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Adiponectin receptor 1 could
explain the sex differences

in molecular basis of cognitive
improvements induced by exercise
training in type 2 diabetic rats

Mohammad Amin Rajizadeh23, Amirhossein Moslemizadeh*, Mahdieh Sadat Hosseini?,
Forouzan Rafiei®, Zahra Soltani® & Kayvan Khoramipour?"**

Adipokines dysregulation, the main reason for cognitive impairments (Cl) induced by diabetes, shows
a sex-dependent pattern inherently and in response to exercise. This study aimed to compare the
attenuating effect of 8-week high intensity-interval training (HIIT) on type 2 diabetes (T2D)-induced
Cl between male and female rats with a special focus on adiponectin and leptin. 28 male & 28 female
Wistar rats with an average age of 8 weeks were randomly assigned into four groups: control (Con),
exercise (EX), Diabetes (T2D), and Type 2 diabetes + exercise (T2D + Ex). Rats in EXand T2D + EX
groups performed HIIT for eight weeks (80-100% Vmax, 4-10 intervals). T2D was induced by 2 months
of a high-fat diet and a single dose of STZ (35 mg/kg) administration. Leptin and adiponectin levels

in serum were measured along with hippocampal expression of leptin and adiponectin receptors,
AMP-activated protein kinase (AMPK), dephosphorylated glycogen synthase kinase-3 beta (Dep-
GSK3p), Tau, and beta-amyloid (AB). Homeostasis model assessments (HOMAs) and quantitative
insulin-sensitivity check index (QUICKI) indices were calculated. Our results showed that following
T2D, serum levels of APN, and hippocampal levels of adiponectin receptor 1 (APNR1) were higher and
HOMA-IR was lower in female than male rats (P <0.05). However, after 8 weeks of HIIT, hippocampal
levels of APNR1 and AMPK as well as QUICKI were lower and hippocampal levels of GSK, Tau, and AB
were higher in females compared to male rats (P <0.05). While the risk of Cl following T2D was more in
male than female rats HIIT showed a more ameliorating effect in male animals with APN1 as the main

player.

Problems with a person’s ability to think, learn, remember, use judgment, and make decisions are called cognitive
impairment (CI)'. The global prevalence of CI among community dwellers is over 15% and is affected by age,
gender, education level and region of study sites>’.

Recent studies have highlighted type 2 diabetes (T2D) as one of the primary causes of CI*°. Experimental
studies, in line with epidemiological findings, have demonstrated a cause-effect relationship between T2D and
CI, T2D as a cause and CI as an effect. Both disorders have the same symptoms with insulin resistance (IR) as
the most important*®. IR leads to beta- amyloid (AB) and tau accumulation, a main diver of CI’=°. Researchers
suggested that obesity can reinforce the correlation between T2D and CI by disrupting adipokines secretion and
blood-brain barrier (BBB) function®.

After secreting by adipocytes, the adipokines adiponectin and leptin can crosse BBB and bind to their hip-
pocampal receptors. When binds to their receptors, they can phosphorylate and activate AMP-activated protein
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kinase (AMPK)'°. AMPK phosphorylates and activates peroxisome proliferator-activated receptor-gamma coacti-
vator 1 (PGC-1a), which in turn increases the transcription of peroxisome proliferator-activated receptors (PPAR
a), the major regulator of insulin and glucose metabolism. PPAR a can also inhibit beta-secretase 1 (BACE1)
transcription, a speed-limiting factor in the synthesis of AB"'. PGC-1 a could also inhibits BACE1 transcription'?.

Binding leptin to its receptor can also trigger phosphoinositide 3-kinases (PI3K) pathway which finally
increase the level of dephosphorylated glycogen synthetize kinase 3 beta (Dep-GSK38), a main regulator of
hyperphosphorylated TAU accumulation. Dep-GSK3p levels could also increase through phosphorylating mito-
gen-activated protein kinase (MAPK) (i.e. the more phosphorylated MAPK the more dephosphorylated GSK313)
by adiponectin. Furthermore, several studies'*!* showed a cross talk between MAPK and AMPK. Accordingly,
circulating levels of adiponectin and leptin, their receptors levels in the hippocampus as well as the points of
their interaction (i.e. GSK38 and AMPK) should be the center of attention when studying T2D induced CI*.

Studies have shown that blood levels of adiponectin and leptin and their receptors are higher in female than
male'®". Several major reasons have been proposed for this difference including higher levels of body fat in
the female'” and innate characteristics of female fat cells (i.e. serum leptin and adiponectin levels are higher in
female despite the same body fat mass)'*?". Subcutaneous is more active than visceral fat in producing adipokines
and the higher levels of subcutaneous fat could also explain women higher levels of leptin and adiponectin!®'.
Furthermore, it has been reported that female infants have twice the concentration of leptin in their umbilical
cord, suggesting that gender differences begin in utero'”*?2, Chen et al.?? reported that the number of X chro-
mosomes affects adipose tissue function in rats. They added that there are several genes on the X chromosome
which control obesity and metabolic disorders.

Exercise is a well-known, inexpensive, and safe treatment for metabolic disorders?*-?°. Researchers believe
that a part of the beneficial effects of exercise on metabolic disorders is mediated by adiponectin and leptin® 2.
Depending on the exercise type, volume, and intensity, leptin and adiponectin show different responses to
exercise?**. In addition, it has been shown that the effects of exercise training on serum leptin and adiponectin
levels is sex dependent®"*2. In our previous study, we showed that high intensity interval training (HIIT) could
attenuate T2D included CI in male rats through adiponectin signaling®. It was also shown that leptin affects the
same molecular pathways®. In this study, we aimed to compare the attenuating effect of 8-week HIIT on T2D
induced CI between male and female rats with the special focus on adiponectin and leptin.

Material and methods

Animals

The study was performed with the approval of the Animal Care and Ethics Committee of Kerman University
of Medical Sciences (KUMS) in accordance with the institutional guidelines of KUMS (Ethics Approval Code:
IR.KMU.REC.1401.033) and in compliance with the ARRIVE guidelines. Then, we purchased 56 eight-week-
old Wistar rats (males and females), with an average weight of 200-250 g, from the animal farm of KUMS and
kept them at 23+ 1.4 °C and a 12:12 dark-light cycle in special polycarbonate cages. All animals had free access
to water and food. After being accustomed to the laboratory environment, the animals were randomly assigned
to 4 groups (each group included 14 rats, 7 females and 7 males): control (Con), type 2 diabetes (T2D), exercise
(EX), and type 2 diabetes + exercise (T2D + EX). The Ex and T2D + EX groups performed eight weeks of HIIT.

Induction of type 2 diabetes

Animals in T2D and T2D + EX groups were fed a high-fat diet (HFD) for 2 months, while the animals in Con
and EX groups were fed a normal and regular diet. The HFD was purchased from the Isfahan Royan Research
Institute. HFD includes: 60% fat (245 g of lard and 25 g of soybean oil), 20% carbohydrate (125 g Lodex10 and
72.8 g sucrose), 19% protein (200 g of casein and 3 g of cysteine), 50 g of fiber (Solca Floc), 50 g of minerals,
3 g of vitamins, and 0.5 g of dye®** (Table 1). Rats’ weight and food intake were measured weekly. The criterion
for obesity was a weight of 350 g*!. After 2 months, the animals fasted for 12 h, and a single dose of 35 mg/kg
of streptozotocin (STZ) was injected intraperitoneally. Animal blood glucose was measured 2 weeks after STZ
injection using a glucometer. Animals with fasting blood glucose (FBG) levels above 300 mg/dl were considered
diabetic and included in the study®. The fasting time before STZ injection and also before sampling at the end
of the study was 12 h.

Exercise protocol

Initially, in the familiarization phase, EX + T2D and EX groups ran on a treadmill twice a day for 5 days, 10 min
per day with a zero-incline and a speed of 8 m per minute. Then an incremental running test was performed to
determine the rats’ maximum speed (V,,,,). In this test, the rats ran for 2 min at a speed of 6 m per minute, and
every 2 min, 2 m per minute were added to the speed until they could not maintain this speed. The last attempt
of each rat was considered Vmax. The main training protocol was performed for eight weeks five days a week.
The exercise protocol is shown in Table 2. At the beginning and end of each session, the rats run on a treadmill

Diet ingredients | Fat | Carbohydrate | Protein | Fiber/Mineral/Vitamin | Total energy

Regular diet 10% | 70% 19% 1% 341 Cal/100 g or 1432]/100 g

High-fat diet 60% | 20% 19% 1% 429 Cal/100 g or 1802 J/g

Table 1. High-fat and regular diet ingredients.
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High-intensity interval | Low-intensity interval | High-intensity interval | Low-intensity interval | Total exercise time in a
week | slope | Frequency |intervals | duration (min) duration (min) velocity (Vmax) velocity (Vmax) session (min)
1 0 5 4 2 1 80 50 12
2 0 5 4 2 1 85 50 12
3 0 5 6 2 1 85 50 18
4 0 5 6 2 1 90 50 18
5 0 5 8 2 1 90 50 24
6 0 5 8 2 1 95 50 24
7 0 5 10 2 1 95 50 30
8 0 5 10 2 1 100 50 30

Table 2. High-intensity interval training (HIIT) protocol.

for 5 min at an intensity of 40-50% of V.., for warm up and cool down. It should be noted that rats’ v,,,, was
remeasured every two weeks and used for designing the training protocol at the next 2 weeks®*¢,

Sampling
All animals were sacrificed 48 h after the last training session by intraperitoneal injection of ketamine 80 mg/kg
and xylazine 10 mg/kg. Serum and hippocampal tissue were used bilaterally to study the variables®.

Western blotting method

Western blotting was used to assessed the expression of AMPK, GSK383, AP, Tau, APNR1 & 2 and LEPR in rat
hippocampus. First, samples were prepared. The target proteins separated on the gel and were transferred to
nitrocellulose paper with pores of 0.45 pm at 0.5 amps for 1.5 h. For this purpose, first pour some buffer in a clean
container, put the gel in the buffer for at least 10 min after cutting the compacting part. Then, with the help of
pliers, we cut 1 piece of nitrocellulose paper and several filter pads exactly the same size as the gel and transferred
the two sponges that were placed on the sides of the membrane and gel to the buffer until they were completely
wet. Then we put the above components on top of each other, finally we fixed the blot sandwich in the relevant
plastic frame and placed it in the blot tank which was filled with buffer to the appropriate height. The specific
number of primary antibodies was (1:1000) and GAPDH was mixed and diluted, incubated for 16 to 18 h. The
membrane is immersed in a secondary antibody solution of appropriate concentration in an immunoassay buffer
for 1.5 h with shaking, twice rinsing with saline solution (TBST) and once with peripheral blood smear (PBS) was
performed. The membrane was placed in a sufficient amount of chromogenic substrate (TMB) solution until the
bands appeared. The reaction was stopped by adding distilled water and evaluated after the bands appeared*~*.

ELISA

Serum leptin , insulin and adiponectin concentrations were measured by ELISA kits according to the manufac-
turer’s instructions (Rat ELISA Kit, Eastbiopharm)*4.

Statistical analysis

The data are reported as mean + standard deviation (SD). Statistical analysis was performed using GraphPad
Prism version 8. Normality and homogeneity of variances were assessed using Shapiro-Wilk and Leven tests,
respectively. Two-way ANOVA followed by Tukey’s post-hoc were used to analyze the data. P values less than
0.05 was considered statistically significant*”$.

Ethics approval
All stages of keeping and scarifying the animals were performed according to the rules of the ethics committee
of Kerman University of Medical Sciences (Ethic code: IR.KMU.REC.1401.033).

Results

We assessed FBG to confirm our diabetes induction method. Our results showed that blood glucose was sig-
nificantly increased in both male and female rats after diabetes induction (2 months of HFD and STZ injection)
(month 2) compared with the pretest (month 0) in T2D and T2D + EX group (P =0.02), with no significant
difference between these groups. In addition, HIIT reduced blood glucose significantly (P <0.05). We saw no
significant effect for gender (P =0.09) (Table 3). Also, the animals body weight results was shown in Table 4.

Animals’ weight significantly increased in T2D and T2D + Ex groups after diabetes induction (month 2)
in both male and female rats. In addition, the weight was decreased in T2D and T2D + EX groups, with more
decrease in the T2D group (P <0.05) in post-test (month 4). The female rats have lower body weights in all
groups (P <0.05) (Table 3).

In the first week (familiarization) there was no significant different between groups in food intake but after two
months of high-fat diet, food intake in T2D and T2D + EX groups increased significantly in both sex (P <0.0001)
with no significant difference between them. After STZ injection, and started exercise training, rats’ food intake
decreased significantly in EX and T2D + EX groups in both sex (P <0.0001) but there was no sex difference.
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Gender Group Pre-test (Month 0) Month 2 Post-test (Month 4)
Con 140+6 1547 165+9
T2D 1477 355+4* 251+13*
Female
EX 142+8 155+9 160+11
T2D+EX 1507 373+£2% 203117
Con 192+8 198+9 205+12
T2D 188+9 378+7* 272+7%
Male
EX 190+8 192+8 191+8
T2D+EX 189+7 396+ 7* 212+10%

Table 3. FBG (mean + SD) before starting the intervention (month 0), after diabetes induction (2 months of
high-fat diet and STZ injection) (month 2), and 48 h after the last training session (month 4) in all groups. FBG
Fasting blood glucose, Con control, T2D Type 2 diabetic (STZ injected), Ex exercise only, and T2D + Ex Type 2

diabetic + exercise. *Significant difference with pretest. *Significant difference with month 2.

Gender Group Pre-test (Month 0) Month 2 Post-test (Month 4)
Con 219+16 22114 218+15
T2D 220+10 367 +£23* 271+ 18#
Female
EX 218+14 219+13 218+15
T2D+EX 21717 352+£21% 292 +18*
Con 284+18 285+14 287+13
T2D 285+12 398 +25* 307+15%
Male
EX 27149 283+11 294+8
T2D+EX 282+10 381+21* 319+21%

Table 4. Animals’ weight (mean + SD) before starting the intervention (month 0), after diabetes induction (2
months of high-fat diet and STZ injection) (month 2), and 48 hours after the last training session (month 4) in
all groups. Con control, T2D Type 2 diabetic, Ex exercise, and T2D + Ex Type 2 diabetic + exercise. *Significant
difference with pretest. *Significant difference with month 2.

Finally, after 8-weeks HIIT rats’ food intake decreased significantly in EX and T2D + EX groups in both sex
(P <0.0001) without significant difference between sexes (Fig. 1A-D).

Our results showed the same result in both genders for serum insulin levels. Serum insulin level was decreased
by T2D and increased by EX (Pgq,=0.02, P4, =0.02). In addition, a significant interaction was seen between
T2D and EX (Pfyy=0.02, Py, =0.02). The interaction between gender and T2D, gender and EX, and gender,
T2D and EX were insignificant (P>0.05) (Fig. 2). To confirm these data, we assessed the index of pancreatic Beta
cell function (i.e., HOMAR), which showed the same results in both genders with no significant effect for gender
(P>0.05) except that Ex did not have a significant difference with Con. The interactions were also insignificant
(P>0.05) (Fig. 2). In addition, we checked the effect of T2D and EX on IR (i.e. HOMA-IR), and insulin sensitiv-
ity (i.e. QUICKI) indices. In female rats, while T2D increases and decrease HOMA-IR and QUICKI (P <0.05),
respectively, EX failed to change these indices significantly (P>0.05). However, there was a significant interac-
tion between T2D and EX in both indices (P <0.05). The same result was seen in male rats except for significant
effects of EX. EX decreases HOMA-IR and increases QUICKI in male rats (P <0.05). A gender effect was seen for
HOMA-IR, with a higher level in T2D female rats. Furthermore, the interaction between T2D, EX, and gender
was significant with lower levels in the male rats (P <0.05). The gender difference was seen for QUICKI in Con,
EX and EX +T2D groups (P <0.05) (Fig. 2).

To study if T2D and EX could affect LEP and APN levels, we assessed their levels in serum. APN levels in
serum decreased in T2D and increased in EX groups compared to the Con group. In addition, T2D + EX showed
higher levels of APN compared to T2D in both genders (P <0.05). We also saw gender effects, with higher levels
in females (P <0.05). In addition, the female group of T2D + EX showed higher levels of APN than the same
group of male rats (P <0.05). This difference may reflect the different levels of basal APN rather than the differ-
ent effects of HIIT.

In contrast with APN, LEP did not change in EX compared with Con. This was observed in both genders. The
EX, T2D interaction was also insignificant. Nevertheless, a significant gender effect was seen and the LEP level
was higher in females than males (P <0.05). The interaction between gender, T2D, and EX was not significant
(Fig. 3).

We measured the LEP-R and APN-R1, and APN-R2 levels in the hippocampus. Our results showed a similar
pattern for all three receptors in both genders. LEP-R, APNRI, and APNR?2 showed a significant reduction in
T2D compared to Con (P <0.05). However, EX could increase them significantly (P <0.05). A significant interac-
tion between T2D and EX has been seen for all three receptors confirming the positive effect of HIIT in diabetic
rats (P <0.05). A significant effect of gender was seen for all three receptors in the Con group, with higher levels
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Figure 1. Food intake in calories ((B) and (D)) and in grams ((A) and (C)) in all groups (n=7 in each group).
We measured these parameters before the high-fat diet (month 0), after the high-fat diet and STZ injection
(month 2), and 48 h after the 8-week HIIT program (month 4). Con control, 72D Type 2 diabetes, Ex exercise,
and T2D+ Ex Type 2 diabetes + exercise. *Significant difference between T2D and T2D + EX (8-16 week),
&Significant difference between EX and T2D +EX (8-16 week), *Significant difference between EX and Con
(8-16 week).
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Figure 2. Serum insulin levels (A), HOMA-IR (B), HOMA-B (C) and Quicki (D) (mean+SD) in all
groups. *Significant difference with Cong,. *Significant difference with Con,,,. *Significant difference with
T2D + EXgare- %Significant difference with a female peer. Con control, T2D Type 2 diabetic, Ex exercise, and
T2D+ Ex Type 2 diabetic + exercise.
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Figure 3. Serum level of APN (A) and Lep (B). (mean + SD) in all groups. *Significant difference with Con
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2 diabetic, Ex exercise, and T2D + Ex Type 2 diabetic + exercise.

in female rats (P <0.05). In addition, a higher level of APNR1 was seen in the male T2D + EX group compared
to its female peer (P <0.05). These results highlight the vital role of APN1 (Fig. 4).

AMPK and GSK are the points where the regulatory hippocampal cascades of APN and LEP can interact
to determine the net effect. Our results showed that the hippocampal P-AMPK (active form) decreased with
T2D and increased with EX significantly in both genders (P <0.05). Compared with females, diabetic male rats
had a significantly higher level of AMP-K after the training period (P <0.05). Dep-GSK (which stimulates TAU
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Figure 4. APNRI (A), APNR2 (B) and LepR (C). (mean + SD) in all groups.* Significant difference with
Con female. *Significant difference with Con male. %Significant difference with a female peer. Con control,
T2D Type 2 diabetic, Ex exercise, and T2D + Ex Type 2 diabetic + exercise. Original blots/gels are presented in
Supplementary Fig. 1 which were cropped from different gels.
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p-AMPK (Fold of control change)
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hyperphosphorylation) increased by T2D and decreased after 8-week EX in both genders. A significant interac-
tion was seen for T2D and EX in both genders, which confirms the positive effects of HIIT in female diabetic rats
(P <0.05). The gender, T2D and EX interaction was significant, with the lower levels in female rats in T2D + EX
group (P <0.05) (Fig. 5).

BA and Tau, the main indices of cognitive impairments, showed the same results. Both of them increased
in T2D rats and increased in EX rats (P <0.05). A significant interaction between T2D and EX was also seen.
The interaction between gender, T2D and EX were significant which showed a higher effect of HIIT in the male
T2D + EX group (P <0.05) (Fig. 5).

Discussion
This study was designed to compare the attenuating effects of HIIT on APN and LEP signaling pathways in the
hippocampus of male and female rats with T2D.

Our findings showed that T2D had destructive effects on all signaling molecules while HIIT could reverse
these changes partly. Our findings revealed that APNR1, AMPK, GSK, TAU and AP expression were different
between male and female rats after 8 weeks of HIITT. In addition, diabetes-induced IR was higher in male com-
pared to female rats. While diabetes was induced in both gender the lack of a protective effect of estrogen may
contribute to higher IR in male rats**°. Added to this is the association between APN and IR in both genders.
APN could reduce IR by decreasing triglyceride content in muscle and liver in obese and diabetic animals. This
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Figure 5. P-AMPK (A), Dep-GSK3B (B), AB (C) and Tau (D). (mean + SD) in all groups. *Significant
difference with Con female. *Significant difference with Con male. ®Significant difference with a female peer.
Con control, T2D Type 2 diabetic, Ex exercise, and T2D + Ex Type 2 diabetic + exercise. Original blots/gels are
presented in Supplementary Fig. 1 which were cropped from different gels.
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effect results from increased expression of molecules involved in fatty-acid metabolism such as PPAR-o*%2,

Circulating APN was higher in female than male rats. The biological basis for this sex difference has been
described in introduction. The sex difference in adiponectin could also be explained by an inhibitory effect of
testosterone. Treatment of both sham-operated and castrated male mice with testosterone was accompanied
by a reduction in serum APN®. In addition, our results showed that while APNR1 expression was higher in
Congmae but this was reversed after 8 weeks of HIIT. Kaminska et al.>* reported that the expression of APNR1
is sex dependent and it is higher in male than female animals which is in consistent with our results. Animal
breed and age may explain inconsistent results. It has been shown that the level of APNRI1 decreased in male rats
following T2D%. Furthermore, The stimulatory effect of exercise on APNR1 showed a dose dependent pattern
and HIIT is considered as the most power full stimulant™. This stimulatory effect is shown to be mediated by
serum testosterone in T2D rats*”. This could be the reason for higher APNRI expression in diabetic male than
female rats after 8 weeks of HIIT. APNRI inhibits Dep-GSK3p expression and due to higher level of APNRI1 in
male than female rats after HIIT, Dep-GSK3p expression showed the opposite pattern which is in line with our
previous study®. It has been shown that APNR1 suppression exacerbates AD-like pathologies (i.e. increased Tau
accumulation). One study showed that in ovariectomized female animals, the expression of APNR1 decreased
and hippocampal accumulation of Tau increased compared to the healthy animals. In line with this result, our
data showed lower accumulation of Tau in hippocampus of diabetic male compare to female rats after HIIT.
APNRI can also stimulate AMPK expression and this could be the reason for higher AMPK expression in male
than female rats after HIIT. Brown et al. showed that AMPK expression was higher in male compared to female
mice in response to 12 weeks of Endurance exercise®®. On other hand, estrogen can increase AMPK expression
in brain®® and this can explain the high AMPK in healthy, not exercised female than male rats.

In general, previous studies have described the importance of some types of exercise in regulated adiponectin
pathway in peripheric tissues as well as in the brain. For example, it has been shown that HIIT induced PGC-1
and APNR1 gene expressions and improved insulin sensitivity in obese individuals®’. Also, resistance training
improved insulin signaling in skeletal muscle of T2D rats®%. Cho et al. revealed that exercise training improves
whole body insulin resistance via APNR1®. Furthermore, some researches showed that acute physical exercise
increases adiponectin signaling in the hypothalamus of lean mice®**>.

Another important factor in cognitive impairment induced by T2D is accumulation of AP which is under
direct control of AMPK and therefore decreased more in male than female rats after HIIT. To the best of our
knowledge, this is the first study to compare sex difference in response to cognitive improvements induced
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by exercise training in T2D rats. However, some studies showed that exercise can reduced A deposition in
hippocampus®-%. It should be noted that testosterone can increase AP clearance’® and as exercise is an increase
testosterone stimulator’"72, some studies considered testosterone a mediator of exercise induced AP clearance®2.

Conclusion

In summary, we concluded that the risk of CI following T2D was more in female than male rats due to high
deposition of Tau and A in hippocampus but HIIT had more ameliorating effect in male animals than female.
We believed that the difference in APNR1 expression and its downstream may be a main mechanism of this sex
difference (Fig. 6).

Data availability
The original contributions presented in the study are included in the article/supplementary material, and further
inquiries can be directed to the corresponding author.

Received: 28 April 2023; Accepted: 25 September 2023
Published online: 27 September 2023

References

1. Richardson, C. et al. Two-decade change in prevalence of cognitive impairment in the UK. Eur. J. Epidemiol. 34, 1085-1092 (2019).

2. Bai, W. et al. Worldwide prevalence of mild cognitive impairment among community dwellers aged 50 years and older: A meta-
analysis and systematic review of epidemiology studies. Age Ageing https://doi.org/10.1093/ageing/afac173 (2022).

3. Zilliox, L. A., Chadrasekaran, K., Kwan, J. Y. & Russell, ]. W. Diabetes and cognitive impairment. Curr. Diabetes Rep. 16, 87. https://
doi.org/10.1007/511892-016-0775-x (2016).

4. Moser, V. A. & Pike, C. J. Obesity and sex interact in the regulation of Alzheimer’s disease. Neurosci. Biobehav. Rev. 67, 102-118
(2016).

5. Rajizadeh, M. A. et al. Investigating the effects of Citrullus colocynthis on cognitive performance and anxiety-like behaviors in
STZ-induced diabetic rats. Int. J. Neurosci. 133(4), 343-55 (2021).

6. Khoramipour, K. et al. High-intensity interval training ameliorates molecular changes in the hippocampus of male rats with the
diabetic brain: The role of adiponectin. Mol. Neurobiol. https://doi.org/10.1007/s12035-023-03285-z (2023).

7. Sims-Robinson, C., Kim, B., Rosko, A. & Feldman, E. L. How does diabetes accelerate Alzheimer disease pathology?. Nat. Rev.
Neurol. 6, 551-559 (2010).

8. Zare, D. et al. Inhibition of protease-activated receptor 1 (PAR1) ameliorates cognitive performance and synaptic plasticity impair-
ments in animal model of Alzheimer’s diseases. Psychopharmacology 238, 1645-1656 (2021).

9. Khajei, S. et al. Electromagnetic field protects against cognitive and synaptic plasticity impairment induced by electrical kindling
in rats. Brain Res. Bull. 171, 75-83 (2021).

10. Gulcelik, N., Halil, M., Ariogul, S. & Usman, A. Adipocytokines and aging: Adiponectin and leptin. Minerva Endocrinol. 38,
203-210 (2013).

11. Assefa, B. T., Tafere, G. G., Wondafrash, D. Z. & Gidey, M. T. The bewildering effect of AMPK activators in Alzheimer’s disease:
Review of the current evidence. Biomed. Res. Int. 2020, 9895121. https://doi.org/10.1155/2020/9895121 (2020).

12. Dumont, M. et al. PGC-1a overexpression exacerbates f-amyloid and tau deposition in a transgenic mouse model of Alzheimer’s
disease. FASEB J. 28, 1745-1755. https://doi.org/10.1096/f].13-236331 (2014).

13. Yuan, J., Dong, X., Yap, J. & Hu, J. The MAPK and AMPK signalings: Interplay and implication in targeted cancer therapy. J.
Hematol. Oncol. 13, 1-19 (2020).

14. Braicu, C. et al. A comprehensive review on MAPK: A promising therapeutic target in cancer. Cancers 11, 1618. https://doi.org/
10.3390/cancers11101618 (2019).

15. Marwarha, G., Raza, S., Meiers, C. & Ghribi, O. Leptin attenuates BACE1 expression and amyloid-{ genesis via the activation of
SIRT1 signaling pathway. Biochimica et Biophysica Acta (BBA)-Mol. Basis Dis. 1842, 1587-1595 (2014).

16. Christen, T. et al. Sex differences in body fat distribution are related to sex differences in serum leptin and adiponectin. Peptides
107, 25-31 (2018).

17. Regensteiner, J. G. et al. Sex differences in the effects of type 2 diabetes on exercise performance. Med. Sci. Sports Exerc. 47, 58
(2015).

18. Clegg, D. ], Riedy, C. A., Smith, K. A. B., Benoit, S. C. & Woods, S. C. Differential sensitivity to central leptin and insulin in male
and female rats. Diabetes 52, 682-687 (2003).

19. Mauvais-Jarvis, E Sex differences in metabolic homeostasis, diabetes, and obesity. Biol. Sex Differ. 6, 1-9 (2015).

20. Isobe, T. et al. Influence of gender, age and renal function on plasma adiponectin level: The Tanno and Sobetsu study. Eur. J.
Endocrinol. 153, 91-98 (2005).

21. Iglesias, M. J. et al. Gender differences in adiponectin and leptin expression in epicardial and subcutaneous adipose tissue. Findings
in patients undergoing cardiac surgery. Revista espafiola de cardiologia (Engl. Edn.) 59, 1252-1260 (2006).

22. Chen, X. et al. The number of x chromosomes causes sex differences in adiposity in mice. PLoS Genet. 8, 1002709 (2012).

23. Amirazodi, E. et al. The combination effects of resveratrol and swimming HIIT exercise on novel object recognition and open-field
tasks in aged rats. Experim. Aging Res. 46, 336-358 (2020).

24. Amirazodi, M. et al. The effects of combined resveratrol and high intensity interval training on the hippocampus in aged male
rats: An investigation into some signaling pathways related to mitochondria. Iran. J. Basic Med. Sci. 25, 254 (2022).

25. Rajizadeh, M. A., Esmaeilpour, K., Motamedy, S., Mohtashami Borzadaranb, F. & Sheibani, V. Cognitive impairments of sleep-
deprived ovariectomized (OVX) female rats by voluntary exercise. Basic Clin. Neurosci. 11, 573-586. https://doi.org/10.32598/
bcen.9.10.505 (2020).

26. Rajizadeh, M. A. et al. The effects of high intensity exercise on learning and memory impairments followed by combination of
sleep deprivation and demyelination induced by etidium bromide. Int. J. Neurosci. 129, 1166-1178. https://doi.org/10.1080/00207
454.2019.1640695 (2019).

27. Simpson, K. A. & Singh, M. A. E. Effects of exercise on adiponectin: A systematic review. Obesity 16, 241-256 (2008).

28. Kraemer, R. R., Chu, H. & Castracane, V. D. Leptin and exercise. Experim. Biol. Med. 227, 701-708 (2002).

29. Rajizadeh, M. A., Esmaeilpour, K., Haghparast, E., Ebrahimi, M. N. & Sheibani, V. Voluntary exercise modulates learning & memory
and synaptic plasticity impairments in sleep deprived female rats. Brain Res. 1729, 146598. https://doi.org/10.1016/j.brainres.2019.
146598 (2020).

30. Madadizadeh, E., Aminaei, M. & Khorami Pour, K. The effect of high-intensity interval training on cognitive and memory impair-
ments in obesity and diabetes: A systematic review study. Razi J. Med. Sci. 29, 65-76 (2022).

Scientific Reports |

(2023) 13:16267 | https://doi.org/10.1038/s41598-023-43519-7 nature portfolio


https://doi.org/10.1093/ageing/afac173
https://doi.org/10.1007/s11892-016-0775-x
https://doi.org/10.1007/s11892-016-0775-x
https://doi.org/10.1007/s12035-023-03285-z
https://doi.org/10.1155/2020/9895121
https://doi.org/10.1096/fj.13-236331
https://doi.org/10.3390/cancers11101618
https://doi.org/10.3390/cancers11101618
https://doi.org/10.32598/bcn.9.10.505
https://doi.org/10.32598/bcn.9.10.505
https://doi.org/10.1080/00207454.2019.1640695
https://doi.org/10.1080/00207454.2019.1640695
https://doi.org/10.1016/j.brainres.2019.146598
https://doi.org/10.1016/j.brainres.2019.146598

www.nature.com/scientificreports/

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

. Hickey, M. S. et al. Gender-dependent effects of exercise training on serum leptin levels in humans. Am. J. Physiol. 272, E562-566.
https://doi.org/10.1152/ajpendo.1997.272.4.E562 (1997).

Consitt, L. A., Saxena, G. & Schaefer, M. Sex-dependent reductions in high molecular weight adiponectin during acute hyper-
insulinemia are prevented with endurance training in older females. Clin. Endocrinol. 88, 673-682. https://doi.org/10.1111/cen.
13563 (2018).

Ramos-Lobo, A. M. & Donato, J. Jr. The role of leptin in health and disease. Temperature (Austin, Tex.) 4, 258-291. https://doi.org/
10.1080/23328940.2017.1327003 (2017).

Ebrahimi, M. N. et al. The effects of alone and combination tamoxifen, raloxifene and estrogen on lipid profile and atherogenic
index of ovariectomized type 2 diabetic rats. Life Sci. 263, 118573 (2020).

Eliza, J., Daisy, P,, Ignacimuthu, S. & Duraipandiyan, V. Antidiabetic and antilipidemic effect of eremanthin from Costus speciosus
(Koen.) Sm., in STZ-induced diabetic rats. Chem.-Biol. Interact. 182, 67-72 (2009).

Orumiyehei, A. et al. High-intensity interval training-induced hippocampal molecular changes associated with improvement in
anxiety-like behavior but not cognitive function in rats with type 2 diabetes. Brain Sci. 12, 1280 (2022).

Ebrahimnezhad, N., Nayebifar, S., Soltani, Z. & Khoramipour, K. High-intensity interval training reduced oxidative stress and
apoptosis in the hippocampus of male rats with type 2 diabetes: The role of the PGCla-Keap1-Nrf2 signaling pathway. Iran. J.
Basic Med. Sci. 26(11), 1313-1319 (2023).

Rezaei, M. H. et al. Leptin signaling could mediate hippocampal decumulation of beta-amyloid and tau induced by high-intensity
interval training in rats with type 2 diabetes. Cell. Mol. Neurobiol. 43(7), 3465-3478 (2023).

Rami, M., Azimpour, M. & Khoramipour, K. The effect of 8 weeks of High Intensity Interval Training on the Levels of Wnt and
NF-kB proteins in the heart tissue of male Wistar rats with type 2 diabetes. J. Sport Exerc. Psychol. 15(4/19), 30 (2023).

Shafiei, B., Shabani, M., Afgar, A., Rajizadeh, M. A. & Nazari-Robati, M. Trehalose attenuates learning and memory impairments
in aged rats via overexpression of miR-181c. Neurochem. Res. 47(11), 3309-17 (2022).

Bejeshk, M. A. et al. Perillyl alcohol (PA) mitigates inflammatory, oxidative, and histopathological consequences of allergic asthma
in rats. Naunyn-Schmiedeberg’s Arch. Pharmacol. https://doi.org/10.1007/s00210-023-02398-5 (2023).

Bejeshk, M.-A. et al. Combinatorial effect of lower extremity blood flow restriction and low intensity endurance exercise on aorta
of old male rats: Histomorphological and molecular approach. Artery Res. 24, 22-31 (2018).

Rajizadeh, M. A. et al. The role of inhaled estradiol and myrtenol, alone and in combination, in modulating behavioral and func-
tional outcomes following traumatic experimental brain injury: Hemodynamic, molecular, histological and behavioral study.
Neurocrit. Care 1-21 (2023).

Sheibani, V. et al. The effects of neurosteroid allopregnanolone on synaptic dysfunction in the hippocampus in experimental
parkinsonism rats: An electrophysiological and molecular study. Neuropeptides 92, 102229 (2022).

Bejeshk, M. A. et al. Myrtenol ameliorates recognition memories’ impairment and anxiety-like behaviors induced by asthma by
mitigating hippocampal inflammation and oxidative stress in rats. Neuroimmunomodulation https://doi.org/10.1159/000528626
(2023).

Rajizadeh, M. A. et al. Niosome nanocarrier enhances the ameliorating effects of myrtenol in the lungs of rats with experimental
asthma. OpenNano 11, 100129 (2023).

Mohtashami Borzadaran, E et al. What are the consequences of Methylphenidate exposure for maternally separated rats?. Int. J.
Dev. Neurosci. 80, 489-499 (2020).

Rajizadeh, M. A. et al. Formulation and evaluation of the anti-inflammatory, anti-oxidative, and anti-remodelling effects of the
niosomal myrtenol on the lungs of asthmatic rats. Iran. J. Allergy Asthma Immunol. https://doi.org/10.18502/ijaai.v22i3.13054
(2023).

Geer, E. B. & Shen, W. Gender differences in insulin resistance, body composition, and energy balance. Gender Med. 6, 60-75
(2009).

Mittendorfer, B. Insulin resistance: sex matters. Curr. Opin. Clin. Nutr. Metab. Care 8, 367-372 (2005).

. Yamauchi, T. et al. The fat-derived hormone adiponectin reverses insulin resistance associated with both lipoatrophy and obesity.
Nat. Med. 7, 941-946 (2001).

Chen, J.-H. et al. A moderate low-carbohydrate low-calorie diet improves lipid profile, insulin sensitivity and adiponectin expres-
sion in rats. Nutrients 7, 4724-4738 (2015).

Nishizawa, H. et al. Androgens decrease plasma adiponectin, an insulin-sensitizing adipocyte-derived protein. Diabetes 51, 2734~
2741 (2002).

Kaminska, B. et al. Sex-and season-dependent differences in the expression of adiponectin and adiponectin receptors (AdipoR1
and AdipoR2) in the hypothalamic-pituitary-adrenal axis of the Eurasian beaver (Castor fiber L.). Gen. Compar. Endocrinol. 298,
113575 (2020).

Sakr, H. Effect of sitagliptin on the working memory and reference memory in type 2 diabetic Sprague-Dawley rats: Possible role
of adiponectin receptors 1. J/ Physiol/ Pharmacol/ 64, 613-623 (2013).

Zeng, Q. et al. Effects of exercise on adiponectin and adiponectin receptor levels in rats. Life Sci. 80, 454-459 (2007).

Nadi, Z., Bayat, M., Karami, H., Parastesh, M. & Bayat, P. D. Effect of exercise training on gene expression of adiponectin and its
receptors in testicles and sex hormones in diabetic rats. J. Biol. Res.-Bollettino della Societa Italiana di Biologia Sperimentale https://
doi.org/10.4081/jbr.2021.9287 (2021).

Brown, K. D. et al. Sex differences in cardiac AMP-activated protein kinase following exhaustive exercise. Sports Med. Int. Open
4, E13-¢18. https://doi.org/10.1055/a-1115-6373 (2020).

Guo, J. M. et al. SIRT 1-dependent AMPK pathway in the protection of estrogen against ischemic brain injury. CNS Neurosci. Ther.
23,360-369 (2017).

Lépez, M. & Tena-Sempere, M. Estradiol effects on hypothalamic AMPK and BAT thermogenesis: A gateway for obesity treat-
ment?. Pharmacol. Thera. 178, 109-122 (2017).

Asilah Zadon, N. H. et al. High-intensity interval training induced PGC-1 and AdipoR1 gene expressions and improved insulin
sensitivity in obese individuals. Med. J. Malays. 74, 461-467 (2019).

Kido, K., Ato, S., Yokokawa, T., Sato, K. & Fujita, S. Resistance training recovers attenuated APPL1 expression and improves insulin-
induced Akt signal activation in skeletal muscle of type 2 diabetic rats. Am. J. Physiol. Endocrinol. Metabol. 314, E564-e571. https://
doi.org/10.1152/ajpendo.00362.2017 (2018).

Cho, J. K., Kim, S. U,, Hong, H. R., Yoon, ]. H. & Kang, H. S. Exercise training improves whole body insulin resistance via adi-
ponectin receptor 1. Int. J. Sports Med. 37, e5. https://doi.org/10.1055/s-0035-1569357 (2016).

Gaspar, R. C. et al. Acute physical exercise increases APPL1/PI3K signaling in the hypothalamus of lean mice. Eur. J. Neurosci. 50,
3181-3190. https://doi.org/10.1111/ejn.14490 (2019).

Gaspar, R. C. et al. Acute physical exercise increases the adaptor protein APPL1 in the hypothalamus of obese mice. Cytokine 110,
87-93. https://doi.org/10.1016/j.cyto.2018.04.013 (2018).

Khodadadi, D. et al. Treadmill exercise ameliorates spatial learning and memory deficits through improving the clearance of
peripheral and central amyloid-beta levels. Neurochem. Res. 43, 1561-1574 (2018).

Koo, J.-H., Kang, E.-B., Oh, Y.-S., Yang, D.-S. & Cho, J.-Y. Treadmill exercise decreases amyloid-f burden possibly via activation
of SIRT-1 signaling in a mouse model of Alzheimer’s disease. Experim. Neurol. 288, 142-152 (2017).

Scientific Reports |

(2023) 13:16267 | https://doi.org/10.1038/s41598-023-43519-7 nature portfolio


https://doi.org/10.1152/ajpendo.1997.272.4.E562
https://doi.org/10.1111/cen.13563
https://doi.org/10.1111/cen.13563
https://doi.org/10.1080/23328940.2017.1327003
https://doi.org/10.1080/23328940.2017.1327003
https://doi.org/10.1007/s00210-023-02398-5
https://doi.org/10.1159/000528626
https://doi.org/10.18502/ijaai.v22i3.13054
https://doi.org/10.4081/jbr.2021.9287
https://doi.org/10.4081/jbr.2021.9287
https://doi.org/10.1055/a-1115-6373
https://doi.org/10.1152/ajpendo.00362.2017
https://doi.org/10.1152/ajpendo.00362.2017
https://doi.org/10.1055/s-0035-1569357
https://doi.org/10.1111/ejn.14490
https://doi.org/10.1016/j.cyto.2018.04.013

www.nature.com/scientificreports/

68. Racil, G. et al. Effects of high vs. moderate exercise intensity during interval training on lipids and adiponectin levels in obese
young females. Eur. J. Appl. Physiol. 113, 2531-2540 (2013).

69. Dede, N. D. et al. Influence of exercise on leptin, adiponectin and quality of life in type 2 diabetics. Turk. J. Endocrinol. Metabol.
https://doi.org/10.4274/tjem.2564 (2015).

70. Mu, J. et al. Inhibition of DPP-4 with sitagliptin improves glycemic control and restores islet cell mass and function in a rodent
model of type 2 diabetes. Eur. J. Pharmacol. 623, 148-154 (2009).

71. Ryan, A., Nicklas, B., Berman, D. & Elahi, D. Adiponectin levels do not change with moderate dietary induced weight loss and
exercise in obese postmenopausal women. Int. J. Obes. 27, 1066-1071 (2003).

72. Becic, T., Studenik, C. & Hoffmann, G. Exercise increases adiponectin and reduces leptin levels in prediabetic and diabetic indi-
viduals: Systematic review and meta-analysis of randomized controlled trials. Med. Sci. 6, 97 (2018).

Acknowledgements
We would like to thank the student research committee, Kerman University of medical sciences for its support.

Author contributions
M.A.R.: molecular analysis. M.H.: recording heart function. A.M.: histopathological analysis. Z.S.: reviewed the
manuscript. ER.: reviewed the manuscript. K.K.: main idea and editing the manuscript.

Funding
This work was supported by Kerman University of Medical Sciences (project number: 400000633).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-43519-7.

Correspondence and requests for materials should be addressed to K.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16267 | https://doi.org/10.1038/s41598-023-43519-7 nature portfolio


https://doi.org/10.4274/tjem.2564
https://doi.org/10.1038/s41598-023-43519-7
https://doi.org/10.1038/s41598-023-43519-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Adiponectin receptor 1 could explain the sex differences in molecular basis of cognitive improvements induced by exercise training in type 2 diabetic rats
	Material and methods
	Animals
	Induction of type 2 diabetes
	Exercise protocol
	Sampling
	Western blotting method
	ELISA
	Statistical analysis
	Ethics approval

	Results
	Discussion
	Conclusion
	References
	Acknowledgements


