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Abstract
Cognitive decline associated with type 2 diabetes mellitus (T2DM) is a risk factor to impair human health. Although light-
intensity exercise prevents hippocampal memory dysfunction in pre-symptomatic T2DM animals by altering hippocampal 
lactate transport and neurotrophic factors, the effects of light-intensity exercise in an advanced stage of T2DM animals remain 
unclear. Here, ob/ob mice, an animal model of T2DM, were subjected to light-intensity exercise (5.0 m/min) for 30 min/day, 
five days/week for four weeks. The effects of light-intensity exercise on hippocampal complications, mRNA expressions of 
monocarboxylate transporter (MCT), and miRNA levels were assessed. The light-intensity exercise improved hippocampal 
memory retention in ob/ob mice. Downregulated hippocampal Mct2 mRNA levels in T2DM were improved with light-inten-
sity exercise. Hippocampal mRNA levels of Mct1 and Mct4 were unchanged within groups. Based on miRNA sequencing, 
sedentary ob/ob mice exhibited that 71 miRNAs were upregulated, and 77 miRNAs were downregulated in the hippocam-
pus. In addition, the exercise significantly increased 24 miRNAs and decreased 4 miRNAs in the T2DM hippocampus. The 
exercise reversed T2DM-induced alterations of hippocampal 9 miRNAs, including miR-200a-3p. Our findings imply that 
miR-200a-3p/Mct2 in the hippocampus would be a possible clinical target for treating T2DM-induced memory dysfunction.
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Introduction

Since physical exercise positively affects peripheral organs 
and the brain, exercise is widely employed as a therapeutic 
strategy for metabolic syndrome and mental disorders (van 
der Heijden et al. 2013). Exercise therapy for type 2 diabetes 
(T2DM) is a representative case of that and focuses on treat-
ing insulin resistance and glycemic control (Praet and van 
Loon 2009; Colberg et al. 2010). On the other hand, T2DM 

induces several complications in peripheral organs and the 
brain, particularly in the hippocampus, like cognitive decline 
(Cukierman et al. 2005; Whitmer 2007; McCrimmon et al. 
2012); however, an exercise strategy for such hippocampal 
complications remains unestablished. Thus, developing a 
therapeutic strategy for the hippocampus in T2DM is needed 
to maintain human health.

T2DM-induced hippocampal complications with learn-
ing and memory function can be caused by several factors, 
such as angiogenesis, inflammation, oxidative stress, and 
insulin resistance (Whitmer 2007; Sickmann and Waage-
petersen 2015; Stranahan 2015; De Sousa et al. 2020a; 
Sousa et al. 2020b). We have recently reported the down-
regulation of lactate transport through monocarboxylate 
transporter 2 (MCT2) into neurons as a potential etio-
logic brain mechanism (Shima et al. 2017, 2018; Jesmin 
et al. 2022). Lactate is served to neurons through blood 
circulation and astrocytes via glycolysis and/or glycog-
enolysis (Pierre and Pellerin 2005; Pellerin et al. 2007; 
Benarroch 2010; Pellerin and Magistretti 2012). Glyco-
gen stored in astrocytes is an essential source of lactate. 
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Glycogen-derived lactate is released into the extracellular 
fluid from astrocytes via MCT1 and MCT4, and is taken 
up by neurons via MCT2 (Pierre and Pellerin 2005). The 
lactate is used as an energy substrate for neuronal activity 
and as a neuro-modulator to enhance neuronal plasticity, 
such as neurogenesis (Tsacopoulos and Magistretti 1996; 
Benarroch 2010; Suzuki et al. 2011; Descalzi et al. 2019; 
Carrard et al. 2021). Previous studies have shown that 
learning and memory dysfunction are caused by inhibition 
of lactate supply and/or downregulated MCT2 expression 
and function in the hippocampus (Newman et al. 2011; 
Suzuki et al. 2011; Duran et al. 2013; Descalzi et al. 2019; 
Korol et al. 2019; Netzahualcoyotzi and Pellerin 2020; 
Zhou et al. 2021; Chen et al. 2021). We have already found 
that the T2DM animal exhibits lower MCT2 expressions 
in their hippocampi than those in counterpart control ani-
mals (Shima et al. 2017, 2018; Jesmin et al. 2022); thus, 
diminished utilization of lactate via MCT2 is likely an 
essential factor in hippocampal complications with cogni-
tive decline in T2DM.

It is expected that the beneficial effects of exercise 
on memory function in T2DM (De Sousa et al. 2021). 
A previous study showed that an exercise regimen at 
a moderate-intensity (approximately 60% V̇O

2max
 ) for 

four weeks improves hippocampal memory dysfunction 
and MCT2 expression in the advanced stage of T2DM 
rodents (Shima et al. 2017). Thus, restoring hippocampal 
MCT2 expression would be necessary for the exercise-
induced improvement of memory dysfunction in the 
advanced stage of T2DM. Even light-intensity exercise 
(< 45% V̇O

2max
) enhances neuronal activity in the hip-

pocampus (Soya et al. 2007; Suwabe et al. 2018) and 
hippocampus-based memory function in healthy animals 
with modulating hippocampal neurogenesis (Okamoto 
et al. 2012, 2015; Inoue et al. 2014, 2015). Our recent 
study has reported that light-intensity and moderate-
intensity exercise regimens can similarly improve hip-
pocampal complications in pre-symptomatic diabetic 
rodents with a restoration of hippocampal MCT2 expres-
sion (Jesmin et al. 2022). Since lactate utilization via 
MCT2 contributes to hippocampal neurogenesis (Lev-
Vachnish et al. 2019), light-intensity exercise could be 
a beneficial therapeutic approach for maintaining hip-
pocampal function in healthy but also diabetic subjects. 
However, it is unclear whether light-intensity exercise 

improves hippocampal function in an advanced stage of 
T2DM.

Here, we tested the effects of 4 weeks of light-intensity 
exercise, a published exercise model (Yook et al. 2019), 
on hippocampal memory dysfunction focused on lactate 
transporter in the hippocampus of ob/ob mice, an animal 
model of T2DM. We subsequently determined the hip-
pocampal miRNA profile changes using miR-Seq to gain 
insight into the modulation of hippocampal lactate trans-
porter expression.

Materials and methods

Animals

Eight-week-old male C57BL/6 mice and ob/ob mice (a T2DM 
mouse model) obtained from SLC Inc. (Shizuoka, Japan) were 
housed in temperature-controlled rooms (21–23℃) under a 
12-hour light/dark cycle (lights on 8:00–20:00). The mice were 
given a standard pellet diet (Rodent Diet CE-2, CLEA Japan 
Inc., Tokyo, Japan) and water ad libitum. The experiments 
were pre-approved (approval No. 21-001) and conducted fol-
lowing the Gunma University Animal Care and Experimenta-
tion Committee.

Exercise training

Ob/ob mice were divided into exercise groups and non-exer-
cise (sedentary) groups after one week of acclimatization. The 
mice in the exercise group were subjected to running habitu-
ation on a forced exercise wheel bed at 3.0–5.0 m/min for 
30 min/day, five days/week (a total of five sessions over six 
days), one week, and then subjected to run at 5.0 m/min on the 
same equipment for 30 min/day, five days/week, three weeks. 
This exercise program is recognized as light-intensity below 
the ventilatory threshold of ob/ob mice (Yook et al. 2019). All 
sessions were performed during a light period (8:00–10:00). 
C57BL/6 mice were set only sedentary group.

Memory performance test

All mice were subjected to the Morris water maze for five days 
and the fourth week’s exercise period. The Morris water maze 
test was conducted in a circular pool (100 cm in diameter and 

Table 1   Primer sequences gene F-primer R-primer

Mct2 GGG​CTG​GGT​CGT​AGT​CTG​T ATC​CAA​GCG​ATC​TGA​CTG​GAG​
Mct1 AGA​AGC​CAA​AGG​AGA​CGA​TG GAT​GGT​TTT​GGA​TGT​CGT​GG
Mct4 TGA​GAG​CAC​TTA​AAG​TCG​CC GTA​TTC​AGT​CCA​GCC​TAC​TCG​
β-actin TAT​GCC​AAC​ACA​GTG​CTG​TCTGG​ TAC​TCC​TGC​TTG​CTG​ATC​CACAT​
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30 cm in depth) with an invisible platform (10 cm in diameter) 
located in the center of one quadrant. The experimental room 
had some extra-maze cues. All four start-points were used dur-
ing the learning sessions in different orders. Mice were given 
a maximum of 60 s to explore and get to the platform. If the 
mice failed to find the platform within 60 s, they were hand-
guided to it. After reaching the platform, rats were allowed 
to remain there for 10 s. During the learning sessions, escape 
latency (s), swim length (cm), and speed (cm/s) were recorded 
by a video tracking system (O’hara & Co., Ltd., Japan). One 
day after the last learning session, the platform was removed 
from the pool, and mice were allowed a 60 s probe trial to look 
for it in the pool. The crossing times where the platform had 
been placed during learning sessions were measured using the 
same system.

Tissue preparation

Two days after the probe trial, mice were anesthetized with 
isoflurane (30% isoflurane in propylene glycol; Dainippon 
Sumitomo Pharma Co., Osaka, Japan), and the blood sam-
ples were obtained from mice by cardiac puncture. And then, 
the hippocampus was collected in RNAlater™ Stabilization 
Solution (Invitrogen™). The hippocampus samples were 
stored at -20℃ for subsequent biochemical analysis.

Blood glucose and HbA1C assays

Blood glucose and HbA1C levels were measured by 
a glucometer (FreeStyle Libre, Abbot, Japan) and an 
A1CNow+ kit (Finggal Link Co., Ltd., Japan), respectively.

Real‑time PCR

Total RNA was extracted from the hippocampus tissue 
using Trizol (Qiagen Inc., Valencia, CA, USA) and RNeasy 
(Qiagen Inc., Valencia, CA, USA) according to the protocol 
provided. Then, we did DNase I treatment and quantifica-
tion, and then 1000 ng of RNA was reverse transcribed to 
cDNA with GeneAce cDNA Synthesis Kit (Nippon Gene, 
Japan). After that, we measured the mRNA expression lev-
els of target genes using five ng of cDNA, primers for each 

target gene, and PowerTrack™ SYBR™ Green Master Mix 
in StepOne Plus Real-Time PCR 96-well system (Thermo 
Fisher Scientific Inc., USA). The sequences of primers 
were as Table 1. The relative levels of each mRNA were 
calculated by the ΔΔCT method and normalized by β-actin 
mRNA levels.

miRNA isolation and next generation sequencing 
of miRNA

Hippocampal miRNAs were isolated using miRNeasy 
Micro Kit (Qiagen, Inc., Valencia, CA, USA). The librar-
ies for miRNA sequencing were prepared using 100 ng of 
RNA, QIAseq miRNA Library Kit, and QIAseq miRNA 
NGS 48 Index IL (Qiagen Inc., Valencia, CA, USA), and 
the library quality was subsequently assessed by measur-
ing library size in base pair using Agilent High Sensitiv-
ity DNA Kit (Agilent Technologies, Santa Clara, CA) and 
Agilent Bioanalyzer (Agilent Technologies). Each miRNA 
molecule was tagged with a UMI while building the library. 
The libraries were subjected to single-end sequencing of 
86-bp reads on NextSeq 500 with NextSeq 500/550 High 
Output Kit v2.5 (Illumina Inc., San Diego, CA, USA); the 
average and range of total read numbers were 11,404,458 
and 10,509,339−12,190,862, respectively. The sequenced 
data were then subjected to calibration, adapter trimming, 
identification insert sequencing and UMI sequencing, align-
ment to the mouse-specific miRbase mature database and 
GRCm38 sequence, and read counting using “Primary 
Quantification” on the GeneGlobe (https://​geneg​lobe.​qiagen.​
com/​jp/). miRDB (http://​www.​mirdb.​org) and TargetScan 
(http://​www.​targe​tscan.​org/​mmu_​80/) were used to explore 
the target mRNAs.

Statistical analysis

Data in hippocampal memory performance and mRNA are 
expressed as mean ± standard error (SEM) and were ana-
lyzed using Prism version 9 (MDF, Tokyo, Japan). Group 
comparisons were performed using two-way ANOVA (only 
for escape latency, swim length, and speed during the learn-
ing sessions) or one-way ANOVA with Tukey’s post hoc 

Table 2   Effects of type 2 diabetes and exercise on biological and biochemical parameters of mice

* p < 0.05, *** p < 0.001, **** p < 0.0001 vs. C57BL/6-sedentary, ## p < 0.01 vs. ob/ob-sedentary

C57BL/6-sedentary ob/ob-sedentary ob/ob-exercised

mean ± SEM 95% CI of mean mean ± SEM 95% CI of mean mean ± SEM 95% CI of mean

Body weight (g) 26.14 ± 0.65 24.33–27.95 48.90 ± 8.40**** 48.22–57.38 52.20 ± 4.50**** 52.33–56.39
Fat weight(mg/g body weight) 3.15 ± 0.98 0.44–5.87 47.25 ± 1.93**** 41.90-52.61 54.55 ± 1.16****, ## 51.31–57.78
Blood glucose (mg/dL) 140.4 ± 10.62 110.9-169.9 315.6 ± 70.28* 120.5-510.7 176.00 ± 15.96 131.7-220.3
HbA1C (%) 4.30 ± 0.07 4.10–4.50 7.92 ± 0.56**** 6.37–9.47 6.86 ± 0.22*** 6.24–7.48
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tests. Statistical significance was set at p < 0.05. Log2 fold 
changes in each miRNA and statistical significance were 
analyzed by the TCC-iDEGES-edgeR pipeline on R (https://​

www.R-​proje​ct.​org/, version 4.0.3) package TCC (version 
1.30.0) (Sun et al. 2013) and edgeR (version 3.32.1).
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Results

Physiological and biochemical variables

Both sedentary and exercise groups of ob/ob mice exhibited 
increased body weight and the ratio of fat to body weight 
compared to C57BL/6 mice (Table 2; all p < 0.0001). The 
fat to body weight ratio in exercised ob/ob mice was sig-
nificantly higher than that in sedentary ob/ob mice (Table 2; 
p = 0.0088). Although HbA1C levels were significantly 
higher in both groups of ob/ob mice compared to C57BL/6 
mice (Table 2; ob/ob-sedentary: p < 0.0001, ob/ob-exercised: 
p = 0.0006), only sedentary mice showed higher levels of 
blood glucose than C57BL/6 mice (Table 2; p = 0.0306), but 
exercised ob/ob mice did not (Table 2; p = 0.8235).

Hippocampal learning and memory function

The ob/ob mice exhibited longer escape latency than 
C57BL/6 mice (Fig. 1A; effects of group: F(2, 228) = 26.52, 
p < 0.0001; effects of time: F(3, 228) = 2.62, p = 0.0516; 
interaction: F(6, 228) = 2.09, p = 0.0549); there is no effect 
of exercise on the escape latency in ob/ob mice (p > 0.05). 

The longer swim distance (Fig.  1B; effects of group: 
F(2, 228) = 12.05, p < 0.0001; effects of time: F(3, 228) = 10.40, 
p < 0.0001; interaction: F(6, 228) = 0.90, p = 0.4983) and 
the faster speed of swimming (Fig. 1C; effects of group: 
F(2, 228) = 26.52, p < 0.0001; effects of time: F(3, 228) = 2.62, 
p = 0.0516; interaction: F(6, 228) = 2.09, p = 0.0549) were 
shown in C57BL/6 mice compared to both sedentary and 
exercised ob/ob mice. The times of crossing the target plat-
form during the probe test in C57BL/6 mice were signifi-
cantly greater than that in sedentary ob/ob mice (Fig. 1D; 
F(2, 12) = 3.91, p = 0.0493; sedentary C57BL/6 mice vs. sed-
entary ob/ob mice: p = 0.0416), but not than that in exercised 
ob/ob mice (sedentary C57BL/6 mice vs. exercised ob/ob 
mice: p = 0.2431).

Quantification of mRNA in the hippocampus

Mct2 mRNA levels had significant downregulation in the 
hippocampus of ob/ob mice compared to control mice, 
and light-intensity exercise improved hippocampal mRNA 
levels of Mct2 in ob/ob mice (Fig.  2A; F(2, 12) = 6.29, 
p = 0.0135; sedentary C57BL/6 mice vs. sedentary ob/ob 
mice: p = 0.0334, sedentary ob/ob mice vs. exercised ob/
ob mice: p = 0.0186). Hippocampal mRNA levels of Mct1 
and Mct4 were unchanged with group (Fig. 2B-C; Mct 1, 
F(2, 12) = 1.84, p = 0.2017; Mct 4, F(2, 12) = 1.43, p = 0.2777).

Alteration of hippocampal miRNA expressions 
with T2DM and exercise

The total reads of hippocampal miRNA in sedentary and 
exercised ob/ob mice were significantly lower than that 
in sedentary C57BL/6 mice (Fig. 3A; all p < 0.05). Sed-
entary ob/ob mice exhibited upregulated 71 miRNAs and 

Fig. 1   Effect of light-intensity exercise on memory function. Escape 
latency (A), swim length (B), and speed (C) during the learning ses-
sion in mice (mean ± SEM). White circles: sedentary C57BL/6 mice, 
white triangles: sedentary ob/ob mice, and black triangles: exercised 
ob/ob mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. 
sedentary C57BL/6 mice. D  Effect of exercise on the probe trial, 
showing the crossing times where the platform had been placed. 
White bars: sedentary C57BL/6 mice, dark gray bars: sedentary ob/
ob mice, and light gray bars: exercised ob/ob mice. *p < 0.05. Data 
are expressed as mean ± SEM, n = 5 mice for each group. E  Repre-
sentative swimming paths during the probe trial. Red circles mean the 
target platform area

◂

Fig. 2   Effect of light-intensity exercise on mRNA levels of Mct2 
(A), Mct1 (B), and Mct4 (C) in the hippocampus. The group of sed-
entary C57BL/6 mice was normalized as 100%. White bars: seden-

tary C57BL/6 mice, dark gray bars: sedentary ob/ob mice, and light 
gray bars: exercised ob/ob mice. *p < 0.05. Data are expressed as 
mean ± SEM, n = 5 mice for each group
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downregulated 77 miRNAs in the hippocampus compared 
to sedentary C57BL/6 mice (Fig. 3B). The exercise sig-
nificantly upregulated 24 miRNAs and downregulated 4 
miRNAs in ob/ob mice (Fig. 3C). In addition, the exercise 
reversed T2DM-induced alterations of 9 miRNAs, such 
as miR-871-5p, miR-200a-3p, miR-200b-3p, miR-322-3p, 
miR-344d-1-5p, miR-351-5p, miR-429-3p, miR-542-3p and 
miR-3474 in the hippocampus (Fig. 3D). A miRNA, miR-
200a-3p, is predicted as a modulator for MCT2 (Slc16a7) 
on miRDB (http://​www.​mirdb.​org) and TargetScan (http://​
www.​targe​tscan.​org/​mmu_​80/).

Discussion

The current study investigated the effects of light-intensity 
exercise for four weeks on cognitive dysfunction in T2DM 
mice. Here, the investigation has shown that light-intensity 
exercise improves memory dysfunction by restoring hip-
pocampal Mct2 mRNA levels. Furthermore, light-intensity 
exercise significantly reversed levels of 9 miRNAs, includ-
ing miR-200a-3p, a modulator for MCT2, in the hippocam-
pus of T2DM mice.

Four weeks of the present light-intensity exercise 
improved hippocampal cognitive decline in T2DM mice 
(Fig. 1D). Light-intensity exercise has beneficial effects 
on the hippocampus in pre-symptomatic diabetic animals 
(Jesmin et al. 2022), and our findings indicate the possible 
efficacy of light-intensity exercise for hippocampal function 
in advanced T2DM. In the current study, we investigated 
only the effects of light-intensity exercise; we could not com-
pare it with the exercise at different intensities. Recently, it 
has been reported that the beneficial effects of high-intensity 
interval training (HIT) on T2DM subjects, such as glyce-
mic control and aerobic capacity (Little et al. 2011; Hwang 
et al. 2019). HIT can also improve hippocampal dysfunction 
in T2DM (Li et al. 2021); thus, further investigations are 
needed to consider the benefits of low-intensity exercise on 
T2DM compared with HIT.

Hippocampal Mct2 mRNA levels were restored with an 
exercise-induced improvement of hippocampal memory 
function in T2DM mice (Fig. 2A). The hippocampal mRNA 
levels of Mct1 and Mct4 were unchanged with the present 
light-intensity exercise (Fig. 2B and C). MCT2 plays a 
role in the uptake of lactate into neurons (Bliss et al. 2004; 

Pierre and Pellerin 2005; Aveseh et al. 2014). Previous 
studies reported that downregulated hippocampal MCT2 
expression induces hippocampus-based memory dysfunc-
tion and neuroplasticity dysregulation (Suzuki et al. 2011; 
Descalzi et al. 2019; Netzahualcoyotzi and Pellerin 2020; 
Chen et al. 2021). Therefore, based on our findings, there 
is a possibility that restoring hippocampal MCT2-medi-
ated lactate uptake might partially cause a light-intensity 
exercise-induced improvement of memory dysfunction in 
T2DM mice. However, we know little about whether the 
lactate transported via MCT2 in the exercised hippocam-
pus is used as an energy substrate for a neuronal activity or 
a neuro-modulator to enhance neuronal plasticity (Tsaco-
poulos and Magistretti 1996; Benarroch 2010; Suzuki et al. 
2011). Further studies are needed in this regard.

Since the data of miR-Seq in the current study, the expres-
sion of miR-200a-3p, a regulator for MCT2, was reversed 
with light-intensity exercise in T2DM mice (Fig. 3B-D, and 
Supplementary Tables 1 and 2). Previous studies reported 
that upregulation of Mct2 (Slc16a7) mRNA levels was 
observed with increased miR-200a-3p expression (Yao et al. 
2019). In addition, miR-200a-3p is predicted as a modulator 
for MCT2 (Slc16a7) on miRDB (http://​www.​mirdb.​org) and 
TargetScan (http://​www.​targe​tscan.​org/​mmu_​80/); it led us 
to speculate that the alteration of miR-200a-3p levels may 
be related to Mct2 modulation and memory performance in 
T2DM mice. Further pharmacological studies with miRNA 
interference are needed in this regard. We also found the hip-
pocampal expressions of some miRNAs in exercised T2DM 
mice (Fig. 3D). For example, it is known that miR-200b-3p 
and miR-429-3p contributes to suppressing apoptosis (Li 
et al. 2020; Zheng et al. 2021), and miR-542-3p contrib-
utes to suppressing inflammation (Cai et al. 2021). Based 
on these previous reports, there is a possibility that exer-
cise-induced restorations of these miRNAs also relate to the 
improvement of T2DM-induced memory dysfunction; fur-
ther studies should be addressed in this regard. On the other 
hand, upregulation of miR-351-5p induces hippocampal 
neuronal death and oxidative stress (Zheng et al. 2019; Woo 
et al. 2021); at least, the alteration of miR-351-5p expression 
might not be related to memory function in T2DM mice.

Although HbA1C levels were unchanged with four 
weeks of light-intensity exercise in T2DM mice, only 
sedentary T2DM mice showed significantly higher blood 
glucose levels than C57BL/6 mice. Since daily walk-
ing improves blood glucose levels in diabetic patients 
(Duvivier et al. 2017; Hayashi et al. 2018; Jesmin et al. 
2021), even light-intensity exercise in the current study 
could contribute to treating blood glucose levels in T2DM 
mice (Table 2). Although there is a possibility that light-
intensity exercise treats lipid metabolism (Grace et al. 
2017; Jesmin et al. 2020), fat mass in T2DM mice could 
not be improved with 4 weeks of light-intensity exercise 

Fig. 3   Total reads of miRNA by miR-seq in the hippocampus for 
each group (A). White bars: sedentary C57BL/6 mice, dark gray 
bars: sedentary ob/ob mice, and light gray bars: exercised ob/ob 
mice. *p < 0.05. Data are expressed as mean ± SEM, n = 3 mice for 
each group. Significantly modulated miRNA in the hippocampus with 
T2DM (B) or light-intensity exercise in T2DM (C). D Venn diagrams 
show the overlap of the modulated genes between T2DM and exercise 
in T2DM.

◂
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in the current study (Table 2). These findings postulate 
that glycometabolism in T2DM has a higher sensitivity to 
light-intensity exercise than lipid metabolism.

The current study has some limitations. First, we still 
know very little about why and how lactate uptake through 
hippocampal neuronal MCT2 interacts with memory dys-
function with T2DM; thus, further studies should address 
this. Second, we could not identify hippocampal protein 
levels of lactate transporters. Third, we limited our focus on 
hippocampal lactate transporter in the present study. We did 
not measure the hippocampal molecules involved in T2DM-
induced memory dysfunction, such as angiogenesis, inflam-
mation, oxidative stress, and insulin resistance (Whitmer 
2007; Sickmann and Waagepetersen 2015; Stranahan 2015; 
De Sousa et al. 2020a; Sousa et al. 2020b). Future stud-
ies are warranted in this regard. Finally, it is impossible to 
ultimately reveal the effects of exercise on T2DM-induced 
memory dysfunction based on the current results; further 
mechanism-based studies are needed.

In conclusion, our current findings show for the first 
time that four weeks of light-intensity exercise treat T2DM-
induced memory dysfunction with a restoration of hip-
pocampal Mct2 gene levels. Since light-intensity exercise 
reversed miR-200a-3p in the hippocampus of T2DM mice, 
modulation of miR-200a-3p/Mct2 in the hippocampus with 
exercise would partly contribute to treating memory dys-
function with T2DM. Our findings could facilitate the devel-
opment of a new clinical target for treating T2DM-induced 
memory dysfunction.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11011-​022-​01117-y.
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