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Abstract: Background: We examined the impact of adipose-derived mesenchymal stem cell (ADMSC)-facilitated em-
pagliflozin (EMPA) therapy for alleviating hyperglycemic induced neuropathy [i.e., diabetic neuropathy (DN)]. Methods: 
Study constituted N2a cell culture and rats to be classified into groups 1 (sham-operated-control)/2 (DN)/3 (DN + 
empagliflozin/20 mg/kg/daily orally for 6 weeks since post-day-7 DN induction)/4 (DN + ADMSCs/1.2 × 106 cells by 
vein transfusion at time intervals of 1/3/5 weeks after DN induction)/5 (DN + empagliflozin + ADMSCs) and sacri-
ficed by day-42 after DN induction. Results: In vitro results showed that, compared to N2a cells, the cellular levels of 
senescence/DNA-damage and protein expressions of oxidative-stress (OS), apoptotic, autophagic and inflammatory 
biomarkers were significantly higher in N2a + glucose (25 mM) but were significantly reversed in N2a + glucose + 
ADMSCs, whereas the cellular levels of mitochondrial cytochrome C and protein levels of anti-oxidants displayed 
an opposite pattern of OS (all P<0.001). The above-mentioned parameters (i.e., OS/apoptosis/fibrosis/autophagy/
DNA-damage) were lowest in N2a cells, highest in N2a + glucose and significantly higher in N2a + glucose + EMPA 
(50 μM) than in N2a + glucose + EMPA (150 μM) (all P<0.001). By days 7/14/21/28/35/42 after DN induction, 
the values of thermal paw-withdrawal-latency (TPWL)/mechanical-paw-withdrawal-threshold were highest in group 
1 and significantly progressively increased from groups 2/4/3/5 (all P<0.0001). The cellular levels of unmyelinated 
C- and myelinated A-δ fibers, and protein levels of OS/apoptotic/DNA-damaged/fibrotic/autophagic/inflammatory/
pain-facilitated/voltage-gated sodium channel biomarkers in L4-L5 levels of dorsal-root-ganglia exhibited an contra-
dictory manner of TPWL among the groups (all P<0.0001). Conclusions: Combination of EMPA and ADMSC therapy 
was superior to either alone for improving outcomes of DN.
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Introduction

The International Diabetes Federation esti-
mates that more than 420 million people world-
wide have diabetes mellitus (DM) [1, 2], indicat-

ing that DM is the largest global epidemic of the 
21st century [3]. Importantly, an estimation of 
more than 12% of global health disbursement 
is directed towards DM and its care for its com-
plications, and notably, this number is expected 
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to increase globally [1]. Additionally, approxi-
mately 30-50% of patients with diabetic neu-
ropathy (DN) develop neuropathic pain (NP) [4]. 
The typical pathological feature of the NP is 
involved in the peripheral nerve, dorsal root 
ganglion, dorsal root, or central nervous system 
[2]. Although advanced pharmacological thera-
py for NP such as tricyclic antidepressants [5], 
anticonvulsants [6], opioid and atypical opioid 
analgesics [7, 8], the majority of patients have 
an unsatisfactory response to these therapies 
due to an unbearable painful sensation. This 
raises the need for a safe and efficacious man-
agement for this unresolved issue.

The underlying mechanisms of DN/chronic NP 
have been considerably studied as mainly 
through the inflammation, reactive oxygen spe-
cies and mitochondria functional impairment 
[8-12] as well as alternation of voltage-gated 
sodium channel, resulting in lowering the 
threshold of painful sensations [11, 12]. 
Hyperglycemia, in addition to inducing oxidative 
stress chronic inflammation, and mitochondrial 
dysfunction in both nervous systems and neu-
rons, also leads to activations of multiple bio-
chemical and cellular signaling, which comprise 
the major source of damage in setting of DN 
[13].

Currently, investigators recommend that the 
utilization of stem cells, such as mesenchymal 
stem cells (MSC), could be a therapeutic option 
for the treatment of DN since unlike traditional 
pharmacological therapies, MSCs may effica-
ciously act through multifaceted mechanisms 
[14, 15]. Additionally, abundant data have 
shown that MSCs have several advantages: (1) 
easily be isolated from different tissues such 
as adipose-derived MSCs (ADMSCs) and can 
be highly expanded in vitro [15, 16]; (2) display 
cellular plasticity, so theoretically they could 
differentiate into different cell types, including 
neurons and Schwann cells [15, 17]; (3) begot 
high levels of trophic cues including neuropro-
tective and pro-angiogenic factors for angio-
genesis and neovascularization [15, 18]; (4) 
could suppress the oxidative stress and inflam-
mation [15, 19, 20]; and (5) serve as a contri- 
butor of immunomodulation. These properties 
raise the consideration that MSCs may post as 
a therapeutic option for setting of DN.

Empagliflozin (EMPA), a sodium-glucose co- 
transporter-2 (SGLT2) inhibitor, is approved for 

the management of type II diabetic patients 
worldwide [21]. Additionally, abundant data 
have clearly identified that EMPA therapy effica-
ciously safeguarded the kideny function i.e., to 
have renoprotective effects mostly indepen-
dent of glycemic control in type II diabetic 
patients and improved the clinical outcome of 
cardiovascular disease [21-25]. These benefits 
for the patients could be explained due to gluc-
uronic action without potential risks of hypogly-
cemia, osmotic diuresis and natriuresis, result-
ing in plasma volume reduction [21, 25] as well 
as epigenetic and pleiotropic effects [26] relat-
ing to alleviating pathologies oxidative stress, 
advanced glycation end products (AGEs) signal-
ing pathway, inflammation with consequence of 
vascular complicationsn and augmented car-
diovascular risk being accordingly bettered by 
the primary action of EMPA [26].

Materials and methods

Ethical issues 

The methodologies of the DN animal model of 
the studies were approved by the Institute of 
Animal Care and Use Committee at Kaohsiung 
Chang Gung Memorial Hospital (Affidavit of 
Approval of Animal Use Protocol No. 2020- 
092204). 

Animals were housed in an Association for 
Assessment and Accreditation of Laboratory 
Animal Care International (AAALAC; Frederick, 
MD, USA)-approved animal facility in our hospi-
tal with controlled temperature and light cycles 
(24°C and 12/12 light cycle).

Using the N2a cells of in vitro studies

To test the impact of ADMSCs treatment on pro-
tecting the cells against the high concentration 
of glucose damage, the Neuro-2a cells (i.e., 
N2a cells) which are mouse neuroblasts were 
categorized into Group A1 [i.e., Neuro-2a cells 
(3.0 × 104 cells/12 wells to 1.0 × 106 cells/6 
wells) cultured for 72 h in bottom of the 
Transwell], Group A2 [N2a cells + glucose (25 
mM) co-cultured for 72 h in bottom of the 
Transwell], Group A3 [N2a cells + glucose (25 
mM) co-cultured for 72 h in bottom of the 
Transwell, followed by adding ADMSCs (1.x × 
104 cells/12 wells to 5.0 × 105 cells/6 wells)  
in upper compartment of Transwell co-cultur- 
ed for additional 72 h]. After cell culturing,  
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the N2a cells were obtained for individual 
analysis.

Besides, to elucidate the effect of empagliflozin 
treatment on protecting the cells against the 
high concentration of glucose damage, the N2a 
cells were categorized into Group B1 [N2a cells 
(1.0 × 106 cells/6 wells cultured for 72 h)], 
Group B2 [N2a cells + glucose (25 mM) co-cul-
tured for 72 h], Group B3 [N2a cells + glucose 
(25 mM) co-cultured for 72 h, followed by add-
ing EMPA (50 μM, i.e., defined as low dose) co-
cultured for 48 h] and Group B4 [N2a cells + 
glucose (25 mM) co-cultured for 48 h, followed 
by adding EMPA (150 μM, i.e., defined as high 
dose) co-cultured for 48 h]. After cell culturing, 
the N2a cells were obtained for individual anal-
ysis. The dose of empagliflozin utilized for the in 
vitro study was based on our previous investi-
gation [27]. 

DM induction for investigating DN in the cur-
rent study (Referred to Supplementary Figure 
1)

The methodologies of DM induction were con-
ducted according to our previous study [28, 
29]. Sprague-Dawley (SD) rats (n = 70) were uti-
lized in th epresent study. In detail, streptozoto-
cin (STZ/65 mg/kg) by intraperitoneal adminis-
tration was conducted one time merely, result-
ing in a DM animal model.

Our previous study has proved that animal 
model of DN was successfully induced using 
this method [28, 29]. Accordingly, this validated 
animal model of DN was used in the current 
study and the animals were then calsified into 
group 1 [sham control (SC)], group 2 (DN), group 
3 [DN + EMPA (20 mg/kg/day, daily orally by 
flexible feeding-needle for 6 weeks since day 7 
after DM induction)], group 4 [DN + allogenic 
ADMSCs (1.2 × 106 cells by penile venous injec-
tion at time intervals of 1, 3, 5 weeks after DM 
induction)] and group 5 (DN + EMPA + allogenic 
ADMSCs), respectively. The animal grouping 
was performed just at the time point of DM 
induced, i.e., at day 7 after STZ therapy. The 
dose of the ADMSCs to be administered was 
according to our previous report [30, 31] with 
minimal modification. Additionally, the dosage 
of empagliflozin was also based on our previ-
ous study [27]. Using this method of DN, only 
two animals died by day 3 after STZ treatment, 
i.e., prior to animal grouping.

The methodologies for monitoring the cir- 
culatory level of blood sugar has been described 
by our previous studies [28, 29, 32]. Briefly, 
fasting (i.e., for 12 h) blood glucose level of 
each rat was examined at 8:00-9:00 a.m. using 
a blood glucose monitor at baseline prior to 
and by day 7, followed by every week after DM 
induction.

Preparation of allogenic ADMSCs for different 
points of treatment

The methodolofies for preparing the ADMSCs 
have been described in detail in our previous 
investigations [30, 31, 33]. Biefly, adipose tis-
sue preparation for culturing the ADMSCs was 
conducted in additional 18 animals for those of 
groups 4 and 5 treatments. Adipose tissues 
around the epididymis were gentallyisolated 
just at the 14 days prior to different time points 
of treatment. After removing the fatty layer 
from the tube, the cell pellet was resuspended 
in 40 mL saline, followed by centrifugation 
again at 600 g for 5 min. Finally, the cell sus-
pension was removed for cell culture in DMEM-
low glucose medium containing 10% fetal 
bovine serum (FBS) for at least 14 days. 
Approximately 2.5-3.5 × 106 ADMSCs were 
obtained from each animal. 

Behavioral assessment for mechanical paw 
withdrawal threshold (MPWT) and thermal 
paw withdrawal latency (TPWL) (Referred to 
Supplementary Figure 1)

The methodologies for mecahnical-sensory 
tests have been depicted in our previous study 
[11, 31]. In detail, to assess the impact of 
ADMSC-empagliflozin therapy on suppressing 
the DN after DM induction, the thermal and 
mechanical nociceptive thresholds were exam-
ined prior to DN induction and on days 1 (i.e., 
indicated the DM was successfully induced at 
7th day after STZ treatment), 7, 14, 28, 35 and 
42 after DM induction, respectively.

To assess the thermal hyperalgesia, each ani-
mal was placed on a glass plate and radiant 
heat (Plantar Test Apparatus; Ugo Basile, Italy) 
was applied to the plantar surface of the surgi-
cal hind paw. The withdrawal latency and dura-
tion were annotated, with a minimum value set 
at 0.1 s and a cut-off latency set at 30 s to 
escape from the paw damage. Each animal was 
assessed for a total of three times at an inter-
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val of 5 min, and the mean value was utilized in 
the following data analysis. 

To evaluate the mechanical allodynia, each  
rat was put on the chamber and a servo-con-
trolled mechanical stimulator (Dynamic Plantar 
Aesthesiometer; Ugo Basile, Italy) was exerted 
to the plantar surface of the operated hind paw 
repeatedly at 5-min intervals with gradually 
enhancing punctate pressure until the animal 
withdrew its paw. A maximal cut-off value was 
set at 50 g to prevent paw damage. The thresh-
old was examined thrice for each time point 
and mean values were utilized for the following 
analysis.

Immunofluorescent (IF) staining

The methodologies of IF staining have been 
depicted in our previous investigations [11, 27, 
29-33]. Briefly, rehydrated paraffin sections 
were first treated with 3% H2O2 for 30 minutes 
and incubated with Immuno-Block reagent 
(BioSB, Santa Barbara, CA, USA) for 30 minutes 
at room temperature. Sections were then incu-
bated with primary antibodies specifically 
against phosphorylated (p)-p38 (1:200, Gene 
Tex), NF200 (1:200, Sigma-Aldrich), peripherin 
(1:1000, Abcam), 53BP1 (1:700, Novus) and β3 
Tubulin (1:200, Santa Cruz). Sections were 
incubated with irrelevant antibodies served as 
controls. Three sections of dorsal root ganglia 
(DRG) specimens were analysed in each rat. 
For quantification, three randomly selected 
high-power fields (HPFs) were analysed per sec-
tion. The mean number of positively stained 
cells per HPF for each group of the animals was 
derived across all nine HPFs.

Western blot analysis

The L4-L5 DRGs and the corresponding dorsal 
horn of the spinal cord from the rats of the 
sham control and experimental groups were 
harvested as previously described [11, 27, 
30-33]. Equal amounts (50 µg) of protein 
extracts were loaded and separated by SDS-
PAGE using 8-12% acrylamide gradients. After 
electrophoresis, the separated proteins were 
transferred electrophoretically to a polyvinyli-
dene difluoride (PVDF) membrane (Amersham 
Biosciences). Nonspecific sites were blocked 
by incubation of the membrane in blocking buf-
fer [5% nonfat dry milk in T-TBS (TBS containing 
0.05% Tween 20)] overnight. The membranes 
were incubated with the indicated primary anti-

bodies [NOX1 (1:1000, Sigma), NOX2 (1:1000, 
Sigma), γ-H2AX (1:1000, Cell Signaling), cas-
pase3 (1:1000, Cell Signaling), poly (ADP-
ribose) polymerase (PARP) (1:1000, Cell Sig- 
naling), mitochondrial Bax (1:1000, Abcam), 
Beclin-1 (1:1000, Cell Signaling), Atg5 (1:1000, 
Cell Signaling), LC3B (1:2000, Abcam), phos-
phorylated (P)-Smad3 (1:1000, Cell Signaling), 
transforming growth factor (TGF)-β (1:1000, 
Abcam), tumor necrosis factor (TNF)-α (1:1000, 
Cell Signaling), p-nuclear (NF)-κB (1:1000, Cell 
Signaling), Sirtuin 1 (SIRT1) (1:1000, Abcam), 
Nuclear factor erythroid 2-related factor 2 
(Nrf2) (1:1000, Abcam), SIRT3 (1:500, Abcam), 
endothelial nitric oxide synthase (eNOS) 
(1:1000, Abcam), cytosolic cytochrome C 
(1:5000, BD), interleukin (IL-1β) (1:1000, Cell 
Signaling), glial fibrillary acidic protein (GFAP) 
(1:1000, Abcam), OX42 (1:1000, Abcam), 
p-P38 (1:1000, Sigma), phosphorylated c-Jun 
N-terminal kinase (p-JNK)1/2 (1:1000, Abcam), 
p-ERK1/2 (1:5000, Millipore), Nav1.3 (1:1000, 
Alomone), Nav1.8 (1:1000, Abcam), Nav1.9 
(1:1000, Alomone), Actin (1:6000, Millipore) 
and VDAC1 (1:1000, Abcam)] for 1 hour at room 
temperature. Horseradish peroxidase-conju-
gated anti-rabbit immunoglobulin IgG (1:5000, 
Sigma) was used as the secondary antibody for 
1 h incubation at room temperature. The wash-
ing procedure was repeated eight times within 
an hour, and immunoreactive bands were visu-
alized by enhanced chemiluminescence (ECL; 
Amersham Biosciences) after exposure to 
Biomax L film (Kodak). For quantification, ECL 
signals were digitized using Labwork software 
(UVP).

Statistical analysis

Quantitative data are expressed as mean ± SD. 
Statistical analysis was performed by ANOVA 
followed by Bonferroni multiple comparison 
post-hoc test. SAS statistical software for 
Windows version 8.2 (SAS Institute, Cary, NC, 
USA) was utilized. A probability value <0.05 was 
considered statistically significant.

Results

ADMSCs treatment reversed hyperglycemia 
enhanced β-galactosidase and γ-H2AX posi-
tively stained expression in N2a cells (Figure 
1) 

To elucidate whether the ADMSCs would allevi-
ate the hyperglycemia-induced cellular levels of 
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senescence and DNA damage, the IHC and IF 
stains for N2a cells were utilized in the present 
study. The result demonstrated that the num-
ber of N2a cells with positively stained 
β-galactosidase, an indicator of senescence, 
and positively stained γ-H2AX, an indicator of 
DNA damage, were significantly increased in 
Group A2 [N2a cells + glucose (25 mM)] than in 
Group A1 (N2a cells) that were significantly 
reversed in Group A3 [N2a cells + glucose (25 
mM) + ADMSCs].

ADMSCs treatment reversed hyperglycemia 
reduced the cellular expression of mitochon-
drial cytochrome C and the protein levels of 
oxidative stress in N2a cells (Figure 2) 

Next, we wanted to investigate whether 
ADMSCs could ameliorate the hyperglycemia 
enhanced mitochondrial damage and oxidative 
stress. IF microscope and Western blot were 
utilized for our purposes in cellular groups A1, 
A2 and A3, as shown in Figure 1. As we expect-
ed, the cellular level of mitochondrial cyto-
chrome C, an indicator of mitochondrial integ-
rity, was significantly lower in Group A2 than in 

Group A1 that was significantly reversed in 
Group A3. Additionally, the protein expressions 
of NOX-1, NOX-2 and oxidized protein, three 
indicators of oxidative stress, displayed an 
opposite pattern of mitochondrial cytochrome 
C among the groups.

ADMSCs treatment reversed hyperglycemia in-
duced apoptosis, DNA damage and autophagy 
in N2a cells (Figure 3) 

Further, based on the cell grouping A1, A2  
and A3, as shown in Figure 1, we decided to 
assess whether ADMSCs treatment could 
reduce hyperglycemia induced molecular per-
turbations in N2a cells. Western blot analysis 
was applied in the in vitro study. The result 
demonstrated that the protein expressions  
of cleaved caspase 3 and cleaved PARP, two 
indices of apoptosis, protein expression of 
γ-H2AX, one indicator of DNA-damaged marker, 
and protein expression of Agt5, beclin-1 and 
ratio of LC3B-II to LC3B-I, three indices of 
autophagy, were significantly higher in A2 than 
in A1 and A3, and significantly higher in A3 than 
in A1.

Figure 1. ADMSCs treatment suppressed hyperglycemic induced β-galactosidase and γ-H2AX positively stained in 
N2a cells. A-C. Illustrating the immunofluorescent (IF) microscopic finding (400×) for identification of γ-H2AX+ cells 
(pink color). Scale bars in lower right corner represent 20 µm. D. Analytical result of number of positively stained 
γ-H2AX cells, * vs. other groups with different symbols (†, ‡), P<0.001. E-G. Illustrating the immunohistochemical 
microscopic finding (200×) for identification of β-galactosidase + cells (green color). Scale bars in lower right corner 
represent 50 µm. H. Analytical result of number of positively stained β-galactosidase cells, * vs. other groups with 
different symbols (†, ‡), P<0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonfer-
roni multiple comparison post hoc test (n = 3 for each group). ADMSCs = adipose-derived mesenchymal stem cells. 
Symbols (*, †, ‡) indicate significance for each other (at 0.05 level). A1 = N2a cells; A2 = N2a cells + glucose; A3 = 
N2a cells + glucose + ADMSCs.
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ADMSCs treatment suppressed hyperglycemia 
induced inflammation and preserved intrinsic 
capacity of anti-oxidant in N2a cells (Figure 4) 

Based on the cell grouping A1, A2 and A3, as 
shown in Figure 1, we utilized Western blot 
analysis again to examine the molecular levels 
of inflammatory and anti-oxidant biomarkers. 
The result demonstrated that the protein 
expressions of NF-κB and TNF-α, two indicators 
of inflammation, were significantly increased in 
A2 than in A1 and A3 and significantly increased 
in A3 than in A1. On the hand, the protein 
expressions of Nrf2, SIRT1, SIRT3 and eNOS, 
four indicators of anti-oxidants, displayed an 
opposite manner of inflammation among the 
groups.

EMPA treatment reversed hyperglycemia in-
duced oxidative stress and autophagy in N2a 
cells (Figure 5)

To investigate the molecular levels of oxidative 
stress and autophagy, the Na2 cells were cate-
gorized into group B1 (N2a cells), group B2 
[N2a cells + glucose (25 mM)], group B3 [N2a 
cells + glucose (25 mM) + EMPA (50 μM)] and 
group B4 [N2a cells + glucose (25 mM) + EMPA 
(150 μM)], respectively. The result showed that 
the protein expression of NOX-1, NOX-2 and oxi-
dized protein, three indices of oxidative stress, 
and protein expressions of Atg5, beclin-1 and 
ratio of LC3B-II to LC3B-I, three indices of 
autophagy, were lowest in B1 and significantly 
and progressively reduced from B2 to B4.

EMPA treatment reversed hyperglycemia in-
duced apoptosis, fibrosis and DNA damage in 
N2a cells (Figure 6) 

Based on the cellular grouping of Figure 5, we 
desired to explore whether empagliflozin treat-

ment could attenuate hyperglycemia induced 
molecular perturbations of apoptosis, fibrosis 
and DNA damage in the culturing N2a cells. The 
result showed that the protein expressions of 
mitochondrial Bax, cleaved caspase 3 and 
cleaved PARP, three indicators of apoptosis, 
protein expressions of Smad3 and TGF-β, two 
biomarkers of fibrosis, and protein expression 
of γ-H2AX, an indicator of DNA damage, were 
lowest in B1 and significantly and progressively 
reduced from B2 to B4.

Serial changes of blood sugar and body weight 
(BW) among the five groups of the animals 
(Table 1)

Based on the findings of the in vitro study, we 
suggested that ADMSCs-EMPA therapy could 
offer additional benefits on protecting the ner-
vous system from hyperglycemia damage. 
Accordingly, we derived a DM animal model, 
defined as hyperglycemic diabetic neuropathy 
(DN). First, we regularly measured the circula-
tory level of blood sugar. The result demonstrat-
ed that the baseline blood sugar did not differ 
among the groups 1 (SC), 2 (DN), 3 (DN + 
EMPA), 4 (DN + allogenic ADMSCs) and 5 (DN + 
EMPA + allogenic ADMSCs). However, by 7th day 
(defined as day 1 after successful DM induc-
tion) after STZ treatment, the blood sugar was 
significantly higher in groups 2 to 5 than in 
group 1, but it showed no difference among the 
groups 2 to 5. However, by days 7, 14, 21, 28, 
35 and 42 after DM induction, this parameter 
was significantly higher in groups 2 and 4 than 
in groups 1, 3 and 5 but it was similar among 
the groups 1, 3 and 5. Additionally, by days 7, 
14 and 21 after DM induction, this parameter 
was similar between groups 2 and 4, whereas 
by days 28, 35 and 42, this parameter was sig-
nificantly lower in group 4 than in group 2. The 

Figure 2. ADMSC treatment reversed hyperglycemia reduction of the cellular expression of mitochondrial cyto-
chrome C and enhanced the protein levels of oxidative stress in N2a cells. A-C. Illustrates the immunofluorescent 
(IF) microscopic finding (400×) for identification of mitochondrial cytochrome C+ cells (green color) in N2a cells. D-F. 
Illustrates IF microscopic finding (400×) for identification of heat shock protein 60 (HSP60)+ cells (red color) in N2a 
cells. G-I. Illustrates IF microscopic finding (400×) of merged cytochrome C and HSP60 positively stained cells (i.e., 
double stain) for identification of cytochrome C in mitochondria (i.e., pink color). Blue color indicated nuclei stained 
by DAPI. J. Analytical result of number of mitochondrial cytochrome C (No. of mit-CytoC)+ cells in N2a cells, * vs. 
other group with different symbols (†, ‡), P<0.001. Scale bars in right lower corner represent 20 µm. K. Protein 
expression of NOX-1, * vs. other group with different symbols (†, ‡), P<0.001. L. Protein expression of NOX-2, * vs. 
other group with different symbols (†, ‡), P<0.001. M. The oxidized protein expression, * vs. other groups with dif-
ferent symbols (†, ‡), P<0.001 (Note: the left and right lanes shown on the upper panel represent protein molecular 
weight marker and control oxidized molecular protein standard, respectively). M.W. = molecular weight; DNP = 1-3 
dinitrophenylhydrazone. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple 
comparison post hoc test (n = 3 for each group). Symbols (*, †, ‡) indicate significance for each other (at 0.05 level). 
ADMSCs = adipose-derived mesenchymal stem cells. A1 = N2a cells; A2 = N2a cells + glucose; A3 = N2a cells + 
glucose + ADMSCs.
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findings of groups 1, 3 and 5 implicated that 
EMPA treatment immensely effectively con-
trolled the circulatory hyperglycemia. Addi- 

tionally, the result from groups 4 and 2 impli-
cated that the much lower hyperglycemia in the 
former than in the latter group could be 

Figure 3. ADMSC treatment alleviated hyperglycemia-induced apoptosis, DNA damage and autophagy in N2a 
cells. A and G. Protein expression of cleaved caspase 3 (c-Casp3), * vs. other groups with different symbols (†, 
‡), P<0.001. B and H. Protein expression of cleaved poly(ADP-ribose) polymerase (c-PARP), * vs. other groups with 
different symbols (†, ‡), P<0.001. C and I. Protein expression of ratio of LC3B-II to LC3B-I, * vs. other groups with 
different symbols (†, ‡), P<0.001. D and J. Protein expression of γ-H2AX, * vs. other groups with different symbols 
(†, ‡), P<0.001. E and K. Protein expression of Agt5, * vs. other groups with different symbols (†, ‡), P<0.001. F and 
L. Protein expression of beclin-1, * vs. other groups with different symbols (†, ‡), P<0.001. All statistical analyses 
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 3 for each group). 
Symbols (*, †, ‡) indicate significance for each other (at 0.05 level). ADMSCs = adipose-derived mesenchymal stem 
cells. A1 = N2a cells; A2 = N2a cells + glucose; A3 = N2a cells + glucose + ADMSCs.
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explained as the effect of ADMSCs on partially 
protecting the β-cell in pancreas against the 
STZ destruction. 

When we looked at the time courses of the rat 
BW, we found that the baseline and at the time 
point of day 1 after DM was successfully 

Figure 4. ADMSC treatment suppressed hyperglycemia-induced inflammation and preserved intrinsic capacity of 
anti-oxidant in N2a cells. A and G. Protein expression of nuclear factor (NF)-κB, * vs. other groups with different 
symbols (†, ‡), P<0.001. B and H. Protein expression of Nrf2, * vs. other groups with different symbols (†, ‡), 
P<0.001. C and I. Protein expression of tumor necrosis factor (TNF)-α, * vs. other groups with different symbols (†, 
‡), P<0.001. D and J. Protein expression of SIRT1, * vs. other groups with different symbols (†, ‡), P<0.001. E and 
K. Protein expression of SIRT3, * vs. other groups with different symbols (†, ‡), P<0.001. F and L. Protein expression 
of endothelial nitric oxide synthase (eNOS), * vs. other groups with different symbols (†, ‡), P<0.001. All statistical 
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 3 for 
each group). Symbols (*, †, ‡) indicate significance for each other (at 0.05 level). ADMSCs = adipose-derived mes-
enchymal stem cells. A1 = N2a cells; A2 = N2a cells + glucose; A3 = N2a cells + glucose + ADMSCs.
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induced, the BW was similar among the five 
groups. Additionally, the BW in group 1 was  
significantly and progressively increased from 
day 1 to day 42 after successfully DM induc-
tion, whereas the BW in groups 2 and 5 was 
significantly and progressively reduced with 
respect to these time intervals. However, at the 
end of the study period, the BW was significant-
ly lower in group 2 than in groups 3 to 5 where-
as it showed no difference among these latter 
three groups. This finding implicated that EMPA 
that could maintain the normal blood sugar 
might have ability of reducing BW in groups 3 
and 5 of rodent. Additionally, the reduction of 
BW being notably less severe in group 4 than in 
group 2 once again indirectly confirmed that 
ADMSCs treatment would partially safeguard 
the β-cell in pancreas far away from the STZ 
damage.

Time courses of TPWL (sec) and MPWT (g) in 
rats (Figure 7)

Next, when we looked at the animal behavioral 
tests, i.e., the serial changes of MPWT and 
TPWL that are the principal tests for verifying 
the degree of DN, we found that prior to suc-
cessful DM induction (i.e., verified as a marked 
increase of hyperglycemia in each animal by 
day 7 after STZ therapy), both MPWT and TPWL 
did not differ among the groups 1 to 5. 
Additionally, MPWT and TPWL did not differ 
among the time intervals of days 1, 7, 14, 21, 
28, 35 and 42 after successfully DM induction 
in group 1. However, as compared with group 1, 
these two parameters were significantly upreg-
ulated in group 2 at these time intervals that 
was significantly reversed in group 4, further 
significantly reversed in group 3, and further-
more significantly reversed in group 5. Our find-

Figure 5. Empagliflozin treatment reversed hyperglycemia induced oxidative stress and autophagy in N2a cells. A. 
Protein expression of NOX-1, * vs. other groups with different symbols (†, ‡, §), P<0.001. B. Protein expression of 
NOX-2, * vs. other groups with different symbols (†, ‡, §), P<0.001. C. The oxidized protein expression, * vs. other 
groups with different symbols (†, ‡, §), P<0.001 (Note: the left and right lanes shown on the upper panel represent 
protein molecular weight marker and control oxidized molecular protein standard, respectively). M.W. = molecular 
weight; DNP = 1-3 dinitrophenylhydrazone. D. Protein expression of Atg5, * vs. other groups with different symbols 
(†, ‡, §), P<0.001. E. Protein expression of Beclin 1, * vs. other groups with different symbols (†, ‡, §), P<0.001. All 
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test 
(n = 3 for each group). Symbols (*, †, ‡, §) indicate significance for each other (at 0.05 level). B1 = N2a cells; B2 = 
N2a cells + glucose; B3 = N2a cells + glucose + Empa (50 μM); B4 = N2a cells + glucose + Empa (150 μM). Empa 
= empagliflozin.
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ings showed that pain sensi-
tivity was markedly impaired 
in DN animals. Additionally, 
the therapeutic effect of com-
bined ADMSCs + EMPA was 
superior to one therapy alone 
in protecting the neurons/
nerves against the DN injury.

Impact of ADMSCs-EMPA 
therapy on suppressing the 
protein expressions of oxida-
tive stress and apoptosis in 
L4-L5 levels of DRGs by day 
42 after successful DM in-
duction (Figure 8)

By using the specimen from 
L4-L5 levels of DRGs, we ana-
lyzed the protein expressions 
of NOX-1, NOX-2 and oxidized 
protein, three indicators of 
oxidative stress, and the pro-
tein expressions of mitochon-
drial-Bax, cleaved caspase 3 
and cleaved PARP, three indi-
ces of apoptosis, were lowest 
in group 1, highest in group 2, 
significantly lower in group 5 
than in groups 3 and 4 and 
significantly lower in group 3 
than in group 4, suggesting 
that combined ADMSCs and 
EMPA was superior to merely 
one therapy for protecting  
the nervous system against 
hyperglycemic damage. 

Impact of ADMSCs-EMPA 
therapy on suppressing 
the protein expressions of 
fibrosis, mitochondrial/DNA 
damage and inflammation 
in L4-L5 levels of DRGs by 
day 42 after successful DM 
induction (Figure 9)

Next, we utilized western blot 
to assess the protein expres-
sions of Smad3 and TGF-β, 
two fibrotic biomarkers, pro-
tein expressions of GFAP, 
IL-1β and OX-42, three indices 
of inflammatory reaction and 
protein expression of γ-H2AX, 
a DNA-damaged markers as 
well as the protein expression 

Figure 6. Empagliflozin treatment reversed hyperglycemia induced apopto-
sis, fibrosis and DNA damage in N2a cells. A and G. Protein expression of 
mitochondrial (mit)-Bax, * vs. other groups with different symbols (†, ‡, §), 
P<0.001. B and H. Protein expression of cleaved caspase 3 (c-Casp3), * 
vs. other groups with different symbols (†, ‡, §), P<0.001. C and I. Protein 
expression of phosphorylated (p)-Smad3, * vs. other groups with different 
symbols (†, ‡, §), P<0.001. D and J. Protein expression of Protein expression 
of cleaved poly(ADP-ribose) polymerase (c-PARP), * vs. other groups with dif-
ferent symbols (†, ‡, §), P<0.001. E and K. Protein expression of transform-
ing growth factor (TGF)-β, * vs. other groups with different symbols (†, ‡, §), 
P<0.001. F and L. Protein expression of γ-H2AX, * vs. other groups with dif-
ferent symbols (†, ‡, §), P<0.001. All statistical analyses were performed by 
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n 
= 3 for each group). Symbols (*, †, ‡, §) indicate significance for each other 
(at 0.05 level). B1 = N2a cells; B2 = N2a cells + glucose; B3 = N2a cells + 
glucose + Empa (50 μM); B4 = N2a cells + glucose + Empa (150 μM). Empa 
= empagliflozin.
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Table 1. Serial changes of blood sugar and body weight in five groups
Variables Baseline* D1† D7 D14 D21 D28 D35 D42 PD1 vs. D42

BS (mg/dL)
    Group 1 77.7 84.8a 81.0a 89.2a 91.5a 99.5a 97.3a 92.1a 0.220
    Group 2 78.3 505.9b 509.9b 526.7b 532.1b 559.2b 571.8b 598.8b 0.403
    Group 3 78.1 496.9b 98.1a 100.7a 108.6a 116.5a 110.9a 106.1a <.0001
    Group 4 78.3 493.6b 412.0b 430.6b 466.8b 466.8c 469.3c 471.2c 0.441
    Group 5 77.3 486.5b 89.1a 93.8a 99.1a 99.1a 106.9a 103.8a <.0001
    P-value 0.998 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
BW (g)
    Group 1 NA 353.4 370.5a 382.7a 405.6a 424.5a 433.9a 449.4a <.0001
    Group 2 NA 345.5 340.4b 325.0b 309.1b 295.4b 272.1b 252.9b <.0001
    Group 3 NA 348.8 338.6b 327.9b 322.6b 316.9b 303.8b 292.5c <.0001
    Group 4 NA 329.3 328.3b 319.6b 325.8b 320.6b 370.6b 300.3c 0.033
    Group 5 NA 334.3 333.2b 328.8b 333.8b 326.7b 314.0b 309.2c 0.002
    P-value NA 0.077 0.001 <.0001 <.0001 <.0001 <.0001 <.0001
*indicated healthy animals prior to streptozotocin treatment. †indicated by 7th day after streptozotocin treatment, i.e., defined 
as successfully induction of diabetes mellitus (DM). a,b,cdenoted significant difference in BS or BW among groups at the same 
time point. P-valueD1 vs. D42 in column was calculated with paired t test after comparison of values between days 1 and 42. Ad-
ditionally, P-value in rows was calculated among five groups with one-way ANOVA followed by Bonferroni post hoc analysis for 
comparing the difference between two groups (n = 12-14 for each group). D = day; BS = blood sugar; group 1 = sham control 
(SC); group 2 = diabetic neuropathy (DN); group 3 = DN + empagliflozin (EMPA); group 4 = DN + adipose tissue-derived mesen-
chymal stem cells (ADMSCs); group 5 = DN + EMPA + ADMSCs.

Figure 7. Time courses of MPWT (g) and TPWL (Sec) in rat. A: (A1) At baseline, the analytical result of MPWT was 
similar among the five groups. (A2) At day 1 after successful DM induction, the analytical result of MPWT, * vs. †, 
P<0.01. (A3) At day 7, the analytical results of MPWT, * vs. other groups with different symbols (†, ‡, §), P<0.001. 
(A4) At day 14, the analytical results of MPWT, * vs. other groups with different symbols (†, §), P<0.001. (A5) At day 
21, the analytical results of MPWT, * vs. other groups with different symbols (†, ‡), P<0.001. (A6) At day 28, the 
analytical results of MPWT, * vs. other groups with different symbols (†, ‡), P<0.001. (A7) At day 35, the analytical 
results of MPWT, * vs. other groups with different symbols (†, ‡, §), P<0.0001. (A8) At day 42, the analytical results 
of MPWT, * vs. other groups with different symbols (†, ‡, §), P<0.0001. B: (B1) At baseline, the analytical results 
of TPWL were similar among the five groups. (B2) At day 1 after successful DM induction, the analytical results of 
TPWL, * vs. †, P<0.01. (B3) At day 7, the analytical results of TPWL, * vs. †, P<0.01. (B4) At day 14, the analytical 
results of TPWL, * vs. other groups with different symbols (†, ‡, §), P<0.001. (B5) At day 21, the analytical results of 
TPWL, * vs. other groups with different symbols (†, ‡, §), P<0.0001. (B6) At day 28, the analytical results of TPWL, 
* vs. other groups with different symbols (†, ‡, §), P<0.0001. (B7) At day 35, the analytical results of TPWL, * vs. 
other groups with different symbols (†, ‡, §, ¶), P<0.0001. (B8) At day 42, the analytical results of TPWL, * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.0001. All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test (n = 12-14 for each group). Symbols (*, †, ‡, §, ¶) indicate 
significance for each other (at 0.05 level). Group 1 = sham-control (SC); group 2 = diabetic neuropathy (DN); group 3 
= DN + Empa; group 4 = DN + allogenic ADMSCs; group 5 = DN + Empa + allogenic ADMSCs; DM = diabetes melli-
tus; Empa = empagliflozin; TPWL = thermal paw withdrawal latency; MPWT = mechanical paw withdrawal threshold.
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of cytosolic cytochrome C, an index of mito-
chondrial damage, were lowest in group 1, high-
est in group 2, significantly lower in group 5 
than in groups 3 and 4 and significantly lower in 
group 3 than in group 4, whereas the protein 
expression of mitochondrial cytochrome C, an 
index of mitochondrial integrity, exhibited an 
opposite pattern of cytosolic cytochrome C 
among the groups.

Impact of ADMSCs-EMPA therapy on suppress-
ing the protein expressions of autophagy and 
pain-facilitated biomarkers in L4-L5 levels of 
DRGs by day 42 after successful DM induction 
(Figure 10)

To elucidate whether ADMSCs-EMPA therapy 
could effectively ameliorate the autophagic 
and pain-facilitated biomarkers in L4-L5 levels 
of DRGs, western blot analysis was utilized 
once again in the present study. The results 
demonstrated that the protein expressions of 
Atg5, beclin-1 and the ratio of LC3B-II to LC3B-I, 
three indices of autophagy, protein expressions 
of MAPK family members (p-P38, p-JNK, 
p-ERK1/2), three pain-facilitated biomarkers, 
and protein expressions of voltage-gated sodi-
um channels (Nav.1.3, Nav.1.8, Nav.1.9) served 
as the pain signalings [34], were lowest in group 
1, highest in group 2, significantly lower in 
group 5 than in groups 3 and 4 and significantly 
lower in group 3 than in group 4.

Impact of ADMSCs-EMPA therapy on regulat-
ing the co-localization of p-P38-peripherin and 
p-P38-NF200 in L4-L5 levels of DRG neurons 
by day 42 after successful DM induction 
(Figures 11, 12)

It is well recognized that peripherin which is 
small unmyelinated C-fiber and thinly myelinat-

ed A-δ fiber of DRG neurons conducts the ther-
mal and noxious stimuli [11, 12]. Based on this 
issue above-mentioned [11, 12], we utilized the 
IF microscope to identify that the co-localiza-
tion of p-P38 and peripherin (Figure 11) and 
the co-localization of p-P38 and NF200 (Figure 
12) in DRG neurons were highest in group 2, 
lowest in group 1, significantly higher in group 4 
than in groups 3 and 5, and significantly higher 
in group 3 than in group 5.

Impact of ADMSCs-EMPA therapy on suppress-
ing cellular expression of DNA damage in L4-
L5 levels of DRGs by day 42 after successful 
DM induction (Figure 13)

Finally, the IF microscope identified that the cel-
lular expression of γ-H2AX in L4-L5 levels of 
DRGs, an index of DNA damage, was highest in 
group 2, lowest in group 1 and significantly pro-
gressively reduced from groups 3 to 5.

Discussion

This study which explored the therapeutic 
effects of ADMSCs-EMPA, delivered several 
preclinical implications. First, we successfully 
created a hyperglycemic neurological model 
that not only provided a useful tool for scientific 
research but also verified that persistence of 
hyperglycemia (i.e., DM) could really induce DN 
setting with clinical presentation of partially 
dysesthesia (i.e., marked loss of pain sensa-
tions). Second, in vitro and in vivo studies  
identically demonstrated that hyperglycemia 
elicited molecular-cellular perturbations that 
destroyed the neurons and nervous system. 
Third, the research further demonstrated that 
ADMSCs and EMPA effectively and combined 
ADMSCs and EMPA further effectively, reversed 
the dysesthesia, i.e., sluggish withdrawal of the 

Figure 8. Effect of ADMSCs-empagliflozin therapy on suppressing the protein expressions of oxidative stress and 
apoptosis by day 42 after successful DM induction. A and G. Protein expression of NOX-1, * vs. other groups with 
different symbols (†, ‡, §, ¶), P<0.0001. B and H. Protein expression of NOX-2, * vs. other groups with different sym-
bols (†, ‡, §, ¶), P<0.0001. C and I. The oxidized protein expression, * vs. other groups with different symbols (†, ‡, 
§, ¶), P<0.0001 (Note: the left and right lanes shown on the upper panel represent protein molecular weight marker 
and control oxidized molecular protein standard, respectively). M.W. = molecular weight; DNP = 1-3 dinitrophenylhy-
drazone. D and J. Protein expression of mitochondrial (mit)-Bax, * vs. other groups with different symbols (†, ‡, §, ¶), 
P<0.0001. E and K. Protein expression of cleaved caspase 3 (c-Casp3), * vs. other groups with different symbols (†, 
‡, §, ¶), P<0.0001. F and L. Protein expression of cleaved poly (ADP-ribose) polymerase (c-PARP), * vs. other groups 
with different symbols (†, ‡, §, ¶), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed 
by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §, ¶) indicate significance 
for each other (at 0.05 level). Group 1 = sham-control (SC); group 2 = diabetic neuropathy (DN); group 3 = DN + 
Empa; group 4 = DN + allogenic ADMSCs; group 5 = DN + Empa + allogenic ADMSCs. ADMSCs = adipose-derived 
mesenchymal stem cells; Empa = empagliflozin.
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thermal and mechanical stim-
ulations in DN animals th- 
rough alleviating the oxida- 
tive stress, inflammation and 
pain-facilitated factors in neu-
rons, nerve cells and nervous 
tissues, resulting in improving 
the functional integrity of the 
nervous system.

Figure 9. Effect of ADMSCs-
empagliflozin therapy on sup-
pressing the protein expressions 
of fibrosis, mitochondrial/DNA 
damage and inflammation in 
L4-L5 levels of DRGs by day 42 
after successful DM induction. A 
and I. Protein expression of phos-
phorylated (p)-Smad3, * vs. other 
groups with different symbols (†, 
‡, §, ¶), P<0.0001. B and J. Pro-
tein expression of transforming 
growth factor (TGF)-β, * vs. other 
groups with different symbols (†, 
‡, §, ¶), P<0.0001. C and K. Pro-
tein expression of OX-42, * vs. 
other groups with different sym-
bols (†, ‡, §, ¶), P<0.0001. D and 
L. Protein expression of γ-H2AX, 
* vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. E 
and M. Protein expression of glial 
fibrillary acidic protein (GFAP), * 
vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. F 
and N. Protein expression of inter-
leukin (IL)-1β, * vs. other groups 
with different symbols (†, ‡, §, ¶), 
P<0.0001. G and O. Protein ex-
pression of cytosolic cytochrome 
C (cyt-CytoC), * vs. other groups 
with different symbols (†, ‡, §, 
¶), P<0.0001. H and P. Protein 
expression of mitochondrial cyto-
chrome C (mit-CytoC), * vs. other 
groups with different symbols (†, 
‡, §, ¶), P<0.0001. All statistical 
analyses were performed by one-
way ANOVA, followed by Bonfer-
roni multiple comparison post 
hoc test (n = 6 for each group). 
Symbols (*, †, ‡, §, ¶) indicate 
significance for each other (at 
0.05 level). Group 1 = sham-
control (SC); group 2 = diabetic 
neuropathy (DN); group 3 = DN + 
Empa; group 4 = DN + allogenic 
ADMSCs; group 5 = DN + Empa 
+ allogenic ADMSCs. ADMSCs = 
adipose-derived mesenchymal 
stem cells; Empa = empagliflozin.
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The DN is commonly found in diabetic patients 
and more than 30% of these patients will devel-
op NP [4]. This clinical setting of hyperglycemia 

induced NP has been well identified to be repro-
ducible in an animal model [28, 31]. Behavioral 
tests, i.e., including MPWT and TPWL, are 

Figure 10. Effect of ADMSCs-empagliflozin therapy on suppressing the protein expressions of autophagy and pain-
facilitated biomarkers in L4-L5 level of DRGs by day 42 after successful DM induction. A and J. Protein expression 
of Atg5, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. B and K. Protein expression of beclin 1, 
* vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. C and L. Protein expression of the ratio of LC3B-II 
to LC3B-I, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. D and M. Protein expression of phos-
phorylated (p)-P38, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. E and N. Protein expression of 
p-JNK, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. F and O. Protein expression of p-ERK1/2, 
* vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. G and P. Protein expression of Nav.1.3, * vs. other 
groups with different symbols (†, ‡, §, ¶), P<0.0001. H and Q. Protein expression of Nav.1.8, * vs. other groups with 
different symbols (†, ‡, §, ¶), P<0.0001. I and R. Protein expression of Nav.1.9, * vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni 
multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡, §, ¶) indicate significance for each other 
(at 0.05 level). Group 1 = sham-control (SC); group 2 = diabetic neuropathy (DN); group 3 = DN + Empa; group 4 = 
DN + allogenic ADMSCs; group 5 = DN + Empa + allogenic ADMSCs. ADMSCs = adipose-derived mesenchymal stem 
cells; Empa = empagliflozin.
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Figure 11. Effect of ADMSCs-empagliflozin therapy on regulating the co-localization of p-P38+ and peripherin+ cells 
in L4-L5 levels of DRGs by day 42 after successful DM induction. L4 DRG level: A-E. Illustrating the immunofluo-
rescent (IF) microscopic finding (200×) for identifying merged positively-stained p-P38 and peripherin (green-red 
co-localization cells). F. Analytical results of number of p-P38+/peripherin+ cells, * vs. other groups with different 
symbols (†, ‡, §, ¶), P<0.0001. L5 DRG level: G-K. Illustrating IF microscopic finding (200×) for identifying merged 
positively-stained p-P38 and peripherin (green-red co-localization). L. Analytical results of number of p-P38+/periph-
erin+ cells, * vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. Scale bars in right lower corner repre-
sent 50 µm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison 
post hoc test (n = 6-8 for each group). Symbols (*, †, ‡, §, ¶) indicate significance for each other (at 0.05 level). 
Group 1 = sham-control (SC); group 2 = diabetic neuropathy (DN); group 3 = DN + Empa; group 4 = DN + allogenic 
ADMSCs; group 5 = DN + Empa + allogenic ADMSCs. ADMSCs = adipose-derived mesenchymal stem cells; Empa 
= empagliflozin.
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Figure 12. Effect of ADMSCs-empagliflozin therapy on regulating the co-localization of p-P38-NF200 in L4-L5 lev-
els of DRGs by day 42 after successful DM induction. L4-DRG level: A-E. Illustrating the immunofluorescent (IF) 
microscopic finding (200×) for identifying merged positively-stained p-P38 and NF200 (green-red co-localization 
cells). F. Analytical results of number of p-P38+/NF200+ cells, * vs. other groups with different symbols (†, ‡, §, 
¶), P<0.0001. L5-DRG level: G-K. Illustrating IF microscopic finding (200×) for identifying merged positively-stained 
p-P38 and NF200 (green-red co-localization cells). L. Analytical results of number of p-P38+/NF200+ cells, * vs. 
other groups with different symbols (†, ‡, §, ¶), P<0.0001. Scale bars in right lower corner represent 50 µm. All 
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n 
= 6-8 for each group). Symbols (*, †, ‡, §, ¶) indicate significance for each other (at 0.05 level). Group 1 = sham-
control (SC); group 2 = diabetic neuropathy (DN); group 3 = DN + Empa; group 4 = DN + allogenic ADMSCs; group 
5 = DN + Empa + allogenic ADMSCs. ADMSCs = adipose-derived mesenchymal stem cells; Empa = empagliflozin.
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Figure 13. Impact of ADMSCs-empagliflozin therapy on suppressing cellular expression of DNA damage in L4-L5 lev-
els of DRGs by day 42 after successful DM induction. L4-DRG level: A-E. Illustrating (400×) the immunofluorescent 
(IF) stain for verifying the cellular expression of γ-H2AX (red color). F. Analytical result of number of γ-H2AX+ cells, * 
vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. L5-DRG level: G-K. Illustrating IF microscopic finding 
(200×) for verifying the cellular expression of γ-H2AX (red color). L. Analytical result of number of γ-H2AX+ cells, * 
vs. other groups with different symbols (†, ‡, §, ¶), P<0.0001. Green color indicated Tubulin β3 stain. Scale bars in 
right lower corner represent 20 µm. All statistical analyses were performed by one-way ANOVA, followed by Bonfer-
roni multiple comparison post hoc test (n = 6-8 for each group). Symbols (*, †, ‡, §, ¶) indicate significance for each 
other (at 0.05 level). Group 1 = sham-control (SC); group 2 = diabetic neuropathy (DN); group 3 = DN + Empa; group 
4 = DN + allogenic ADMSCs; group 5 = DN + Empa + allogenic ADMSCs. ADMSCs = adipose-derived mesenchymal 
stem cells; Empa = empagliflozin.
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believed to be two of the most sensitive and 
suitable tools for pain tolerance in the animal 
world [11, 12]. The most important finding in 
the present study was that as compared with 
the SC the thresholds of MPWT and TPWL were 
remarkably abnormally increased in DN ani-
mals, i.e., diminished the sensitive to the ther-
mal and mechanical stimulations. In this way, 
our finding could explain why the DN patients 
always ignore hot situation, resulting in thermal 
or mechanical damage. Importantly, these two 
pain thresholds corresponding to the minimum 
intensity at which an animal began to perceive 
pain were remarkably downregulated in DN ani-
mals with as compared to those of DN animals 
without ADMSCs or EMPA therapy. Of particular 
importance was that combined ADMSCs and 
EMPA therapy was superior to merely one ther-
apy for suppressing the abnormally elevated 
MPWT and TPWL thresholds in DN animals, 
highlighting that this innovative treatment 
could have great therapeutic potential for the 
DN patients, especially for those who are 
always refractory to conventional medical 
therapy.

Undoubtedly, persistent hyperglycemia fre-
quently elicited the molecular-cellular perturba-
tions, including inflammatory reaction, oxida-
tive stress, apoptosis and fibrosis in damaged 
or even non-damaged tissues and organs [35, 
36]. An essential finding in the in vitro study 
was that hyperglycemia not only upregulated 
the aforementioned molecular-cellular pertur-
bations but also enhanced the apoptosis, fibro-
sis, DNA/mitochondrial damage and autophagy 
in N2a cells. Consistently, these molecular-cel-
lular perturbations were also identically found 
in the in vivo study. Accordingly, our findings, in 
addition to being consistent with the findings of 
the previous studies [35, 36], could partially 
explain why the abnormally elevated MPWT  
and TPWL thresholds were substantially upreg-
ulated in DN animals than in those of the SC 
animals. However, these molecular-cellular per-
turbations in DN animals were markedly 
reversed in ADMSCs or EMPA treatment and 
furthermore reversed by combined ADMSCs-
EMPA treatment could, at least in part, explain 
why the abnormally elevated MPWT and TPWL 
thresholds were significantly downregulated by 
the ADMSCs or empagliflozin treatment and 
further notably downregulated by combined 
ADMSCs and empagliflozin treatment in DN 
animals.

MAPK family signaling and voltage-gated sodi-
um channels have clearly identified to play an 
important role on facilitating the painful sensa-
tion, i.e., lowering the tolerance of pain sensitiv-
ity [11, 12]. Principal finding in the present 
study was that the parameters of MAPK family 
signaling (i.e., p-P38, p-JNK, p-ERK1/2) and 
biomarkers of voltage-gated sodium channels 
(Nav.1.3/Nav.1.8/Nav.1.9) were remarkably 
upregulated in DN animals, suggesting that 
these painful facilitated biomarkers were com-
monly upregulated in dysesthesia (i.e., marked 
loss of pain sensations) our DN animals. This 
finding could be explained as that the symp-
toms of DN are actually categorized into (1) par-
esthesia (numbness), (2) allodynia, (3) hyperal-
gesia (lower pain threshold), and (4) dysesthe-
sia (loss of pain sensations), respectively [37]. 
Based on the findings of MPWT and TPWL in 
the present study, we proposed that the DN 
rodents in the present study could, perhaps, be 
categorized in the group of dysesthesia and the 
painful facilitated biomarkers which were 
upregulated could be an intrinsic response to 
the thermal and mechanical stimulation that 
were significantly alleviated by ADMSCs or 
EMPA therapy and furthermore significantly 
alleviated by combined ADMSCs and EMPA 
therapy.

Study limitations

This study has limitations. First, although the 
study period was 42 days after DM induction, it 
could be still relatively shorter when an enough 
time interval of development of DN-induced 
neurologic complication was taken into consid-
eration. Second, the possibility of other major 
organ complications, such as cardiovascular 
disease, cerebrovascular disease or chronic 
kidney disease had not been investigated in 
the current study.

Conclusions

The study demonstrated that persistent hyper-
glycemia induced hyperglycemic neuropathy 
that was effectively alleviated by ADMSC or 
EMPA therapy and more effectively alleviated 
by combining these two regimens.
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Supplementary Figure 1. Illustrates the time point of DM induction, time intervals of treatment and the time courses 
of blood sugar and neurological behavior examinations. DM = diabetes mellitus; ADMSCs = adipose-derived mesen-
chymal stem cells; STZ = streptozocin.


