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Abstract
Sphingosine receptors (S1PRs) are implicated in the progression of neurodegenerative diseases and metabolic disorders like 
obesity and type 2 diabetes (T2D). The link between S1PRs and cognition in type 2 diabetes, as well as the mechanisms 
that underpin it, are yet unknown. Neuroinflammation is the common pathology shared among T2D and cognitive impair-
ment. However, the interplay between the M1 and M2 polarization state of microglia, a primary driver of neuroinflamma-
tion, could be the driving factor for impaired learning and memory in diabetes. In the present study, we investigated the 
effects of fingolimod (S1PR1 modulator) on cognition in high-fat diet and streptozotocin-induced diabetic mice. We further 
assessed the potential pathways linking microglial polarization and cognition in T2D. Fingolimod (0.5 mg/kg and 1 mg/kg) 
improved M2 polarization and synaptic plasticity while ameliorating cognitive decline and neuroinflammation. Sphingolipid 
dysregulation was mimicked in vitro using palmitate in BV2 cells, followed by conditioned media exposure to Neuro2A 
cells. Mechanistically, type 2 diabetes induced microglial activation, priming microglia towards the M1 phenotype. In the 
hippocampus and cortex of type 2 diabetic mice, there was a substantial drop in pSTAT3, which was reversed by fingolimod. 
This protective effect of fingolimod on microglial M2 polarization was primarily suppressed by selective jmjd3 blockade 
in vitro using GSK-J4, revealing that jmjd3 was involved downstream of STAT3 in the fingolimod-enabled shift of micro-
glia from M1 to M2 polarization state. This study suggested that fingolimod might effectively improve cognition in type 2 
diabetes by promoting M2 polarization.
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Introduction

Neuroinflammation is one of the significant factors linking 
dementia to type 2 diabetes (T2D) [1]. There is mounting 
evidence that type 1 diabetes and T2D are associated with 
cognitive deterioration and dementia. Specifically, T2D, 
in particular, is linked to a 50% increased risk of demen-
tia [2–4] with impaired attention, processing, motor speed, 

executive functioning, and verbal memory. Persistent T2D, 
when combined with an earlier onset, has been linked to 
the development of mild cognitive impairment [3]. Several 
studies emphasize the increased risk of cognitive decline 
and neurodegeneration in diabetic and metabolic syndrome 
patients [5]. Yet cognitive decline remains the least deci-
phered complication of diabetes. Although the pathogen-
esis of cognitive impairment is complex and uncertain, it is 
believed that hyperglycemia, inflammation, and poor insulin 
signaling are some of the contributing factors [1]. Insulin 
resistance correlates with low brain-derived natriuretic fac-
tor (BDNF) levels, ultimately affecting cognition [6]. Cere-
bral plasticity is also intricately modulated by diet and nutri-
ent-related hormones such as insulin and lipids [7]. T2D has 
been associated with lipid overload, mainly sphingolipids 
that mediate insulin resistance [8]. Sphingosine-1-phosphate 
(S1P) has proven beneficial in various diabetic complica-
tions like diabetic nephropathy [9] and wound healing [10].
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S1PRs have been recommended as a potential target 
for several disorders due to their regulation of lympho-
cyte trafficking, vascular permeability, maintenance 
of bronchial tone, and cardiac function. S1PR modula-
tors were initially designed to decrease immunological 
response after renal transplantation; however, the only 
approved use is for multiple sclerosis [11, 12]. Recently 
their effect on cognitive decline in neurodegenerative 
disorders like Alzheimer’s, Parkinson’s, and Hunting-
ton’s was explored [13–15]. Sphingolipid dysregulation 
has been observed in peripheral organs in metabolic dis-
eases like diabetes and obesity, but it is less explored in 
the diabetic brain. T2D is arbitrated by many factors, 
including consuming a diet high in saturated fatty acids 
[16]. Therefore, the overabundance of fatty acids, more 
broadly, the perturbation of lipid metabolism that occurs 
in T2D, which may contribute to adverse outcomes, has 
piqued researchers’ interest. The brain sphingolipids 
like S1P and ceramide imbalance contributes to neuro-
degenerative disease pathology [17]. S1PR1 agonists like 
fingolimod and SEW2871 have been proven beneficial 
in alleviating cognitive impairment in Alzheimer’s [18].

One of the mechanisms involved in the neuroprotec-
tion offered by S1PR1 activation is the modulation of 
microglial polarization [19]. Microglia, the brain’s innate 
immune cells, are the first responders to insults to the 
brain. They are the main drivers of neuroinflammation 
and change their activation states [20]. They continu-
ously monitor their environment through the ramified 
processes and acquire either the pro-inflammatory M1 
or anti-inflammatory M2 phenotype based on the nature 
of the insult [21]. The M1 phenotype is characterized 
by the release of pro-inflammatory cytokines like tumor 
necrosis factor α (TNF-α), interleukin (IL)-6 and with 
increased expression of cluster of differentiation markers 
86, 16/32 (CD86, CD16/32), major histocompatibility 
complex II (MHCII), and inducible nitric oxide synthase 
(iNOS). The M2 phenotype is further subdivided into 
M2a, M2b, and M2c. It is characterized by the expres-
sion of anti-inflammatory cytokines like IL-4 as well 
as markers like arginase-1 (Arg1), CD206, and mouse 
Chitinase-3-like-3 (Ym-1) [22]. Signal transducer and 
activator of transcription (STAT)-6 and STAT3 signaling 
upregulation are involved in sustaining the M2 pheno-
type [23]. STAT3 phosphorylation (p-STAT3) is linked 
to microglial polarization and is a putative negative 
regulator of inflammatory cytokine release. In ischemic 
stroke, p-STAT3 expression was reduced during pro-
inflammatory microglial activation, but this effect was 
reversed when microglia were polarized towards an anti-
inflammatory M2 state [24]. However, numerous genes 
have been revealed as potential STAT3 targets through 
knockout and biochemical studies, but only a few are 

confirmed to be direct STAT3 targets [25]. A recent 
study has reported that Jumonji domain-containing pro-
tein 3 (Jmjd3) works downstream of STAT3 in mediating 
M2 macrophage polarization [26].

S1PRs effect on microglial polarization is well 
explored in multiple sclerosis. Therefore, in this study, 
we evaluated the impact of T2D on the microglial acti-
vation state and its modulation by the S1PR1 activator 
fingolimod. In addition, we further investigated the role 
of the pSTAT3- jmjd3 axis using GSKJ4 (jmjd3 inhibi-
tor) in BV2 microglial cells.

Materials and Methods

Reagents and Antibodies

Sodium palmitate (P9767), fatty acid-free BSA (A6003), 
DMEM high glucose (D7777), and GSK-J4 (jmjd3 inhib-
itor, SML0701) were purchased from Sigma Aldrich (St. 
Louis, USA), murine IL-4 (DY404), IL-6 (DY406) and 
BDNF (DY248) from R & D biosystems and murine 
TNF-α (88–7324-88) from Invitrogen. S-FTY720-P 
(10,006,408) was purchased from Cayman Chemicals, 
and Fingolimod from TCI (F1018). p-STAT3 (sc8059), 
Bcl-2 (sc7382), Bax (sc7480), iNOS (sc7271), histone 
h3 (sc517576), β-actin (sc47778) and CD206 (sc58986) 
were purchased from SantaCruz. Arg-1 (ab60176), YM-1 
(ab192029), MHCII (ab180779), and Synaptophysin 
(ab32127) were purchased from Abcam. Tri-methyl his-
tone H3 (9733S), psd95 (36233S), and Iba-1 (17198S) 
were purchased from Cell Signaling Technologies. Anti- 
mouse Alexa flour 488 (A21202), anti-rabbit Alexa Flour 
647 (A21245), anti-rabbit Alexa fluor 488 (A11008), and 
anti-mouse Alexa Flour 546 (A11003) were purchased 
from Invitrogen.

Animal Model

Adult male C57BL6 mice (8 weeks old) were used in 
this study. The mice were kept in a standard laboratory 
animal facility with a 12-h light/dark cycle and had free 
access to food and water ad  libitum. All of the stud-
ies were carried out in line with the regulations of the 
Institutional animal ethics committee NIPER-Hyderabad 
(Protocol number: NIP/10/2020/PC/384). Mice were ran-
domly separated into two groups after a week of accli-
mation to laboratory settings. For 16 weeks, mice were 
given either a normal pellet diet (NPD; 13.1% kcal fat) or 
a high-fat diet (HFD; 60 percent kcal fat). After 1 month 
on the HFD, the mice were given a single low dosage 
of streptozotocin (STZ; 100 mg/kg/i.p., dissolved in cit-
rate buffer (pH 4.4)) to shorten the time taken for the 
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establishment of the animal model by inducing partial 
insulin insufficiency (Fig. 1a) [27]. Mice with fasting 
serum glucose levels > 200  mg/dl, impaired glucose, 
and insulin tolerance were classified as T2D mice [28]. 
NPD mice were divided into two groups: one group 
was administered saline (NC), and the other group was 
administered fingolimod at 1 mg/kg i.p. (Perse). T2D 
mice were further divided into four groups: T2D mice 
were administered saline (disease control, DC) and 
T2D mice were administered fingolimod at three doses 
0.1 mg/kg, i.p., (low dose, LD), 0.5 mg/kg, i.p., (mid-
dose, MD) and 1 mg/kg, i.p. (high dose, HD), dissolved 

in saline). These groups were administered fingolimod 
thrice a week for 30 days. Twelve mice were included in 
each group (a total of 72 mice were used).

Determination of Body Weight and Serum Glucose 
Levels

Body weights (BW) and fasting plasma glucose levels [29] of 
all animals were monitored weekly (data not shown). Mice 
fasted for four hours before measuring fasting glucose levels. 
Blood glucose concentrations from blood samples taken from 
the tip of the tail were measured using a glucometer.

Fig. 1  The effect of fingolimod on memory consolidation in Mor-
ris water maze test. a Study timeline. b Representative track plots 
of probe trial. c % distance travelled, and time spent in target quad-

rant (NC N = 5, DC N = 6, LD, MD, HD, Perse N = 5. **p < 0.01, 
***p < 0.001 vs NC; ##p < 0.01, ###p < 0.001 vs DC)
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Oral Glucose Tolerance Test

The oral glucose tolerance test (OGTT) is a widely used 
clinical test to diagnose glucose intolerance and T2DM 
[30, 31]. Mice were fasted overnight and then adminis-
tered glucose (2 g/kg/p.o., dissolved in saline). Glucose 
levels from blood samples collected from the tip of the 
tail were measured using a glucometer at 0, 30, 60, and 
120 min after the administration. The area under the con-
centration versus time curve (AUC glucose 0–120 min, 
mg/dl * minutes) was calculated. The animals were seg-
regated into different groups based on their blood glu-
cose level.

Intraperitoneal Insulin Tolerance Test (IPITT)

Mice fasted for 4 h before the test. The mice were injected 
with insulin (0.8 U/kg/i.p., dissolved in saline). Glucose lev-
els from blood samples collected from the tip of the tail were 
measured using a glucometer at 0, 15, 30, 60, and 120 min 
after the bolus [32]. The area under the concentration versus 
time curve (AUC glucose 0–120 min, mg/dl * minutes) was 
calculated.

Behavioral Tests

Morris Water Maze

The Morris water maze (MWM) consisted of a large cir-
cular white pool (diameter: 150 cm; height: 50 cm, filled 
to a depth of 30 cm with water at 22 ± 2 °C). The tank 
was in a large, darkened room illuminated by dim light. 
The pool was divided into four evenly spaced imaginary 
quadrants and filled with non-fat milk powder. Mice were 
subjected to trials for 7 days, with 2 days on the visible 
platform and 5 days on the hidden platform. During the 
“Visible Platform” trial, mice were given two sessions 
per day (separated by 3 h) of two trials each. Mice were 
first trained to locate an “escape” platform submerged 
1 cm below the water’s surface using a cue (a colored 
flag, 2.5-cm radius,8-cm height). If the mice failed to 
find the platform in 60 s, the experimenter placed them 
on the platform for 20 s. To avoid procedural bias during 
each trial in the “Visible Platform,” mice were placed 
in various positions across the maze. After the “Visible 
Platform” trials, mice were trained to locate the plat-
form using cues during the “Hidden Platform” trials, 
which required the mice to rely on extra-maze cues for 
spatial reference and orientation. Extramaze cues con-
sisted of four large (50 × 50 cm) cues of various shapes 
and color combinations placed at the quadrant’s borders. 
During the Hidden Platform trials, the platform was not 
rotated and remained in the “Target” quadrant. Water was 

made opaque during the hidden platform trial by add-
ing dry non-fat milk powder. Spatial memory retention 
was assessed 24 h following the last “Hidden Platform” 
training session. The parameters of the hidden platform 
(escape latency and path length) and the probe-trial 
parameter (number of entries to the target platform zone 
and time in quadrants) were measured [33, 34].

Object Location test and Novel Object Recognition Test

The object location test (OLT) is a simple and effective 
test that measures hippocampus-dependent spatial mem-
ory. The task depends on an animal’s natural preference 
for novelty rather than additional external reinforcement 
and can typically avoid complications associated with 
differential emotional responses. OLT test comprised 
three successive trials with an inter-trial interval (ITI) of 
60 min. The mice were placed in the center of an empty 
open field box and allowed to freely explore the box for 
5 min in the first trial (i.e., the habituation phase). The 
second trial involved placing the mice in the center of 
the open field box with two similar objects on opposite 
sides and allowing them to freely investigate the objects 
for 5 min (i.e., the sample phase). Following a 60-min 
ITI, the mice were placed in the center of the same open 
field box for a 5-min third trial, with one of the objects 
remaining in the same location as in second trial and the 
second object being transferred to a new location in the 
open field box (i.e., the testing phase of OLT). The first 
two trials in novel object recognition test (NORT) were 
the same as in OLT—the habituation phase and the sam-
ple phase. Each trial was for 10 min. After 24 h, in the 
third trial (the testing phase), mice were allowed to inves-
tigate objects—the familiar object from second trial and 
the novel object for 5 min in the same open field box. The 
percentage time to explore the moved object (in OLT) and 
novel object (in NORT) was calculated [35, 36].

Y Maze Test

Spontaneous spatial recognition was assessed in the 
Y-maze and used as a hippocampal-dependent test. The 
Y maze apparatus comprises three arms, each 21 cm 
long, 4 cm wide, and 40 cm tall, with a central entry 
zone. It is made of metal and placed at an angle of 33°. 
Visual cues were distributed throughout the testing area 
and remained constant throughout the test. The mice 
could distinguish between novelty and familiarity based 
on the diverse environmental characteristics they could 
perceive from each arm of the Y-maze. The first trial 
of the test (acquisition) involved closing one arm with 
a door and allowing mice to visit the other two arms for 
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5 min freely. After a 60-min ITI, mice were placed in 
the start arm for the second trial (retrieval) and given 
free access to all three arms for 5 min. The percent time 
spent in the novel arm and the number of novel arm 
entries were recorded. Analyses were based on the time 
spent exploring the novel and the familiar arms during 
the retrieval trial [37].

Cell Culture

BV2 microglial cells and Neuro2A (N2A) neuroblastoma 
cells were purchased from Elabscience, USA, and NCCS 
Pune, India, respectively. BV2 microglial cells and N2A 
were cultured in DMEM medium (25 mM glucose, 1 mM 
pyruvic acid, and 2 mM glutamine) supplemented with 
100 IU/ml penicillin/streptomycin and 10% fetal bovine 
serum (FBS) at 37 °C and 5%  CO2. For experiments, cells 
were seeded in plates at concentrations described for each 
method. After 24 h, the culture medium was replaced by 
the serum-free medium (high glucose DMEM without 
FBS). Cells were exposed to Palmitate (Pal) 200  μM, 
S-FTY720P (FTY) 100 nM, and 200 nM in serum-free 
medium for 24 h.

Palmitate‑BSA Stock Preparation

The Palmitate-BSA complexes were prepared as previously 
described [38]. Briefly, 5.56 mg sodium palmitate was dis-
solved in 200 μL sterile water (100 mM Pal stock solution) 
by heating (70 °C) and mixing (250 rpm) for 10 min in a 
thermomixer (Eppendorf). 50 μL of the Pal stock solution 
was added to 950 μL serum-free DMEM containing 5% fatty 
acid-free BSA (the 5 mM Pal working solution). For 1 h, 
the Pal working solution was heated to 40 °C and shaken at 
250 rpm. Finally, the working solution was filtered (0.22-μ 
diameter filter) and immediately used to expose the cells. 
Serum-free DMEM containing 5% fatty acid-free BSA was 
used as the vehicle control.

BV2‑Conditioned Medium‑Exposed N2A Cells

BV2 microglial cells were seeded in a 6-well plate at 
a density of 1 ×  105 cells/well or in 96-well plate at a 
density of 20 ×  104 cells/well and pre-exposed with 
S-FTY720P or GSK J4, followed by activation with 
sodium palmitate. After 24 h of respective exposure, the 
conditioned medium of exposed cells was transferred to 
N2A cells seeded in a 6-well plate at a density of 1 ×  105 
cells/well or in a 96-well plate at a density of 20 ×  104 
cells/well. After 24 h of incubation with a conditioned 
medium, the cells were used to measure the activated 
microglia-induced toxicity to N2A cells by MTT assay 
and western blotting.

Cell Viability Assay

The tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT; Sigma, St. Louis, MO, 
USA) assay was used to evaluate cell viability [22]. The 
optical density was measured at 570 nm using Perkin Elmer 
Envision spectrophotometer Version 1.13.3009.1401, and 
the results are expressed as a percentage of surviving cells 
compared with the control.

Reactive Oxygen Species Production

DCFDA was used to evaluate the level of reactive oxygen 
species (ROS) like  H2O2 in BV2 cells, employing fluores-
cent microscopy. Cells were grown in 12- or 6-well plates 
(1–2 ×  105 cells/well, respectively), exposed as specified, and 
incubated for 30 min with DCFDA (10 μM) at the end of 
the exposure. Then, the cells were washed with phosphate-
buffered saline (PBS) twice and imaged using a fluores-
cent microscope (Nikon Eclipse Ti2, Germany). The mean 
fluorescence intensity of DCF-positive cells was calculated 
using ImageJ software (NIH) and presented as a percentage 
change from the control [22].

Mitochondrial Membrane Potential

The dye accumulates in the mitochondrial matrix under physi-
ological conditions, forming J aggregates with distinct absorp-
tion and emission spectra that can be measured by fluorescence. 
After various stimulations, BV2 microglia were incubated with 
JC-1 dye (2.5 μM) in a culture medium for 30 min at 37 °C. 
The cells were washed with PBS twice and then imaged using 
a fluorescent microscope (Nikon Eclipse Ti2, Germany) [22].

Nitrite Estimation

Nitrite estimation in cell culture supernatant from different 
groups was estimated by the Griess reagent [22]. In brief, an 
equal amount of culture supernatant (100 μl) from different 
groups was mixed with an equal amount (100 μl) of Griess 
reagent (1% p-amino-benzenesulfonamide, 0.01% napthyl-
ethylenediamide in 2.5% phosphoric acid), then incubated 
20 min in the dark. The absorbance was read at 540 nm. 
Nitrite release is expressed as a percent increase from the 
control.

Cytokine Levels

According to the manufacturer’s instructions, the cytokine 
level in the culture supernatant of BV2 microglia or cor-
tex and hippocampus lysates was estimated using spe-
cific ELISA kits (TNF-α, IL-6, IL-4, BDNF) (R and D 
biosystems).
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Immunocytochemistry and Confocal Microscopy

As described previously, immunocytochemical analysis 
was done in microglia [22]. In a nutshell, cells were grown 
on coverslips and fixed with ice-cold 4% paraformalde-
hyde in PBS for 10 min after different stimulations. 1% 
BSA + 0.3% (v/v) Triton X-100 + 0.3 M glycine (1% BSA) 
in PBS for 1 h at room was used as blocking. The cells were 
incubated with primary antibodies, mouse Iba-1 (1:250), 
rabbit anti-Ym-1 (1:300), anti-MHCII (1:200), mouse 
anti-CD206, and rabbit Iba-1 (1:250) diluted in 1% BSA 
at 4 °C overnight. The cells were rinsed in PBS before 
incubating with the secondary antibody Alexa Fluor 488 
and 647 respective IgG conjugates (Invitrogen, USA) for 
2 h at room temperature. Coverslips were mounted with 
DAPI fluoroshield mounting medium (Invitrogen, USA). 
Images were acquired with a Leica TCS SP8 Laser Scan-
ning Spectral Confocal Microscope.

Immunofluorescence

The mice brains were removed and postfixed in 4% 
paraformaldehyde overnight at 4 °C. Brains were seri-
ally dehydrated in 15 and 30% (w/v) sucrose solutions 
and embedded in tissue freezing media (Sigma, USA). 
25-μm-thick coronal sections were cut on a cryostat (Leica 
Microsystems, Germany) and mounted to poly-L-lysine-
coated slides for immunofluorescence. After 1-h incuba-
tion with 1% BSA in PBS, the slices were incubated with 
primary antibodies rabbit anti-Iba1 (1: 100; CST), mouse 
anti-CD206 (1:200; Santacruz), mouse psd95 (1:100; 
CST), and rabbit anti-synaptophysin (1:400, Abcam) at 
4 °C overnight in a humidified chamber. After washing 

the slides in PBS, they were incubated for two hours at 
room temperature with Alexa Fluor 647 goat anti-rabbit 
IgG (1:400) or Alexa Fluor 488 donkey anti-mouse IgG 
(1:400) and mounted using DAPI fluoroshield mounting 
medium. Images were acquired using a Leica TCS SP8 
Laser Scanning Spectral Confocal Microscope. During 
the quantification procedures of  Iba1+ cells, the researcher 
was blinded to the experimental conditions. As previ-
ously described, the number of  Iba1+ and  CD206+ cells in 
the cortex and hippocampus were counted [39]. Finally, 
cell counts were divided by the area of the section and 
expressed as cells per square millimeter. After subtract-
ing background levels, the mean fluorescent intensity of 
psd95 or synaptophysin immunoreactivity images was also 
measured by image analysis software ImageJ (NIH, MD, 
USA). Immunofluorescence intensity was measured within 
defined areas of the cortex and hippocampus for each ani-
mal by two different examiners blind to the experimental 
settings for comparison between groups.

Western Blotting

BV2 cells and tissue samples were lysed in RIPA lysis 
buffer (50 mM Tris–HCl, pH 8.0; 1% NP-40; 0.5% sodium 
deoxycholate; 150  mM NaCl; 0.1% SDS) containing 
protease and phosphatase inhibitor cocktails and 1 mM 
phenylmethylsulfonyl fluoride. Nuclear and cytosolic 
fractions were prepared using hypotonic and hypertonic 
lysis buffers [22, 39]. Equal amounts of protein (30 μg) 
were loaded per lane and separated by 8%, 10%, or 12% 
SDS-PAGE. Proteins in the gels were transferred to the 
nitrocellulose (NC) membrane. For 2 h, membranes were 
blocked with blocking buffer (3% BSA, 10 mM Tris, pH 

Fig. 2  The effect of Fingolimod on recognition memory. a 
%Time spent in novel arm (Y-maze). b % Investigation time of 
moved object (OLT). c % Time exploring novel object (NORT). 
Y-maze: NC vs DC p < 0.001, NC vs LD p = 0.002, DC vs MD 
p = 0.008, DC vs HD p < 0.001; OLT: NC vs DC p < 0.001, NC vs 

LD p = 0.006, DC vs MD p = 0.001, DC vs HD p < 0.001; NORT: 
NC vs DC p < 0.001, NC vs LD p = 0.027, DC vs MD p = 0.004, 
DC vs HD. p < 0.001 *p < 0.05, ***p < 0.001 vs NC; #p < 0.05, 
##p < 0.01, ###p < 0.001 vs DC (n = 6)
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7.5, 100 mM NaCl, and 0.1% Tween-20). After blocking, 
the membranes were incubated with respective primary 
antibodies anti-YM-1, anti-Arg-1, anti-MHCII, anti-
iNOS, anti-pSTAT3, anti-STAT3, anti-trimethyl histone 
H3, anti-histone h3, anti-Bcl-2, anti-Bax, anti-caspase 
3, and anti-synaptophysin. Membranes were washed and 
then incubated with respective HRP-conjugated second-
ary antibodies (1:10,000) for 2 h at room temperature. 
Chemiluminescence reagent ECL was used to visualize 
the protein bands (FusionCaptAdvance). The band inten-
sity was measured using spot densitometry analysis using 
Image J software.

Statistical Analysis

GraphPad Prism 8.0 software was used to conduct the analy-
ses. Data were expressed as the mean ± SEM and compared 
using a student’s t-test between two groups and one-way or 
two-way ANOVA with Bonferroni’s correction for multiple 
group comparisons.

Results

Fingolimod Effect on Cognitive Impairment 
was Independent of Blood Glucose Control

The blood glucose of DC was significantly higher than that 
of the normal control mice. Fingolimod lowered blood glu-
cose levels in HD mice but not significantly. Moreover, poor 
glycaemic control was seen in DC compared to NC mice. 
Fingolimod did not affect glycemic control in T2D mice 
(Supplementary Fig. 1).

Fingolimod Ameliorated Cognitive Dysfunction 
in T2D Mice

Hyperglycemia has been shown to cause cognitive 
abnormalities in the MWM test [1, 40]. In this study, 
we determined the effect of fingolimod on learning and 
memory in T2D mice using the MWM test. During the 
hidden platform training days, the mice’s escape latency 

Fig. 3  The effect of S-FTY720P on oxidative stress and mitochon-
drial membrane potential. a Images of DCFDA in palmitate and 
S-FTY720P-exposed BV2 cells. b Images of Jc-1 staining in palmi-
tate and S-FTY720P-exposed BV2 cells. Graph of fluorescence inte-

grated density of c DCFDA and d Jc-1 (Image J software). Data val-
ues are expressed as mean ± S.E.M (n = 3). Con vs Pal (p < 0.001), Pal 
vs FTY0.1 (p = 0.003 for DCFDA, p = 0.002 for JC-1), Pal vs FTY0.2 
(p < 0.001), ***p < 0.001 vs NC, ##p < 0.01, ###p < 0.001 vs Pal
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decreased with time. In the early stages of training, there 
was no discernible difference between groups. However, 
the escape latency of mice in the DC groups was signifi-
cantly longer than that of the NC group on the fourth, 
fifth, and sixth days of training. Compared to the DC 
groups, the MD and HD groups had a much lower delay 
(Supplementary Fig. 2b). The platform was removed on 
the day of the probe trial to assess the mice’s spatial 
memory. The swimming track, the distance and time 
spent in each quadrant of the MWM were recorded. The 
percentage of time spent and distance travelled in the 
target quadrant was significantly lower in the DC group 
than in the NC group. Fingolimod significantly improved 
the cognitive ability of T2D mice at doses of 0.5 (MD) 
and 1 mg/kg (HD) (p < 0.001) (Fig. 1b, c).

Further, we evaluated the time spent investigating the 
novel arm in the Y maze. The mice were allowed to explore 
two arms for 5 min. Then after 1-h ITI, the mice were sub-
jected to explore all three arms freely. NC, MD, and HD 
mice spent significant time exploring the novel arm com-
pared to DC (Fig. 2a).

We examined the cognitive ability of T2D mice in a 
novel object recognition test. After acclimatization, mice 
were exposed to two identical objects and allowed to inves-
tigate freely. The time spent exploring the two identical 
objects was not significantly altered in any group. Mice were 
reintroduced to one of the previously familiar objects and 
a novel object 24 h later. NC, MD, and HD mice demon-
strated a strong preference for the novel object, while DC 
and LD mice did not show any preference (Fig. 2c). Simi-
larly, NC, MD, and HD mice showed a strong preference 
for the shifted object in the object localization test, whereas 
DC and LD mice showed no preference. These results sug-
gested impaired recognition memory in DC and LD groups 
(Fig. 2b).

S‑FTY720P Suppressed Inflammatory Cytokines, 
Nitrite, and ROS in Palmitate‑Exposed BV2 Cells

To detect the effective exposure concentrations, we 
first estimated the dose-dependent effects of Pal and 
S-FTY720P on the viability of BV2 cells. The result 

Fig. 4  The effect of S-FTY720P 
on cytokine and nitrite levels 
in BV2 microglia cells. a 
TNF-α, b IL-6, c IL-4, and 
d nitrite level in BV2 cul-
ture supernatant in various 
exposed groups. Data values 
are expressed as mean ± S.E.M 
(n = 5). ***p < 0.001 vs NC; 
###p < 0.001 vs Pal
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showed that S-FTY720P was not cytotoxic to BV2 cells 
at concentrations up to 800 nM (Supplementary Fig. 3a), 
while Pal showed a significant decrease in cell viabil-
ity at 200, 400, and 500 μM (p < 0.001) (Supplementary 
Fig. 3b). On the other hand, S-FTY720P at 100 nM and 
200  nM significantly rescued the cell viability ham-
pered by Pal (p < 0.001) (Supplementary Fig. 3c). Then 
we further estimated TNF-α, IL-6, and nitrite levels in 
the culture supernatant of Pal and S-FTY720P-exposed 
BV2 cells. Based on the results obtained, we chose a 
200 μM Pal, 100 nM, and 200 nM S-FTY720P for future 
experiments.

We then investigated the anti-oxidative effects of 
S-FTY720P, which showed that S-FTY720P dose-
dependently suppressed the ROS generation in Pal-
exposed cells (Fig. 3a, c). Further, we studied the effect 
of S-FTY720P on the mitochondrial membrane potential, 
which revealed that Pal shifted the mitochondrial mem-
brane potential towards leaky mitochondria, as evident 
through decreased red/green fluorescence. S-FTY720P 
significantly reversed at 100 and 200 nM (Fig. 3b, d).

In addition, we evaluated the effect of S-FTY720P on 
the cytokine and nitrite levels of the Pal-exposed BV2 

Fig. 5  The effect of fingolimod on microglial activation in cortex 
and hippocampus of T2D mice. Representative confocal images of 
coronal sections labeled with Iba-1 (a) cortex and CA1 (b) CA3 and 
DG, Scale bar 100  μm. Quantitative analysis of Iba-1 is shown in 

the histogram (c) cortex and CA1 (d) CA3 and DG. Data values are 
expressed as mean ± S.E.M (n = 4). ***p < 0.001 vs NC; ##p < 0.01, 
###p < 0.001 vs DC
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cells. We observed that S-FTY720P significantly sup-
pressed the Pal-induced pro-inflammatory cytokines and 
nitrite generation in BV2 cells (Fig. 4a, b, d). In contrast, 

S-FTY720P elevated the level of anti-inf lammatory 
cytokines like IL-4 in Pal-exposed BV2 cells (Fig. 4c).

Fingolimod, via the pSTAT3‑jmjd3 Axis, Reduced M1 
Microglia Polarization and Enhanced M2 Microglia 
Polarization in T2D Animals and Palmitate‑Exposed 
BV2 Cells

Microglial activation with an increased surge of inflam-
matory mediators initiates neuroinflammation in diet-
induced obese mice [41]. Here, we found that number 

Fig. 6  The effect of fingolimod on protein expression of M2 marker 
CD206 in T2D mice. Representative confocal images of coronal sec-
tions of a cortex and b DG region of hippocampus labeled with Iba-1, 
CD206. Scale bar, 75 μm. Histograms representing quantification of 
CD206-positive cells in c cortex and d DG region of the hippocam-
pus. Data values are expressed as mean ± S.E.M (n = 4). ***p < 0.001 
vs NC; #p < 0.05, ###p < 0.001 vs DC

◂

Fig. 7  The effect of Fingolimod on microglial polarization in the 
cortex and hippocampus of type 2 diabetic mice. The protein expres-
sion of M1 markers (iNOS, MHCII), M2 markers (Arg-1, YM-1) in 
a hippocampus and b cortex were detected by western blots. Quan-

titative analysis in c hippocampus and d cortex using Image-J soft-
ware. Data values are expressed as mean ± S.E.M (n = 3). **p < 0.01, 
***p < 0.001 vs Con; ##p < 0.01, ###p < 0.001 vs DC
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of Iba-1 positive cells was significantly increased in 
the cortex (Fig. 5a, c cortex) and hippocampus CA1, 
CA3, and DG regions (Fig. 5a CA1, 5b, 5c CA1, and 
5d), characterized by their thickened soma and retracted 
processes. In contrast, fingolimod administered mice 
showed fewer Iba-1 positive cells with thin soma and 
ramified processes, indicating that fingolimod may 
decrease neuroinflammation in diabetes by attenuating 
microglial activation (Fig. 5a–d).

Activated microglia have been generalized into two 
functional states of polarization: pro-inflammatory M1 
type and anti-inflammatory M2 type. M1 phenotype 
microglia display upregulated expression of CD32, 

CD86, TNF-α, iNOS, and MHCII, whereas M2 pheno-
type microglia exhibit increased Arg-1, CD206, IL-10, 
transforming-like growth factor (TGF)-β, and Ym-1 
expression [42]. We studied the microglia phenotype 
in the T2D brain by co-labeling Iba-1 with M2 marker 
CD206 in the cortex (Fig. 6a, c) and hippocampus DG 
region (Fig. 6b, d). Further, we checked the expression of 
M1 markers (iNOS and MHCII) and M2 markers (Arg-1 
and YM-1) through western blots of the hippocampus 
(Fig. 7a, c) and cortex (Fig. 7b, d).

To study the direct effect of fingolimod on microglial 
polarization, we employed BV2 microglia and induced 
microglial activation with Pal in vitro. We then evaluated 

Fig. 8  The effect of S-FTY720P on microglial polarization in BV2 
cells. a Representative images of BV2 microglial cells labeled with 
Iba-1, MHCII, and YM-1 in response to different stimulation. Scale 
bar, 25 μm. b Quantitative analysis was performed as percentage of 
Ym-1+ and  MHCII+ in Iba-1+ cells. c The protein expression of M1 

markers (iNOS, MHCII) and M2 markers (Arg-1, YM-1, CD206) in 
exposed BV2 cells by western blotting. Quantitative analysis of d M2 
and e M1 markers using Image J software. Data values are expressed 
as mean ± S.E.M (n = 3). ***p < 0.001 vs Con; ##p < 0.01, ###p < 0.001 
vs Pal
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the expression of several M1/M2 markers under different 
exposures. For in vitro experiments, S-FTY720P (fingoli-
mod’s active metabolite) was used. Immunofluorescence 
images revealed that Pal significantly suppressed the M2 
marker (YM-1) (Fig. 8a), and the M1 marker (MHCII) 
(Fig. 8b) was significantly increased. These alterations 
in M2 and M1 markers were diminished considerably by 
S-FTY720P exposure (Fig. 8a, b). Consistently, western 
blot results showed similar changes at the protein level as 
M1 markers (iNOS and MHCII) (Fig. 8c, e) accentuated, 
and M2 markers (Arg-1 and CD206) decreased by Pal 
stimulation (Fig. 8c, d). S-FTY720P exposure consider-
ably reduced these changes, showing that it modulates 
microglial polarization.

Activation of p-STAT3 in M2 polarization has been 
reported in fingolimod-exposed primary microglial cells 
and in the brain of ischaemic mice [43]. To further con-
firm the involvement of pSTAT3, we performed west-
ern blotting of pSTAT3 in the cortex and hippocampus 
of T2D mice. The protein expression of pSTAT3 was 
significantly reduced in the cortex (Fig. 9a, c) and hip-
pocampus (Fig. 9b, d) of T2D mice and reversed by fin-
golimod. Previous studies have reported the involvement 

of Jmjd3, a histone demethylase inhibitor, in the modula-
tion of microglial polarization [44]. We found that the 
level of H3K27Me3 was increased in the cortex (Fig. 9a, 
c) and hippocampus (Fig. 9b, d) of T2D mice suggesting 
the jmjd3 suppression in T2D mice.

To further confirm the role of pstat3 and jmjd3 in the 
modulation of microglial polarization, we studied the 
expression of pSTAT3 and H3K27Me3 in Pal-exposed 
BV2 cells. We found that Pal reduced the expression of 
pSTAT3 in microglial cells and increased the expression 
of H3K27Me3 in microglial cells, as evident through 
immunofluorescence (Fig. 10a, b) and western blot stud-
ies (Fig. 10c, d). Fingolimod significantly attenuated the 
effect of Pal on the pSTAT3 and jmjd3 protein expression.

GSKJ4 Attenuated the S‑fty720p‑Mediated M2 
Polarization in Palmitate‑Exposed Microglial Cells via 
jmjd3 Suppression

To further confirm the involvement of jmjd3 downstream 
of pSTAT3 in the modulation of microglia polarization in 
diabetes, we pre-exposed BV2 cells with GSKJ4 (5 μM) 
before S-FTY720P and Pal exposure. GSKJ4 significantly 

Fig. 9  The effect of fingolimod on pSTAT3 and H3K27Me3 in cor-
tex and hippocampus of T2D mice. Representative western blots of 
pSTAT3, H3K27Me3 in a cortex and b hippocampus. Quantitative 
analysis of pSTAT3 and TMH3 in c cortex and d hippocampus using 

Image J software. Data values are expressed as mean ± S.E.M (n = 3). 
*p < 0.05, **p < 0.01, ***p < 0.001 vs NC; #p < 0.05, ##p < 0.01, 
###p < 0.001 vs DC
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suppressed the protective effect of S-FTY720P on Pal-
exposed BV2 microglial cells. GSKJ4 downregulated the 
expression of M2 markers, as evident through decreased 
YM-1 and Arg-1 in GSKJ4-exposed cells, and increased 
the expression of M1 markers like MHCII (Fig. 11a, b). In 
addition, H3K27Me3 expression was increased by GSKJ4 
exposure emphasizing jmjd3 downregulation. The expres-
sion of pSTAT3 was unaltered after GSKJ4 exposure sug-
gesting jmjd3 is acting downstream of STAT3 in modulat-
ing microglial polarization.

Moreover, GSKJ4 suppressed IL-4 (Fig. 11c) and pro-
moted TNF-α (Fig. 11c) and IL-6 (Fig. 11e) levels in 
exposed microglial cells, suggesting that downregulation 

of jmjd3 is detrimental. Similarly, the nitrite level 
(Fig. 11f) was significantly increased by GSKJ4 in fin-
golimod-exposed microglial cells suggesting that GSKJ4 
blocks the protective effect of fingolimod on the micro-
glial polarization. The above results confirm the involve-
ment of the pSTAT3-jmjd3 axis in the fingolimod-medi-
ated modulation of microglial polarization.

Fingolimod Attenuated Apoptosis in T2D Mice 
and Sustained Synaptic Plasticity

Several studies have reported neuronal apoptosis in the 
hippocampus and cortex of T2D mice [45, 46]. Here we 

Fig. 10  Elucidation of pSTAT3-jmjd3 axis in S-FTY720P-exposed 
BV2 cells. Representative images of BV2 microglial cells labeled 
with a Iba-1, pSTAT3 and b Iba-1, TMH3 in response to different 
stimulations. Scale bar, 15 μm. c The protein expression of pSTAT3 

and TMH3 in exposed BV2 cells by western blotting. Quantitative 
analysis of d pSTAT3 and e TMH3 using Image J software. Data val-
ues are expressed as mean ± S.E.M (n = 3). **p < 0.01, ***p < 0.001 
vs Con; ###p < 0.001 vs Pal
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evaluated the Bcl-2 and Bax expression in the cortex and 
hippocampus of T2D mice. Fingolimod at 0.5 and 1 mg/
kg inhibited apoptosis in the hippocampus (Fig. 12a, c) 
and cortex (Fig. 12b, d) of T2D mice. Furthermore, we 
evaluated the effect of fingolimod on synaptic proteins 
(PSD95 and synaptophysin). T2D significantly attenu-
ated the expression of PSD95 and synaptophysin in 
the cortex (Fig. 12b, 13a, c), CA1 (Fig, 13a, d), CA3 
(Fig. 13b e), and DG (Fig. 13b, f) regions of the hip-
pocampus. As evident through immunoreactivity stud-
ies, fingolimod significantly reversed these effects 
(Figs.  12a–d and 13a–f). Moreover, TNF-α and IL-6 
levels were upregulated in the cortex (Supplementary 
Fig. 4a) and hippocampus (Supplementary Fig. 4b) of 
T2D mice, which was successfully attenuated by fingoli-
mod. In contrast, BDNF and IL-4 levels were lowered in 
the T2D brain and upregulated by fingolimod at 0.5 and 
1 mg/kg (Supplementary Fig. 4a and 4b).

Conditioned Media from S‑FTY720P‑Exposed 
Palmitate‑Induced Microglial Cells Rescues 
Neuronal Apoptosis

We utilized the conditioned media approach to evalu-
ate further the direct effect of S-FTY720P-exposed 
microglia on neurons. Firstly, we pre-exposed microglia 
with different stimulations and then collected the condi-
tioned media. Then we added the conditioned media on 
N2A cells, conducted a cell viability assay, and checked 
apoptosis markers like Bcl-2 and Bax. We found that the 
anti-apoptotic protein Bcl-2 expression was decreased 
in Pal-exposed cells, effectively reversed by S-FTY720P 
(Fig. 14a, c, d, e). Moreover, the cell viability in the 
Pal-conditioned media group was significantly decreased 
in N2A cells which S-FTY720P reversed (Fig.  14f). 
Similarly, there was decreased expression of Bcl-2 
(Fig.  14 b, g, i) and increased expression of Bax in 

Fig. 11  The effect of GSKJ4 on S-FTY720P and palmitate-exposed 
BV2 cells. a Representative western blots of pSTAT3, H3K27Me3, 
M1, and M2 markers in BV2 cells. b Quantitative analysis of proteins 
using Image J software. c IL-4, d TNF-α, e IL-6, and f nitrite level 

in BV2 culture supernatant in various exposure groups. Data values 
are expressed as mean ± S.E.M (n = 3). **p < 0.01, ***p < 0.001 vs 
Con; #p < 0.05, ##p < 0.01, ###p < 0.001 vs Pal; ^p < 0.05, ^^p < 0.01, 
^^^p < 0.001 vs FTY0.2 + Pal
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GSKJ4-conditioned media-exposed N2A cells (Fig. 14b, 
h, i). GSKJ4-conditioned media also inhibited the N2A 
cell viability (Fig. 14j), suggesting that jmjd3 downregu-
lation is responsible for neuronal apoptosis.

Discussion

In this study, we demonstrated that fingolimod could 
ameliorate cognitive deficit by regulating microglial 
polarization in T2D by suppressing the M1 phenotype 

and promoting the anti-inflammatory M2 phenotype in 
p-STAT3 dependent manner. Fingolimod administration 
(at 0.5 mg/kg and 1 mg/kg) improved impairments in 
learning and memory functions in T2D mice (Figs. 1 
and 2). According to prior reports, T2D affects cognitive 
processes, such as memory and executive function [47, 
48]. A high-fat diet, along with streptozotocin, increases 
neuroinflammation, as evident through increased pro-
inflammatory cytokines, decreased BDNF levels, and 
anti-inflammatory cytokines (Supplementary Fig. 4). 
This ultimately leads to defects in synaptic plasticity, as 

Fig. 12  The effect of Fingolimod on apoptosis and PSD-95 and syn-
aptophysin in T2D mice. Representative western blots of psd-95, 
synaptophysin, Bcl-2, and bax in a hippocampus and b cortex. Quan-
titative analysis of proteins in c hippocampus and d cortex using 

Image J software. Data values are expressed as mean ± S.E.M (n = 3). 
*p < 0.05, **p < 0.01, ***p < 0.001 vs NC; #p < 0.05, ##p < 0.01, 
###p < 0.001 vs DC
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Fig. 13  The effect of Fingolimod on psd95 and synaptophysin in T2D 
mice. Representative confocal images of coronal sections labeled 
with psd95 and synaptophysin in a cortex and CA1 and b CA3 and 

DG. Quantitative analysis is shown in the histogram c cortex, d CA1, 
e CA3, and f DG. Data values are expressed as mean ± S.E.M (n = 4). 
***p < 0.001 vs NC; ##p < 0.01, ###p < 0.001 vs DC
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evidenced by reduced psd95 and synaptophysin expres-
sion (Figs. 12 and 13), resulting in cognitive impairment. 
The MWM test is used to evaluate spatial memory and 
reconsolidation. In our study, T2D mice displayed spatial 
memory impairment (Fig. 1), consistent with the pre-
vious findings [49]. Insulin resistance, hyperglycemia, 
oxidative, and nitrosative stress in the diabetes are the 
prime initiators of cognitive impairment [50]. Therefore, 
improving insulin resistance can be a therapeutic strat-
egy to rectify cognitive impairment [51]. Interestingly, 
in our study, we observed that fingolimod did not have a 
significant hypoglycaemic effect. Still, it improved the 
cognitive deficit in T2D mice, suggesting its effect is 
independent of the hyperglycaemic control.

Neuroinflammation is the major contributor to cog-
nitive decline in diabetic mice [1, 52]. Glial activation 
is one of the prime events in neuroinflammation [21]. 
Consistent with this, our results suggest that diabetes-
associated cognitive decline was related to neuroin-
flammation and apoptosis. These effects are induced by 

microglial activation, as evidenced by increased  Iba1+ 
cells in the T2D brain (Fig. 5). Even the Pal-stimulated 
BV2-conditioned media-exposed N2A cells showed 
increased apoptotic proteins and decreased cell viability 
(Fig. 14). S-FTY720P decreased neuronal apoptosis, evi-
denced by increased anti-apoptotic markers and improved 
cell viability. Notably, fingolimod attenuates the cog-
nitive deficit by inhibiting the M1 phenotype (Fig. 7) 
and promoting M2 polarization (Figs. 6 and 7) via the 
pSTAT3-jmjd3 (Fig. 9) axis, subsequently inhibiting neu-
ronal apoptosis (Fig. 12). Fingolimod has already been 
reported to improve memory and decrease astrocyte and 
microglial activation in the AD mouse model [53].

Palmitic acid induces lipotoxicity to mimic lipid dys-
regulation in diabetes [41]. Moreover, the studies linking 
microglia to Pal are limited. The effect and underlying 
mechanisms of fingolimod in Pal-induced lipotoxicity 
are unexplored. Lipotoxicity activates the caspase activ-
ity and decreases Bcl-2 (anti-apoptotic protein), lead-
ing to neuronal death and neurodegeneration [54]. Our 

Fig. 14  The effect of conditioned media S-FTY720P-exposed 
palmitate-induced microglial cells on neuronal apoptosis. Repre-
sentative western blots of apoptotic markers in N2A cells after con-
ditioned media exposure of BV2 a S-FTY720P and Pal exposure b 
S-FTY720P, Pal, and GSK-J4 exposure. Quantitative analysis of c 
Bcl-2, d bax, and e Bcl-2/bax in BV2-conditioned media-exposed 
N2A cells (S-FTY720P and Pal exposure), f cell viability check after 
conditioned media exposure from S-FTY720P and Pal-exposed BV2 

cells on N2A. Quantitative analysis of g Bcl-2, h bax, and i Bcl-2/
bax in BV2-conditioned media-exposed N2A cells (S-FTY720P, 
GSKJ4, and Pal exposure), j cell viability check after conditioned 
media exposure from S-FTY720P, Pal, and GSK-J4-exposed BV2 
cells on N2A. Data values are expressed as mean ± S.E.M (n = 3). 
**p < 0.01, ***p < 0.001 vs Con; ###p < 0.001 vs Pal; ^^^p < 0.001 vs 
FTY0.2 + Pal
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results revealed that type 2 diabetes and Pal could induce 
neuronal apoptosis, and fingolimod could reverse the 
changes induced by Pal and type 2 diabetes (Figs. 12 
and 14). Moreover, fingolimod improved the synaptic 
plasticity altered in T2D mice (Figs. 12 and 13).

In the present study, the microenvironment of type 
2 diabetes accentuated the pro-inflammatory M1 phe-
notype as evident through increased protein expression 
of MHCII and iNOS and decreased the anti-inflamma-
tory phenotype evidenced by reduced YM-1 and Arg-1 
expression (Fig. 7). Significantly, in this study, fingoli-
mod administration prevented the pro-inflammatory 
M1 phenotype and improved neuroinf lammation by 
inhibiting pro-inflammatory cytokines (TNF-α, IL-6), 
promoting anti-inflammatory cytokines (IL-4, BDNF) 
(Supplementary Fig. 4) and improving synaptic plastic-
ity (Figs. 12 and 13). Furthermore, hippocampal inflam-
mation characterized by increased TNF-α and IL-6 levels 
inhibits synaptic plasticity, long-term potentiation, and 
neurogenesis leading to cognitive deficit [55].

We found that exposure to S-FTY720P, an S1PR1 
modulator under lipotoxic conditions with Pal, stimulated 
the anti-inflammatory M2 alternative polarization in BV2 
cells, representing microglia (Fig. 8). The increased oxi-
dative (Fig. 3), pro-inflammatory cytokines (Fig. 4a, b), 
and nitrosative stress (Fig. 4d) were also suppressed by 
S-FTY720P in BV2 cells (Fig. 3). The underlying mecha-
nisms for neuroprotection by S-FTY720P were probably 
attributed to STAT3-mediated modulation (Fig. 10a, c, 
d) of microglia towards M2 polarization. Our results 
demonstrated that fingolimod significantly increased the 
phosphorylation level of STAT3, which was decreased in 
the T2D brain (Fig. 9). Previous in vitro data suggested 
that Sphingosine-1-phosphate could activate JNK/STAT3 
signaling cascades [56], which was associated with M2 
polarization [57]. Fingolimod protects against ischaemic 
white matter damage by modulating microglia towards 
the M2 phenotype via the STAT3 pathway [43].

The downstream factors involved in STAT3 modula-
tion of microglial polarization are still unclear. Jmjd3 is 

Fig. 15  Schematic diagram showing the mechanistic basis for fingoli-
mod-mediated amelioration of cognitive impairment in type 2 diabe-
tes. In type 2 diabetes and palmitate lipotoxicity, microglial activation 
promotes the pro-inflammatory microglial M1 phenotype and sup-
presses the M2 phenotype. Under physiological conditions, phospho-
rylation of STAT3 and its nuclear translocation promotes the jmjd3 
transcription factor, subsequent demethylation of H3K27Me3, and its 
decreased expression. H3K27Me3 is responsible for increased micro-
glial M1 phenotype and decreased M2 phenotype. Type 2 diabetes 
inhibits pSTAT3 translocation and the switch of microglial M2 to M1 
phenotype. The pro-inflammatory M1 phenotype releases detrimen-
tal cytokines like TNF-α, IL-6 and increases apoptosis (decreased 
Bcl-2/bax ratio). This further inhibits the synaptic proteins psd95 
and synaptophysin, impairing cognition. Fingolimod rescues neu-

ronal apoptosis and improves cognition by increasing nuclear trans-
location of pSTAT3 and promoting the M2 phenotype. GSK-J4 pre-
exposure in vitro abolishes fingolimod’s protective effect, confirming 
the epigenetic regulation of microglial phenotype by jmjd3. (S1PR1: 
sphingosine-1-phosphate receptor 1, T2D: type 2 diabetes, STAT3: 
signal transducer and activator of transcription 3, jmjd3: Jumonji 
domain-containing protein-3, H3K27Me3: trimethyl histone h3, Arg-
1: arginase 1, CD206: mannose receptor, YM-1: mouse chitinase like 
3, MHCII: major histocompatibility complex II, iNOS: inducible 
nitric oxide synthase, IL-6: interleukin 6, IL-4: interleukin 4, TNF-α: 
Tumor necrosis factor α, BDNF: brain-derived natriuretic factor, Bcl-
2: B-cell lymphoma 2, bax: Bcl-2 associated X, psd95: postsynaptic 
density protein 95, GSK-J4: selective jmjd3 inhibitor)
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one of the direct targets of pSTAT3 and is involved in the 
demethylation of trimethyl histone H3 [25]. In this study, 
we found that the trimethyl histone H3 expression was 
increased in T2D mice (Fig. 9) and Pal-induced lipotox-
icity, suggesting the role of jmjd3 (Fig. 10b, e). Further, 
to confirm the role of jmjd3 downstream of STAT3, we 
exposed BV2 cells to GSK-J4 (jmjd3 inhibitor). GSK-J4 
attenuated the protective effect of fingolimod by promot-
ing the pro-inflammatory M1 phenotype and decreasing 
the anti-inflammatory M2 phenotype (Fig. 11). Moreo-
ver, GSK-J4-conditioned media from BV2 cells accentu-
ated neuronal apoptosis as evident through cell prolifera-
tion assay (Fig. 14b, j) and decreased Bcl-2/ Bax ratio 
(Fig. 14i). On the other hand, GSK-J4 did not affect the 
pSTAT3 expression confirming that jmjd3 works down-
stream of STAT3 (Fig. 11). These results suggest that fin-
golimod exerts its anti-inflammatory and anti-apoptotic 
effect via the pSTAT3-jmjd3 axis. The mechanism for 
fingolimod-mediated amelioration of cognitive impair-
ment in type 2 diabetes is summarized in Fig. 15.

However, some limitations of our work should be 
mentioned. In the present study, the effect of fingolimod 
in the female mice was not explored. There are gender 
differences in diabetes and cognitive dysfunction [58]. 
Therefore, the effect of fingolimod on gender-depend-
ent differences in cognitive decline should be explored. 
Moreover, the effect of fingolimod was independent of 
the hyperglycaemic control. Thus, analyzing the role 
of fingolimod along with anti-diabetic drugs could be 
more beneficial. This study provides a novel approach 
for treating diabetes-associated cognitive dysfunction by 
modulating fingolimod’s microglial phenotype.

Conclusion

Our study demonstrates that the microglial activation of 
the M1 phenotype contributes to cognitive impairment in 
type 2 diabetic mice, which is associated with decreased 
synaptic plasticity and increased apoptosis. Fingolimod 
via the pstat3-jmjd3 axis provides neuroprotection in dia-
betic mice by promoting the anti-inflammatory micro-
glial phenotype.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12035- 022- 03120-x.
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