of glucose concentrations and pharmacological metabolic modulators in SCs. (A) To verify the
presence of mMRNA expression of FABP3, FABP5 or FABP7, gPCR analysis was conducted. Experiments were performed in duplicate or triplicate using
freshly prepared cells (n = 3-6). Expression levels of FABP3, FABP5, and FABP7 were normalized to the expression of internal control 36B4 (Rplp0).
(B) ROS levels were examined under different glucose concentrations (5.5 mM, 25 mM, and 50 mM) in SCs (n = 4-5). (C) To evaluate the cytotoxicity
of Met (2 mM), Ime (2 mM), Pema (10 pM) and MF6 (10 uM) on SCs under a normal-glucose condition (5.5 mM) or a high glucose condition (50 mM),
cell viability was assessed by using a commercially available kit (n = 3). Data are presented as means =+ the standard error of the mean (SEM). N.D.,

not detected. *p < 0.05, **p < 0.01.

SCs treated with high glucose showed no statistically significant
changes in metabolic parameter except for an increase in glycolytic
reserve, yet there was a tendency toward enhanced metabolic
activity with high glucose treatment (Figures 2E-K). Treatment
with Met increased glycolytic functions and decreased baseline
OCR/ECAR ratio (Figure 2L), but interestingly, treatment with Ime
rather enhanced mitochondrial respiratory functions (Figures 2E—
I). Such metabolic changes were more evident in SCs that were
treated with normal-glucose condition compared those with high
glucose condition (Figures 2E-I). Ime also increased proton leak
regardless of glucose concentrations, whereas Met did not affect
proton leak (Figure 2G). The findings suggest that Ime, as opposed
to Met, enhances most of mitochondrial respiratory functions in
SCs (Figures 2M, N).

Since it has been well-recognized that lipid metabolism
derangements were also associated with the pathophysiology of
the development of DPN, we next examined the effects of Pema
(Figures 3A, B) and MF6 (Figures 4A, B) on metabolic functions
in SCs that were cultured with normal-glucose and high glucose
conditions. Pema tended to increase cellular metabolism toward
energetic in the high-glucose condition, but the effects were more
evident in glycolytic indices than mitochondrial respiratory indices
(Figures 3C-J). In contrast, MF6 did not affect glucose dependent
metabolic alterations albeit SCs expressed both FABP5 and
FABP7 (Figures 4C-]). These findings suggest that PPARa-related
signaling, but not FABP5/7-related signaling, may have influence
high glucose-dependent metabolic alteration.

To study the effects of Ime, Met, Pema and/or FABPs on
high glucose-induced oxidative stress of SCs, levels of ROS were
measured. As shown in Figure 5A, (1) levels of ROS were
significantly increased under a high glucose condition compared
to those under a normal-glucose condition and (2) such elevated
levels of ROS were reduced to varying degrees by 2 mM Met and
Ime but not by 0.5 mM of those. The effects of 2 mM Ime were
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more potent than those of 2 mM Met. We also evaluated the
combined effects of 2 mM Met or Ime with Pema and/or MF6 under
a high glucose condition. As shown in Figures 5B, C, (1) Pema
significantly increased the generation of ROS regardless of the
conditions with or without Met or Ime and (2) MF6 substantially
reduced the suppressive effects of Met and Ime on generation of
ROS. Therefore, taken together, the results indicated that Ime had
a more potent inhibitory effect than that of Met on high glucose-
induced generation of ROS in SCs and the beneficial effects were
greatly influenced by FABPs and PPARa-related signaling.

Finally, to explore the potential mechanisms by which Ime
or Met suppresses high glucose-induced ROS production in SCs,
we assessed the expression of hypoxia-related genes including
HIF1A and VEGFA, which are closely associated with regulation
of cellular metabolism and ROS production (Majmundar et al,
2010). Although the expression levels of these genes were decreased
in a high glucose condition compared with a normal glucose
condition in SCs, there were no statistically significant difference
between Ime-treated group and Met-treated group under a high
glucose condition (Supplementary Figure 2). These findings suggest
that suppression against high glucose-induced ROS production by
Ime or Met are independent of hypoxia inducible factor-related
signaling.

A schematic summary of the present study is shown in Figure 6.

Discussion

It has been shown that elevated levels of glucose induce
oxidative stress in neuronal cells and Schwann cells (Askwith
et al., 2009; Khan et al., 2023; Obrosova et al., 2005; Schmeichel
et al, 2003) and that increased levels of ROS harm the
lipids in myelinated nerves, leading to the loss of axons and
destruction of the microvasculature in the peripheral nervous
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Effects of metformin (Met) or imeglimin (Ime) on cellular metabolic functions of SCs under normal-glucose and high glucose conditions. SCs were
incubated for 24 h under normal-glucose (5.5 mM, Low) or high glucose (50 mM, High) conditions in the absence (Ctrl) or presence of 2 mM Met or
2 mM Ime. Then each specimen was subjected to a Seahorse extracellular flux analysis. (A) Plots of oxygen consumption rate (OCR) values in SCs
that were treated under normal-glucose condition. (B) Plots of OCR values in SCs that were treated under high glucose condition. (C) Plots of
extracellular acidification rate (ECAR) values in SCs that were treated under normal-glucose condition. (D) Plots of OCR values in SCs that were
treated under high glucose condition. (E-L) Key metabolic indices. (M) Energy map of SCs in each group. The term “Baseline” refers to ECAR and
OCR values at baseline, and the term “Stressed” refers to ECAR after administration of oligomycin and OCR after administration of FCCP.

(N) Schematic summary of metabolic alteration induced by glucose concentration, Met or Ime. Data are presented as means =+ the standard error of
the mean (SEM). All experiments were performed using fresh preparations (n = 5-6). *P < 0.05.

A RIA B
180 FCCP ‘ —o—Low Pema
—o—High Pema
190, =
g0 g
s a
120
o =
2 100 £
£ £
E 80 i 8
s 60 E s
% 40 z 4
© 20 & 2
0 o4
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time (min) Time (min)
Cc D E F G Nonmitochondrial  H
Basal respiration ATP-linked respiration Proton leak Maximal respiration respiration Basal ECAR Glycolytic reserve Baseline OCR/ECAR
100 5 80 25 s 200 . 30 8 " 3 . 20 i
o ° c c
57 . =) e 8% ° T Swd{ o T 3 " S ° ] ° 15
2 2 ° 3 s S 2 2 g2
S 60 3 a S 15 8 s © s ° 5 = o
= o 8 = = ° = = o 2
= = 40 2 5 =100 2 o 2 4 2 o ® 10 °
E 40 o ] ° Zq04 [2] |® £ ol | g 5] | o £ £
5 ° £ S £ 5 E1o |°] | 5 8 E1{ oo |°
= =3 =3 = ° I o
g 2 E g s g so 2 5 2 ﬁ 5 |_-g_| 5
= = s s s ° 5
o
0 T T 0 T T 0 T T 0 T T 0 T T 0 T T 0 T T 0 T T
o & 2 d 3 g & <l o d & 2
< < o <& < q“so q*’(’ < S Q"@ & &
= ) & & & » ) & N N N & N
RO R RO S S S RO S S
FIGURE 3

Effects of pemafibrate (Pema) on cellular metabolic functions of SCs under normal-glucose and high glucose conditions. SCs were incubated for
24 h under normal-glucose (5.5 mM, Low) or high glucose (50 mM, High) conditions in the presence of 10 uM Pema. Then each specimen was
subjected to a Seahorse extracellular flux analysis. (A) Plots of oxygen consumption rate (OCR) values. (B) Plots of extracellular acidification rate
(ECAR) values. (C-J) Key metabolic indices. Data are presented as means =+ the standard error of the mean (SEM). All experiments were performed
using fresh preparations (n = 5). *P < 0.05.

system (Vinik et al, 2006). As for the possible underlying  could modulate mitochondrial DNA (mtDNA) and nuclear DNA
mechanisms causing the hyperglycemia-induced oxidative stress,  (nDNA) (Fernyhough et al., 2003), thereby inducing mutations in

it was suggested that the persistent hyperglycemic state in T2DM  the mitochondrial genome as well as mitochondrial dysfunction to
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fresh preparations (n = 6). *P < 0.05.
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Effects of MF6 on cellular metabolic functions of SCs under normal-glucose and high glucose conditions. SCs were incubated for 24 h under
normal-glucose (5.5 mM, Low) or high glucose condition (50 mM, High) conditions in the presence of 10 uM MF6. Then each sample was subjected
to a Seahorse metabolic function analysis. (A) Plots of oxygen consumption rate (OCR) values. (B) Plots of extracellular acidification rate (ECAR)
values. (C-J) Key metabolic indices. Data are presented as means =+ the standard error of the mean (SEM). All experiments were performed using

of the mean (SEM). *p < 0.05, **p < 0.01.
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FIGURE 5

Levels of production of ROS in SCs under various conditions. SCs were incubated for 24 h under normal-glucose (5.5 mM, Low) or high glucose

(50 mM, High) conditions in the absence or presence of various combinations of 0.5 or 2 mM Ime, 0.5 or 2 mM Met, 10 pM Pema or 10 uM MF6. The
SCs were then subjected to measurement of levels of ROS, and those values were plotted. (A) Met or Ime under a normal-glucose or high glucose
condition, (B) Met or Ime in the presence of Pema under a high glucose condition, and (C) Met, Ime and/or Pema in the presence of MF6 under a
high glucose condition. All experiments were performed in triplicate using fresh preparations (n = 4). Data are presented as means =+ standard error

produce ROS (Hollensworth et al., 2000; Srinivasan et al., 2000).
In the present study, a high glucose condition caused significant
increases in the levels of ROS and glycolytic reserve in SCs. In
addition, the high glucose-induced increase in the levels of ROS
was substantially reduced by Met and Ime and the effect of Ime was
much more potent than that of Met. Since previous studies showed
that Met had beneficial effects on diseases of the peripheral nervous
system including DPN by inhibition of the harmful effects of ROS
on cell number, cell viability, and migration (Ma et al., 2015), the
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present study suggested that Ime may have more potent beneficial
effect than that of Met on DPN.

Intriguingly, while Met decreased mitochondrial respiratory
functions, Ime rather increased indices of mitochondrial
respiratory functions in SCs, especially in a normal glucose
condition. In addition, Ime increased proton leak irrespective
of low- or high-glucose exposure (Figure 2G). Given that
Ime suppressed high glucose-induced ROS production in SCs

(Figure 4), such increase in proton leak may be associated with
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Overview of the present study and perspective for possible roles of Ime in preventing DPN.

ROS suppression via activating of uncoupling proteins (

), although there seems no significant increase in
proton leak by Ime in other types of cells including hepatocytes
or pancreatic islet B-cells ( ; ).
Indeed, previous reports have shown that Ime increases levels
of nicotinamide adenine dinucleotide (NADT) (

; ), which is a potentially positive
regulator of uncoupler proteins through NADT-Sirtl/AMPK-
PGC-1la pathway ( ; )
Furthermore, we evaluated the expression levels of representative
mitochondrial respiratory chain complexes in SCs in both low-
and high-glucose conditions with and without Ime, but there were
no remarkable differences in these protein levels (

). Therefore, the changes in cellular metabolism by Ime
observed in the present study are likely to be due to the activation
of whole metabolic pathways, or changes in the intermittent
metabolites, rather than changes in the expression or activities
of the mitochondrial respiratory chain complexes themselves in
SCs. Future comprehensive analysis may clarify these unresolved
molecular mechanisms. Nevertheless, it is noteworthy that Ime
activated cellular metabolism in SCs without increasing ROS
production, whereas activation of cellular metabolism is generally
associated with ROS production. This comprehensive finding
supports the idea that Ime may ameliorate disease states in which
increased ROS is the main pathophysiology. Although further
clinical trials are needed to determine whether Ime significantly
reduces the incidence of DPN compared to other anti-diabetes
agents, the present findings support the recent notion that the
choice of anti-diabetes agent should not focus solely on lowering
blood glucose levels, but should also consider its protective effects
on various organs ( ).

It has been shown that dyslipidemia causes vascular
insufficiency,  oxidative  stress-induced  deterioration  of
mitochondrial function, and impaired conduction of electrical
impulses in neurons, which are involved in the onset and
progression of DPN ( ; ),

Frontiers in

and normalization of lipid metabolism is therefore a suitable
therapeutic strategy for DPN. A previous study showed that
oral administration of the PPARa agonist fenofibrate, which is
widely used to treat hyperlipidemia ( ),
prevented the progression of sciatic neuropathy in diabetic mice
by activating of the AMPK-related signaling pathway (

). Furthermore, it has been shown that a PPARa agonist
stimulated corneal nerve regeneration in patients with T2DM (

) and protected the corneal nerve from degeneration
in a mouse model of diabetes ( ), suggesting
that the use of the PPAR« agonist may be promising strategy for
treating DPN. In the present study, although the PPAR«a agonist
Pema increased both mitochondrial and glycolytic functions
under a high glucose condition, only Pema induced a significant
increase in the levels of ROS and the Pema-induced elevation in
the levels of ROS was synergistically enhanced by Met and Ime.
Similar to this, a recent study showed that bezafibrate improved
mitochondrial morphology and functions despite causing a mild
increase in the production of ROS using fibroblasts obtained
from patients with dynamin-1-like protein (DNMIL) mutation
( ). In contrast, other studies showed that
bezafibrate reduced the levels of ROS significantly in hiPSC-
derived neural stem cells (NSC), early neural progenitors (eNP),
) and
that Pema inhibited angiotensin II-induced production of ROS

and neural progenitors (NP) (

in human vascular smooth muscle cells by increased catalase
activity ( ). Furthermore, it was shown that
fenofibrate could prevent DPN by protecting endothelial cells
through VEGF-independent activation of the PPARx-AMPK-
PGC-1a-eNOS-NO pathway (

why effects of Pema on levels of ROS were different from other

). However, reason

fibrates such as bezafibrate and fenofibrate remained to be
elucidated. It was speculated that much higher efficacies of PPARa
agonist activities and different off-target biological effects of Pema
compared to other fibrates may be involved (

). Taken together, the results suggested that effects of the
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PPARa agonist Pema on production of ROS may be different
among various experimental conditions using different sources of
cells.

FABPs, which are known as intracellular lipid chaperones,
were found to be expressed in cells of the central and peripheral
nervous systems (De Leon et al., 1996; Furuhashi and Hotamisligil,
2008). Functionally, FABPs interact with various fatty acids and
other endogenous lipids including endocannabinoids, thereby
playing a pivotal role in the development of the nervous system as
well as the mature nervous system to modulate neuronal activity
and network functions (Lu and Mackie, 2021). Previous studies
have shown that FABP5-deficient mice and mouse models with
pharmacological inhibition of FABP5 showed an increase in
brain levels of Anandamide (AEA) (Kaczocha et al, 2014; Yu
et al, 2014). In contrast to FABP5, the contribution of FABP7
remains to be elucidated, although the expression of both FABP5
and FABP7 was observed in various nervous cells (Glaser et al.,
2023; Kawahata and Fukunaga, 2023). However, it was shown
that elevated levels of AEA were comparable in FABP5/7 KO
mice and FABP5 KO mice (Kaczocha et al.,, 2014; Yu et al., 2014),
suggesting that the FABP that is responsible for the regulation
of the AEA levels may be FABP5 but not FABP7. In support of
this, the expression level of FABP7 in the adult mouse brain is low
(Owada et al, 1996). In the current study, we also detected the
expression of both FABP5 and FABP7 in SCs and the expression
level of FABP7 was lower than that of FABP5. In the present
study, pharmacological inhibition of FABP5 and FABP7 by
MF6 did not alter high glucose induced metabolic changes in
SCs, whereas Ime- and/or Pema-induced effects on the levels
of ROS production under high glucose condition, suggesting
that FABP5 and FABP7 may stimulate high glucose induced
oxidative stress in SCs independently of their metabolic states.
In fact, a recent study showed that FABP5 caused mitochondrial
dysfunction related to aSyn oligomerization/aggregation in
mitochondria, thereby inducing oxidative stress in neurons
(Wang et al., 2021).

The present study has several limitations. First, the precise
molecular mechanisms by which Ime reduces oxidative stress in
high glucose-treated SCs remain unclear. Although Ime alleviated
oxidative stress under high-glucose conditions, this antioxidant
effect occurred without concurrent improvement in mitochondrial
respiration, suggesting the involvement of alternative pathways.
Specifically, NAD™ -related metabolism, including the role of
nicotinamide phosphoribosyltransferase (NAMPT), is presumed
to be the central molecular mechanism of action of Ime
(Hallakou-Bozec et al,, 2021). Elucidating these pathways through
metabolomics, multiomics analyses including transcriptomics, and
stable isotope tracer approaches across various cell types may
further clarify the therapeutic potential of Ime. Second, while ROS
levels were evaluated at both 0.5 mM and 2 mM concentrations
of Met and Ime, the relevance of these concentrations to
physiological or therapeutic levels remains uncertain. Further
investigations are needed to validate whether similar effects occur
under in vivo conditions. Third, we did not perform osmolarity
equalization using agents such as sucrose or mannitol, as our aim
was to mimic the pathophysiological hyperglycemic conditions
observed in DM, where elevated glucose levels impose both
metabolic and osmotic stress on cells. Finally, the findings in
the present study do not directly demonstrate the efficacy of
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Ime in ameliorating DPN. In addition, the effects of Ime and
Met on mitochondrial function have not been characterized in
detail. Further studies are needed to clarify the additive roles of
FABP and PPARa in Ime-induced responses by elucidating their
downstream signaling and additional mitochondrial parameters,
such as mitochondrial membrane potential in SCs. Moreover,
in vivo studies using diabetic animal models are required to evaluate
the effects of Ime on sensory disturbances and nerve conduction
velocity.

Conclusion

In conclusion, the antidiabetic agent Ime had a more potent
suppressive effect than that of Met on a high glucose-induced
in vitro model mimicking pathogenesis of DPN using mouse SCs
and that their effects were exclusively and synergistically modulated
by FABP or PPARa-related signaling. However, since all findings
are obtained from in vitro models, the therapeutic potential of Ime
for DPN should be interpreted with caution and requires further
validation in in vivo studies.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Internal Review
Board of Sapporo Medical University. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

HO: Formal analysis, Writing - original draft, Visualization,
Resources, Funding acquisition, Project administration, Data
curation, Methodology, Writing - review & editing, Validation,
Conceptualization, Supervision, Software, Investigation. MH: Data
curation, Formal analysis, Visualization, Validation, Writing -
review & editing, Writing - original draft, Investigation. NN:
Supervision, Investigation, Validation, Writing - review & editing,
Formal analysis, Visualization, Data curation, Writing — original
draft, Methodology. TO: Validation, Data curation, Writing —
review & editing. MF: Validation, Supervision, Writing — review
& editing. TS: Resources, Conceptualization, Writing - original
draft, Validation, Project administration, Visualization, Funding
acquisition, Supervision, Methodology, Investigation, Formal
analysis, Data curation, Software, Writing - review & editing.
MW: Data curation, Project administration, Formal analysis,
Writing - original draft, Methodology, Validation, Visualization,
Investigation, Software, Supervision, Conceptualization, Resources,
Writing - review & editing, Funding acquisition.

frontiersin.org


https://doi.org/10.3389/fncel.2025.1634262
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ohguro et al.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was partly
supported by the educational research grant of Sapporo Medical
University and by KAKENHI grants from Japan Society for the
Promotion of Science (T.S. 22K08210).

Conflict of interest

TS has research grants from Kowa Co., Ltd., and received
speaker honoraria from Daiichi Sankyo Co., Ltd., Sumitomo
Pharma Co., Ltd., and Nippon Boehringer Ingelheim Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

References

Amioka, N., Miyoshi, T., Yonezawa, T., Kondo, M., Akagi, S., Yoshida, M., et al.
(2022). Pemafibrate prevents rupture of angiotensin ii-induced abdominal aortic
aneurysms. Front. Cardiovasc. Med. 9:904215. doi: 10.3389/fcvm.2022.904215

Askwith, T., Zeng, W., Eggo, M. C,, and Stevens, M. J. (2009). Oxidative stress
and dysregulation of the taurine transporter in high-glucose-exposed human Schwann
cells: Implications for pathogenesis of diabetic neuropathy. Am. J. Physiol. Endocrinol.
Metab. 297, E620-E628. doi: 10.1152/ajpendo.00287.2009

Augusto, P. S. A,, Matsui, T. C., Braga, A. V., Rodrigues, F. F., Morais, M. L,
Dutra, M. M. G. B., et al. (2022). Metformin effect in models of inflammation is
associated with activation of ATP-dependent potassium channels and inhibition of
tumor necrosis factor-o production. Inflammopharmacology 30, 233-241. doi: 10.
1007/s10787-021-00899-4

Augustyniak, J., Lenart, J., Gaj, P., Kolanowska, M., Jazdzewski, K., Stepien, P. P.,
et al. (2019). Bezafibrate upregulates mitochondrial biogenesis and influence neural
differentiation of human-induced pluripotent stem cells. Mol. Neurobiol. 56, 4346
4363. doi: 10.1007/s12035-018-1368-2

Boneva, N. B, Kaplamadzhiev, D. B., Sahara, S., Kikuchi, H., Pyko, I. V., Kikuchi,
M., et al. (2011). Expression of fatty acid-binding proteins in adult hippocampal
neurogenic niche of postischemic monkeys. Hippocampus 21, 162-171. doi: 10.1002/
hipo.20732

Bosch-Queralt, M., Fledrich, R., and Stassart, R. M. (2023). Schwann cell functions
in peripheral nerve development and repair. Neurobiol. Dis. 176:105952. doi: 10.1016/
jnbd.2022.105952

Chevalier, C., Fouqueray, P., and Bolze, S. (2023). Imeglimin: A clinical
pharmacology review. Clin. Pharmacokinet. 62, 1393-1411. doi: 10.1007/s40262-023-
01301-y

Cho, Y. R, Lim, J. H,, Kim, M. Y., Kim, T. W., Hong, B. Y., Kim, Y. S, et al. (2014).
Therapeutic effects of fenofibrate on diabetic peripheral neuropathy by improving
endothelial and neural survival in db/db mice. PLoS One 9:¢83204. doi: 10.1371/
journal.pone.0083204

Davis, T. M., Yeap, B. B., Davis, W. A, and Bruce, D. G. (2008). Lipid-lowering
therapy and peripheral sensory neuropathy in type 2 diabetes: The Fremantle Diabetes
Study. Diabetologia 51, 562-566. doi: 10.1007/s00125-007-0919-2

De Le6n M., Welcher, A. A, Nahin, R. H,, Liu, Y., Ruda, M. A,, Shooter, E. M,, et al.
(1996). Fatty acid binding protein is induced in neurons of the dorsal root ganglia
after peripheral nerve injury. J. Neurosci. Res. 44, 283-292. doi: 10.1002/(SICI)1097-
4547(19960501)44:3<283::AID-JNR9>3.0.CO;2-C

Douiev, L., Sheffer, R., Horvath, G., and Saada, A. (2020). Bezafibrate improves
mitochondrial fission and function in DNM1L-Deficient patient cells. Cells 9:301.
doi: 10.3390/cells9020301

Frontiers in Cellular Neuroscience

10.3389/fncel.2025.1634262

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.2025.
1634262/full#supplementary- material

Dubourg, J., Ueki, K., Grouin, J. M., and Fouqueray, P. (2021). Efficacy and safety of
imeglimin in Japanese patients with type 2 diabetes: A 24-week, randomized, double-
blind, placebo-controlled, dose-ranging phase 2b trial. Diab. Obes. Metab. 23, 800-810.
doi: 10.1111/dom.14285

Dyck, P. ], and Giannini, C. (1996). Pathologic alterations in the diabetic
neuropathies of humans: A review. J. Neuropathol. Exp. Neurol. 55, 1181-1193. doi:
10.1097/00005072-199612000-00001

Eckersley, L. (2002). Role of the Schwann cell in diabetic neuropathy. Int. Rev.
Neurobiol. 50, 293-321. doi: 10.1016/s0074-7742(02)50081-7

Fernyhough, P., Huang, T. ], and Verkhratsky, A. (2003). Mechanism of
mitochondrial dysfunction in diabetic sensory neuropathy. J. Peripher. Nerv. Syst. 8,
227-235. doi: 10.1111/j.1085-9489.2003.03028.x

Furuhashi, M., and Hotamisligil, G. S. (2008). Fatty acid-binding proteins: Role in
metabolic diseases and potential as drug targets. Nat. Rev. Drug Discov. 7, 489-503.
doi: 10.1038/nrd2589

Glaser, S. T., Jayanetti, K., Oubraim, S., Hillowe, A., Frank, E., Jong, J., et al. (2023).
Fatty acid binding proteins are novel modulators of synaptic epoxyeicosatrienoic
acid signaling in the brain. Sci. Rep. 13:15234. doi: 10.1038/s41598-023-
42504-4

Hacimuftuoglu, A., Mohammadzadeh, M., Taghizadehghalehjoughi, A., Taspinar,
N., Togar, B, Nalcz, K. A, et al. (2020). The analgesic effect of metformin on paclitaxel-
induced neuropathic pain model in rats: By considering pathological results. J. Cancer
Res. Ther. 16, 34-39. doi: 10.4103/jcrt.JCRT_1455_16

Hallakou-Bozec, S., Kergoat, M., Fouqueray, P., Bolze, S., and Moller, D. E. (2021).
Imeglimin amplifies glucose-stimulated insulin release from diabetic islets via a
distinct mechanism of action. PLoS One 16:€0241651. doi: 10.1371/journal.pone.
0241651

Higashide, M., Watanabe, M., Sato, T., Ogawa, T., Umetsu, A., Suzuki, S., et al.
(2024). Unexpected and synergistical effects of all-trans retinoic acid and TGF-f2
on biological aspects of 2D and 3D cultured ARPE19 cells. Biomedicines 12:2228.
doi: 10.3390/biomedicines12102228

Hollensworth, S. B., Shen, C., Sim, J. E., Spitz, D. R, Wilson, G. L., and
LeDoux, S. P. (2000). Glial cell type-specific responses to menadione-induced
oxidative stress. Free Radic Biol. Med. 28, 1161-1174. doi: 10.1016/s0891-5849(00)
00214-8

Hozumi, K., Sugawara, K. Ishihara, T. Ishihara, N. and Ogawa, W.
(2023). Effects of imeglimin on mitochondrial function, AMPK activity, and
gene expression in hepatocytes. Sci. Rep. 13:746. doi: 10.1038/s41598-023-
27689-y

frontiersin.org


https://doi.org/10.3389/fncel.2025.1634262
https://www.frontiersin.org/articles/10.3389/fncel.2025.1634262/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2025.1634262/full#supplementary-material
https://doi.org/10.3389/fcvm.2022.904215
https://doi.org/10.1152/ajpendo.00287.2009
https://doi.org/10.1007/s10787-021-00899-4
https://doi.org/10.1007/s10787-021-00899-4
https://doi.org/10.1007/s12035-018-1368-2
https://doi.org/10.1002/hipo.20732
https://doi.org/10.1002/hipo.20732
https://doi.org/10.1016/j.nbd.2022.105952
https://doi.org/10.1016/j.nbd.2022.105952
https://doi.org/10.1007/s40262-023-01301-y
https://doi.org/10.1007/s40262-023-01301-y
https://doi.org/10.1371/journal.pone.0083204
https://doi.org/10.1371/journal.pone.0083204
https://doi.org/10.1007/s00125-007-0919-2
https://doi.org/10.1002/(SICI)1097-4547(19960501)44:3<283::AID-JNR9>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1097-4547(19960501)44:3<283::AID-JNR9>3.0.CO;2-C
https://doi.org/10.3390/cells9020301
https://doi.org/10.1111/dom.14285
https://doi.org/10.1097/00005072-199612000-00001
https://doi.org/10.1097/00005072-199612000-00001
https://doi.org/10.1016/s0074-7742(02)50081-7
https://doi.org/10.1111/j.1085-9489.2003.03028.x
https://doi.org/10.1038/nrd2589
https://doi.org/10.1038/s41598-023-42504-4
https://doi.org/10.1038/s41598-023-42504-4
https://doi.org/10.4103/jcrt.JCRT_1455_16
https://doi.org/10.1371/journal.pone.0241651
https://doi.org/10.1371/journal.pone.0241651
https://doi.org/10.3390/biomedicines12102228
https://doi.org/10.1016/s0891-5849(00)00214-8
https://doi.org/10.1016/s0891-5849(00)00214-8
https://doi.org/10.1038/s41598-023-27689-y
https://doi.org/10.1038/s41598-023-27689-y
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ohguro et al.

Ida, Y., Hikage, F., Itoh, K., Ida, H., and Ohguro, H. (2020). Prostaglandin F2a
agonist-induced suppression of 3T3-L1 cell adipogenesis affects spatial formation of
extra-cellular matrix. Sci. Rep. 10:7958. doi: 10.1038/541598-020-64674- 1

Itoh, K., Hikage, F., Ida, Y., and Ohguro, H. (2020). Prostaglandin F2a agonists
negatively modulate the size of 3D organoids from primary human orbital fibroblasts.
Invest. Ophthalmol. Vis. Sci. 61:13. doi: 10.1167/i0vs.61.6.13

Jensen, T. S., Karlsson, P., Gylfadottir, S. S., Andersen, S. T., Bennett, D. L., Tankisi,
H., et al. (2021). Painful and non-painful diabetic neuropathy, diagnostic challenges
and implications for future management. Brain 144, 1632-1645. doi: 10.1093/brain/
awab079

Jiang, Z., Bian, M., Wu, J,, Li, D., Ding, L., and Zeng, Q. (2020). Oltipraz prevents
high glucose-induced oxidative stress and apoptosis in RSC96 cells through the
Nrf2/NQOLI signalling pathway. Biomed. Res. Int. 2020:5939815. doi: 10.1155/2020/
5939815

Kaczocha, M., Rebecchi, M. J., Ralph, B. P., Teng, Y. H., Berger, W. T., Galbavy, W.,
et al. (2014). Inhibition of fatty acid binding proteins elevates brain anandamide levels
and produces analgesia. PLoS One 9:¢94200. doi: 10.1371/journal.pone.0094200

Kajbaf, F., De Broe, M. E,, and Lalau, J. D. (2016). Therapeutic concentrations
of metformin: A systematic review. Clin. Pharmacokinet. 55, 439-459. doi: 10.1007/
540262-015-0323-x

Kawahata, I, and Fukunaga, K. (2023). Pathogenic impact of fatty acid-binding
proteins in Parkinson’s disease-potential biomarkers and therapeutic targets. Int. J.
Mol. Sci. 24:17037. doi: 10.3390/ijms242317037

Khan, I, Preeti, K., Kumar, R, Kumar Khatri, D., and Bala Singh, S. (2023).
Piceatannol promotes neuroprotection by inducing mitophagy and mitobiogenesis
in the experimental diabetic peripheral neuropathy and hyperglycemia-induced
neurotoxicity. Int. Immunopharmacol. 116:109793. doi: 10.1016/j.intimp.2023.109793

Kotodziejski, P. A., Pruszynska-Oszmalek, E., Strowski, M. Z., and Nowak, K. W.
(2017). Long-term obestatin treatment of mice type 2 diabetes increases insulin
sensitivity and improves liver function. Endocrine 56, 538-550. doi: 10.1007/512020-
017-1309-2

Konkwo, C., and Perry, R. J. (2021). Imeglimin: Current development and future
potential in Type 2 diabetes. Drugs 81, 185-190. doi: 10.1007/s40265-020-01434-5

Lachaux, M., Soulié, M., Hamzaoui, M., Bailly, A., Nicol, L., Rémy-Jouet, L,
et al. (2020). Short-and long-term administration of imeglimin counters cardiorenal
dysfunction in a rat model of metabolic syndrome. Endocrinol. Diab. Metab. 3:¢00128.
doi: 10.1002/edm2.128

Li, J,, Inoue, R, Togashi, Y., Okuyama, T., Satoh, A., Kyohara, M., et al. (2022).
Imeglimin ameliorates B-Cell apoptosis by modulating the endoplasmic reticulum
homeostasis pathway. Diabetes 71, 424-439. doi: 10.2337/db21-0123

Lu, H. C,, and Mackie, K. (2021). Review of the endocannabinoid system. Biol.
Psychiatry Cogn. Neurosci. Neuroimag. 6, 607-615. doi: 10.1016/j.bpsc.2020.07.016

Ma, ], Liu, J., Yu, H,, Chen, Y., Wang, Q., and Xiang, L. (2015). Effect of metformin
on Schwann cells under hypoxia condition. Int. J. Clin. Exp. Pathol. 8, 6748-6755.

Mailloux, R. J., and Harper, M. E. (2011). Uncoupling proteins and the control of
mitochondrial reactive oxygen species production. Free Radic Biol. Med. 51, 1106
1115. doi: 10.1016/j.freeradbiomed.2011.06.022

Majmundar, A. J., Wong, W. ], and Simon, M. C. (2010). Hypoxia-inducible factors
and the response to hypoxic stress. Mol. Cell 40, 294-309. doi: 10.1016/j.molcel.2010.
09.022

Matlock, H. G., Qiu, F., Malechka, V., Zhou, K., Cheng, R., Benyajati, S., et al.
(2020). Pathogenic role of PPARa downregulation in corneal nerve degeneration and
impaired corneal sensitivity in diabetes. Diabetes 69, 1279-1291. doi: 10.2337/db19-
0898

Mizukami, H., Ogasawara, S., Yamagishi, S., Takahashi, K., and Yagihashi, S. (2011).
Methylcobalamin effects on diabetic neuropathy and nerve protein kinase C in rats.
Eur. J. Clin. Invest. 41, 442-450. doi: 10.1111/j.1365-2362.2010.02430.x

Nishikiori, N., Ohguro, H., Watanabe, M., Higashide, M., Ogawa, T., Furuhashi,
M., et al. (2025). High-Glucose-Induced metabolic and redox alterations are distinctly
modulated by various antidiabetic agents and interventions against FABP5/7, MITF
and ANGPTL4 in melanoma A375 cells. Int. J. Mol. Sci. 26:1014. doi: 10.3390/
ijms26031014

Nishiyama, K., Ono, M., Tsuno, T., Inoue, R, Fukunaka, A., Okuyama, T., et al.
(2023). Protective effects of imeglimin and metformin combination therapy on p-Cells
in db/db male mice. Endocrinology 164:bqad095. doi: 10.1210/endocr/bqad095

Obrosova, L. G, Drel, V. R, Pacher, P., Ilnytska, O., Wang, Z. Q., Stevens, M. J.,
et al. (2005). Oxidative-nitrosative stress and poly(ADP-ribose) polymerase (PARP)
activation in experimental diabetic neuropathy: The relation is revisited. Diabetes 54,
3435-3441. doi: 10.2337/diabetes.54.12.3435

Obrosova, I. G., Ilnytska, O., Lyzogubov, V. V., Pavlov, I. A., Mashtalir, N., Nadler,
J. L., et al. (2007). High-fat diet induced neuropathy of pre-diabetes and obesity:
Effects of “Healthy” diet and aldose reductase inhibition. Diabetes 56, 2598-2608.
doi: 10.2337/db06-1176

Okazaki, S., Umene, K., Yamasaki, J., Suina, K., Otsuki, Y., Yoshikawa, M., et al.
(2019). Glutaminolysis-related genes determine sensitivity to xCT-targeted therapy in

Frontiers in Cellular Neuroscience

10

10.3389/fncel.2025.1634262

head and neck squamous cell carcinoma. Cancer Sci. 110, 3453-3463. doi: 10.1111/cas.
14182

Owada, Y., Yoshimoto, T., and Kondo, H. (1996). Spatio-temporally differential
expression of genes for three members of fatty acid binding proteins in developing
and mature rat brains. J. Chem. Neuroanat. 12, 113-122. doi: 10.1016/s0891-0618(96)
00192-5

Pan, B., Shi, Z. J, Yan, J. Y, Li, J. H, and Feng, S. Q. (2017). Long
non-coding RNA NONMMUG014387 promotes Schwann cell proliferation after
peripheral nerve injury. Neural Regen. Res. 12, 2084-2091. doi: 10.4103/1673-5374.
221168

Qaseem, A., Obley, A. J., Shamliyan, T., Hicks, L. A., Harrod, C. S., Crandall, C. J.,
etal. (2024). Newer pharmacologic treatments in adults with Type 2 diabetes: A clinical
guideline from the american college of physicians. Ann. Intern. Med. 177, 658-666.
doi: 10.7326/M23-2788

Reilhac, C., Dubourg, J., Thang, C., Grouin, J. M., Fouqueray, P., and Watada, H.
(2022). Efficacy and safety of imeglimin add-on to insulin monotherapy in Japanese
patients with type 2 diabetes (TIMES 3): A randomized, double-blind, placebo-
controlled phase 3 trial with a 36-week open-label extension period. Diab. Obes. Metab.
24, 838-848. doi: 10.1111/dom.14642

Schmeichel, A. M., Schmelzer, J. D., and Low, P. A. (2003). Oxidative injury
and apoptosis of dorsal root ganglion neurons in chronic experimental diabetic
neuropathy. Diabetes 52, 165-171. doi: 10.2337/diabetes.52.1.165

Selvarajah, D., Kar, D., Khunti, K., Davies, M. J., Scott, A. R., Walker, J., et al. (2019).
Diabetic peripheral neuropathy: Advances in diagnosis and strategies for screening
and early intervention. Lancet Diab. Endocrinol. 7, 938-948. doi: 10.1016/S2213-
8587(19)30081-6

Sloan, G., Selvarajah, D., and Tesfaye, S. (2021). Pathogenesis, diagnosis and clinical
management of diabetic sensorimotor peripheral neuropathy. Nat. Rev. Endocrinol.
17, 400-420. doi: 10.1038/s41574-021-00496-z

Smith, D. L, and Tran, H. (2019). Antihyperalgesia effect of AMP-activated protein
kinase (AMPK) activators in a mouse model of postoperative pain. Reg. Anesth. Pain
Med. doi: 10.1136/rapm-2019-100865 [Epub ahead of print].

Song, Z., Fu, D. T, Chan, Y. S, Leung, S. Chung, S. S, and Chung,
S. K. (2003). Transgenic mice overexpressing aldose reductase in Schwann cells
show more severe nerve conduction velocity deficit and oxidative stress under
hyperglycemic stress. Mol. Cell Neurosci. 23, 638-647. doi: 10.1016/s1044-7431(03)
00096-4

Srinivasan, S., Stevens, M., and Wiley, J. W. (2000). Diabetic peripheral neuropathy:
Evidence for apoptosis and associated mitochondrial dysfunction. Diabetes 49, 1932
1938. doi: 10.2337/diabetes.49.11.1932

Takahashi, N., Kimura, A. P., Yoshizaki, T., and Ohmura, K. (2024). Imeglimin
modulates mitochondria biology and facilitates mitokine secretion in 3T3-L1
adipocytes. Life Sci. 349:122735. doi: 10.1016/j.1fs.2024.122735

Teo, C. H. Y., Lin, M. T, Lee, I. X. Y., Koh, S. K., Zhou, L., Goh, D. S., et al.
(2023). Oral peroxisome proliferator-activated receptor-a agonist enhances corneal
nerve regeneration in patients with Type 2 diabetes. Diabetes 72, 932-946. doi: 10.
2337/db22-0611

Vincent, A. M., Hinder, L. M., Pop-Busui, R, and Feldman, E. L. (2009).
Hyperlipidemia: A new therapeutic target for diabetic neuropathy. J. Peripher. Nerv.
Syst. 14, 257-267. doi: 10.1111/j.1529-8027.2009.00237.x

Vinik, A., Ullal, J., Parson, H. K., and Casellini, C. M. (2006). Diabetic neuropathies:
Clinical manifestations and current treatment options. Nat. Clin. Pract. Endocrinol.
Metab. 2, 269-281. doi: 10.1038/ncpendmet0142

Wang, Y., Hussain, S. M., Wluka, A. E., Lim, Y. Z., Abram, F., Pelletier, J. P., et al.
(2019). Association between metformin use and disease progression in obese people
with knee osteoarthritis: Data from the osteoarthritis initiative-a prospective cohort
study. Arthritis. Res. Ther. 21:127. doi: 10.1186/s13075-019-1915-x

Wang, Y., Shinoda, Y., Cheng, A., Kawahata, I, and Fukunaga, K. (2021).
Epidermal Fatty Acid-Binding Protein 5 (FABP5) involvement in alpha-synuclein-
induced mitochondrial injury under oxidative stress. Biomedicines 9:110. doi: 10.3390/
biomedicines9020110

Warren, G., Osborn, M., Tsantoulas, C., David-Pereira, A., Cohn, D., Duffy, P.,
et al. (2024). Discovery and preclinical evaluation of a novel inhibitor of FABP5,
ART26.12, effective in oxaliplatin-induced peripheral neuropathy. J. Pain 25:104470.
doi: 10.1016/j.,jpain.2024.01.335

Wierzbicki, A. S., Mikhailidis, D. P., Wray, R., Schacter, M., Cramb, R., Simpson,
W. G., et al. (2003). Statin-fibrate combination: Therapy for hyperlipidemia:
A review. Curr. Med. Res. Opin. 19, 155-168. doi: 10.1185/03007990312500
1668

Wiggin, T. D, Sullivan, K. A., Pop-Busui, R., Amato, A., Sima, A. A, and Feldman,
E. L. (2009). Elevated triglycerides correlate with progression of diabetic neuropathy.
Diabetes 58, 1634-1640. doi: 10.2337/db08-1771

Xu, W,, Yan, J., Ocak, U., Lenahan, C., Shao, A., Tang, ], et al. (2021). Melanocortin
1 receptor attenuates early brain injury following subarachnoid hemorrhage by
controlling mitochondrial metabolism via AMPK/SIRT1/PGC-1la pathway in rats.
Theranostics 11, 522-539. doi: 10.7150/thno.49426

frontiersin.org


https://doi.org/10.3389/fncel.2025.1634262
https://doi.org/10.1038/s41598-020-64674-1
https://doi.org/10.1167/iovs.61.6.13
https://doi.org/10.1093/brain/awab079
https://doi.org/10.1093/brain/awab079
https://doi.org/10.1155/2020/5939815
https://doi.org/10.1155/2020/5939815
https://doi.org/10.1371/journal.pone.0094200
https://doi.org/10.1007/s40262-015-0323-x
https://doi.org/10.1007/s40262-015-0323-x
https://doi.org/10.3390/ijms242317037
https://doi.org/10.1016/j.intimp.2023.109793
https://doi.org/10.1007/s12020-017-1309-2
https://doi.org/10.1007/s12020-017-1309-2
https://doi.org/10.1007/s40265-020-01434-5
https://doi.org/10.1002/edm2.128
https://doi.org/10.2337/db21-0123
https://doi.org/10.1016/j.bpsc.2020.07.016
https://doi.org/10.1016/j.freeradbiomed.2011.06.022
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.2337/db19-0898
https://doi.org/10.2337/db19-0898
https://doi.org/10.1111/j.1365-2362.2010.02430.x
https://doi.org/10.3390/ijms26031014
https://doi.org/10.3390/ijms26031014
https://doi.org/10.1210/endocr/bqad095
https://doi.org/10.2337/diabetes.54.12.3435
https://doi.org/10.2337/db06-1176
https://doi.org/10.1111/cas.14182
https://doi.org/10.1111/cas.14182
https://doi.org/10.1016/s0891-0618(96)00192-5
https://doi.org/10.1016/s0891-0618(96)00192-5
https://doi.org/10.4103/1673-5374.221168
https://doi.org/10.4103/1673-5374.221168
https://doi.org/10.7326/M23-2788
https://doi.org/10.1111/dom.14642
https://doi.org/10.2337/diabetes.52.1.165
https://doi.org/10.1016/S2213-8587(19)30081-6
https://doi.org/10.1016/S2213-8587(19)30081-6
https://doi.org/10.1038/s41574-021-00496-z
https://doi.org/10.1136/rapm-2019-100865
https://doi.org/10.1016/s1044-7431(03)00096-4
https://doi.org/10.1016/s1044-7431(03)00096-4
https://doi.org/10.2337/diabetes.49.11.1932
https://doi.org/10.1016/j.lfs.2024.122735
https://doi.org/10.2337/db22-0611
https://doi.org/10.2337/db22-0611
https://doi.org/10.1111/j.1529-8027.2009.00237.x
https://doi.org/10.1038/ncpendmet0142
https://doi.org/10.1186/s13075-019-1915-x
https://doi.org/10.3390/biomedicines9020110
https://doi.org/10.3390/biomedicines9020110
https://doi.org/10.1016/j.jpain.2024.01.335
https://doi.org/10.1185/030079903125001668
https://doi.org/10.1185/030079903125001668
https://doi.org/10.2337/db08-1771
https://doi.org/10.7150/thno.49426
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Ohguro et al.

Yamashita, S., Masuda, D., and Matsuzawa, Y. (2020). Pemafibrate, a new selective
PPARa modulator: Drug concept and its clinical applications for dyslipidemia and
metabolic diseases. Curr. Atheroscler. Rep. 22:5. doi: 10.1007/s11883-020-0823-5

Yu, S., Levi, L., Casadesus, G., Kunos, G., and Noy, N. (2014). Fatty acid-binding
protein 5 (FABP5) regulates cognitive function both by decreasing anandamide levels
and by activating the nuclear receptor peroxisome proliferator-activated receptor /8
(PPARB/S) in the brain. J. Biol. Chem. 289, 12748-12758. doi: 10.1074/jbc.M114.
559062

Frontiers in Cellular Neuroscience

11

10.3389/fncel.2025.1634262

Zhang, X., Zhao, S., Yuan, Q., Zhu, L., Li, F., Wang, H., et al. (2021). TXNIP,
a novel key factor to cause Schwann cell dysfunction in diabetic peripheral
neuropathy, under the regulation of PI3K/Akt pathway inhibition-induced DNMT1
and DNMT3a overexpression. Cell Death Dis. 12:642. doi: 10.1038/s41419-021-
03930-2

Zhu, J., Hu, Z., Luo, Y., Liu, Y., Luo, W., Du, X,, et al. (2023). Diabetic peripheral
neuropathy: Pathogenetic mechanisms and treatment. Front. Endocrinol. 14:1265372.
doi: 10.3389/fendo0.2023.1265372

frontiersin.org


https://doi.org/10.3389/fncel.2025.1634262
https://doi.org/10.1007/s11883-020-0823-5
https://doi.org/10.1074/jbc.M114.559062
https://doi.org/10.1074/jbc.M114.559062
https://doi.org/10.1038/s41419-021-03930-2
https://doi.org/10.1038/s41419-021-03930-2
https://doi.org/10.3389/fendo.2023.1265372
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	The distinct effects of metformin and imeglimin on high glucose-induced alterations in metabolic function and reactive oxygen species production in mouse Schwann cells are modulated by pemafibrate and/or fatty acid-binding proteins.
	Introduction
	Materials and methods
	Planar cell culture of mouse SCs
	Cell viability assay
	Measurement of real-time cellular metabolic functions
	Measurement of levels ROS
	Gene expression analyses
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


