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 Abstract 

Background: Predominance of adiposity and diabetes is dramatically expanding. Asprosin, a 

novel adipokine, serve as cross-organ messenger, linking adipose tissue with skeletal muscle. 

Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump mediates Ca2+ entry from sarcoplasm 

back to its lumen. Sarcolipin (SLN) is an uncoupler of SERCA pump, playing an important role 

in muscle-based thermogenesis. Aim: We aimed to explore the role of exercise (EX) and/or 

liposomal curcumin (LP-CUR) to counteract asprosin in the pathogenesis of adiposity by 

modulating the SLN/SERCA proteins. Materials and method: This study was conducted for 8 

weeks through 5 Groups of rats. The control group fed normal diet.  While, the others were fed 

high-fat diet (HFD) either alone HFD group, or with performing EX by running on treadmill at 20 

m/min for 1 hour/day, 4 days/week, or received LP-CUR 10 mg/kg/day, or combination of both. 

Results: The HFD group exhibited significant dyslipidemia, hyperglycemia, insulin resistance, 

oxidative and sarcoplasmic reticulum stress, rise in body weight gain%, fat pad mass, and decline 

in lean body mass with reduced physical endurance versus the control group. The asprosin at both 

mRNA and protein levels were predominantly overexpressed in the HFD group. Fortunately, EX 

training and/or LP-CUR administration prevented such HFD bad consequences. They caused 

overexpression of soleus muscle SLN and SERCA proteins, mitochondrial biogenesis, and 

increased enzymes activities responsible for oxidative metabolism. The core temperature and time 

to exhaustion were also increased. Conclusion: Our study suggests EX and/or LP-CUR enhanced 

thermogenesis as an effective strategy to counteract obesity and related comorbidities. 
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 Introduction 

Adiposity and its associated negative 

consequences have become major epidemics 

worldwide. The anti-adiposity strategies are 

centered essentially on decreasing energy intake 

and/or growing energy expenditure [1]. 

Considering that muscle represents the largest 

organ (> 40% of body weight) with the limited 

existence of brown adipose tissue (BAT) in adult 

mammals, it becomes the major contributor to the 

energy expenditure [2]. Therefore, great attention 

is paid to muscle-based thermogenesis and its 

recruitment via exercise and/or natural products to 

increase oxidative metabolism as an attractive 

strategy to control adiposity. 

The sarcoplasmic reticulum Ca
2+

-dependent 

adenosine triphosphatase (SERCA) pump is a key 

regulator of myocyte calcium homeostasis from 

the sarcoplasm back to the endoplasmic reticulum 

(ER) lumen with adenosine triphosphate (ATP) 

hydrolysis [3]. Uncoupling proteins have a pivotal 

role in converting electrochemical energy into 

thermal energy without ATP generation. 

Sarcolipin (SLN) is a small regulatory uncoupling 

protein that binds to SERCA and is exclusively 

expressed in the skeletal muscle. SLN/SERCA 

interaction causes ATP hydrolysis of the pump 

without calcium transport into the ER lumen. 

Thus, SLN promotes futile cycling of the SERCA 

pump, augments ATP hydrolysis and heat 

production that eventually increases muscle 

thermogenesis and creates an energy-demand state 

[4]. SLN-based thermogenesis is energetically 

expensive and, consequently, could be very 

effective in the metabolic dyshomeostasis related 

to adiposity. 

Since the white adipose tissue (WAT) is extremely 

expanded in adiposity, its endocrinal function has 

gained much interest. Asprosin is a novel 

adipokine that is dominantly expressed in WAT. It 

exhibits a potent role in glucose homeostasis, 

obesity development, and insulin resistance (IR) 

[5]. However, whether it can affect muscle 

thermogenesis is not clear. Asprosin’s biological 

effects are mediated through interaction with the 

olfactory receptor 734 (OLFR734) that is 

expressed in olfactory epithelium, liver, and 

skeletal muscle [6]. Asprosin is produced by a C-

terminal cleavage of the pro-fibrillin protein 

encoded by the Fibrillin-1 (FBN1) gene that is 

plentifully expressed in WAT and in 

mesangioblasts derived from myocytes, osteoblast-

like cells, and mesenchymal stem cells, signifying 

the possible role of the musculoskeletal system in 

the regulation of asprosin [7, 8]. 

The sarco/endoplasmic reticulum (ER) is the 

principal organelle accountable for calcium 

homeostasis and protein synthesis and folding. 

Adiposity-associated free radicals and 

dyslipidemia, particularly the saturated free fatty 

acids (FFAs), are major triggers for ER stress and 

disruption of ER homeostasis [9]. Within the ER, 

glucose-regulated protein 78 (GRP78) is an 

important chaperone that blocks signals mediating 

ER stress and can maintain its functional integrity. 

On the contrary, the transcription factor CCAAT-

enhancer-binding protein homologous protein 

(CHOP) is a major contributor to ER stress and 

dysfunctions and its surge shares in the 

pathogenesis of obesity and diabetes [10]. 

Approaches for obesity management and 

avoidance involve exercise (EX) training and use 

of naturally occurring polyphenols. Exercise 
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stands as the best and safest non-pharmacological 

strategy. Curcumin (CUR), as a safe naturally 

occurring polyphenol, has gained great attention. It 

can regulate lipid metabolism, which is the 

cornerstone of adiposity and its comorbidities [11], 

but its effect on the energy metabolism in muscle 

is still scarce. Fortunately, liposomes, small 

artificial spherical vesicles with phospholipid 

membrane bilayers, have been used as carrier 

molecules for CUR yielding into Liposomal CUR 

(LP-CUR). LP-CUR has been proven to be more 

powerful and effective with increased stability, 

solubility, and tissue distribution [12]. 

In the current work, EX was selected alone or in 

conjunction with LP-CUR to test their efficacy in 

rats fed a high-fat diet. Also, this study was 

intended to illustrate the role of the adipokine 

asprosin pathway and the sarcoplasmic reticulum 

functions in the pathogenesis and protection 

against obesity and insulin resistance. SLN-

mediated uncoupling of the SERCA pump was 

investigated as a potential mechanism. 

Materials and Method 

Animals used  

Male Wistar rats were used in this study. They 

were acquired from Veterinary Medicine Animal 

House, Benha University (Egypt). They were 

housed in metallic cages at the prevailing 

atmospheric conditions and room temperature of 

about 25
o
C.The experimental diets and drinking 

water were ad libitum. Rats were acclimatized to 

the environmental conditions for one week before 

the experiment. The experimental procedures, 

animal handling, sampling, and scarification were 

done in accordance with the Guide for the Care 

and Use of Laboratory Animals, Eighth Edition. 

The protocol of this study was revised and 

approved by the Ethical Committee of the Care 

and Use of Experimental Animals, Faculty of 

Medicine, Benha University, Egypt (REC- No. 11-

9-2023). 

The experimental diets, normal diet (ND) and 

High-fat diet (HFD) composition and ingredients 

were as constructed by Gheit and coauthors [13] 

and shown in Table 1 

LP-CUR solution was prepared at the National 

Research Institute of Egypt in by the procedure of 

Khater and coauthors [12]. 

Aerobic exercise training protocol 

A rat’s treadmill (Panlab/Letica LE8706, 

Barcelona, Spain) was used. The rats were made to 

run at 20 m/min for 1 hour/day, 4 days/week, for 8 

weeks on the treadmill without incline [14]. 

Experimental groups and procedure 

Thirty-five male Wistar rats were used. They were 

divided into 5 groups (n = 7) as follows: 

Group 1: The control group was fed a ND and was 

given distilled water by oral gavage for 8 weeks. 

Group 2: The HFD group was fed a HFD for 8 

weeks [15]. Group 3: HFD + EX group; HFD-fed 

rats were made to run at 20 m/min for 1 hour/day, 

4 days/week, for 8 weeks [14]. Group 4: HFD + 

LP-CUR group, HFD-fed rats were given LP-

CUR, 10 mg/kg once daily by oral gavage for 8 

weeks [12].Group 5: HFD + LP-CUR + EX group, 

HFD-fed rats that were given LP-CUR, 10 mg/kg 

once daily and performed aerobic EX training by 

running at 20 m/min for 1 hour/day, 4 days/week 

for 8 weeks. 

Throughout the experimental period, food 

consumption and rectal temperature were assessed. 

At the end of the 8
th

 week, a swimming-until-

exhaustion exercise test was performed to 

evaluate skeletal muscle performance. A 
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cylindrical swimming pool (60 x 20 cm) with 

water 40 cm deep maintained at 27 
o
C was used. 

The rat was forced to swim to exhaustion with 

steel rings load attached to the tail root matching to 

5% of its body weight. Each rat was considered 

exhausted when it failed to raise its face to the 

water surface within 5 seconds. The time from 

beginning to exhaustion was recorded. The longer 

the time to exhaustion, the better the endurance 

performance of each rat was [16].Just after the 

exhaustive exercise, a blood sample from the tail 

vein was taken to measure the blood lactate level 

using Lactate Pro 2 (Arkray, Japan). 

- The animals were then subjected to overnight 

fasting and 24 hours rest to avoid the acute 

exercise effects on the assessed parameters. The 

rats were weighed and then anesthetized by 

pentobarbital sodium (40 mg/kg/i.p) followed by 

measurement of the animal length from the base of 

the lower incisors to the anus by a measuring tape. 

The rats were then decapitated. An anterior 

longitudinal skin incision from neck to tail was 

performed. Blood samples were collected by 

cardiac puncture. Then the entire skin of fur and 

subcutaneous fat was detached and weighed. The 

heart, kidneys, and liver were carefully removed 

and weighed. Then all fat pad compartments such 

as inguinal and retroperitoneal were removed and 

weighed [17]. 

Blood and tissue sampling 

The collected blood samples were left to be clotted 

and centrifuged (3000 revolutions per minute 

(rpm) for 15 min) then the serum was separated 

and stored at − 80 
o
C to be analyzed for serum 

asprosin, insulin, glucose, and lipid profile. After 

tissue weighting, the soleus muscle was removed 

from the right hind limb together withthe inguinal 

WAT. They were immediately frozen in liquid 

Nitrogen, and stored at − 80 °C for genes, proteins, 

and enzyme activities analysis. The soleus from 

the left hind limb was kept in 10 % formaldehyde 

for histopathological evaluation. 

I- Anthropometric parameters 

Rectal temperature assay 

The rectal body temperature (
o
C) was measured 

once/a week with a rodent thermometer (BIO-

TK8851, Bioseb Lab, Vitrolles, France), to assess 

the core body temperature. The probe was inserted 

approximately 3 cm from the anus into the rectum 

[17] 

Calculation of food intake 

The consumed food was calculated the difference 

between the weights of food supplied and 

remained (g) divided by the number of rats/cage to 

obtain the average consumption value for each rat 

[17]. 

Calculation of body weight gain percent (BWG 

%) 

The initial and final body weight (BW) of each rat 

was recorded, then the % of BW gained was 

calculated as follow; Final BW – Initial BW x 100 

divided by the initial BW [18] 

Calculation of body mass index (BMI) 

Body mass index (BMI) for each rat was 

calculated from this equation: BMI 

(gm/cm
2
) = Final BW (g)/ (length)

2
(the measure 

from the base of the lower incisors to the anus)
2
. It 

is a marker of adiposity [19]. 

Lean (fat-free) body mass (LBM) 

LBM is the best interpreter of resting energy 

expenditure. It equals the mass of the residual 

cadaver consisting of a musculoskeletal portion 

(skeletal muscle, bones, and the skinned head) 
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added to the weight of the liver, heart, and kidneys 

[19]. 

II- Biochemical analysis 

Measurement of serum asprosin protein 

A rat asprosin ELISA kit obtained from 

Mybiosourse (Cat NO. MBS1600686, CA, USA) 

was used according to the manufacturer's 

instructions. The absorbance was determined 

spectrophotometrically at 450 nm, after adding the 

stop solution, in a microplate reader. Quantitative 

results were calculated by standard curves and 

expressed as ng/mL. 

Measurement of soleus muscle SLN and 

SERCA proteins 

A portion (300-500 mg) of soleus muscle was 

homogenized in 500 ul PBS on ice. The 

homogenates were then centrifuged for 15 minutes 

at 5000 rpm. The supernatant was removed. Rat 

SLN ELISA Kits (Cat No abx156065, abbexa 

company, Cambridge, UK) and Rat SERCA EISA 

Kits purchased from MYBIOSOURSE (Cat NO. 

MBS72555556, CA, USA) were utilized. The 

assessment protocol was done according to the 

manufacturer instructions. 

Measurement of serum glucose and insulin 

levels 

Serum glucose was measured using diagnostic kits 

obtained from (Biodiagnostics Co, Cairo, 

Egypt)[20], while serum insulin was assessed 

using ELISA kits obtained from (BioVendo Brno, 

Czech) [21]. Theinsulin resistance (IR) and insulin 

sensitivity indices were calculated as follow: 

Homeostasis model assessment of insulin 

resistance (HOMA-IR) is a well-documented 

marker for IR. It was calculated according to the 

following formulaHOMA-IR = fasting glucose 

(mg/dl) × fasting insulin (μU/mL) / 405)[22]. 

Quantitative insulin-sensitivity check index 

(QUICKI) is taken as a measure for insulin 

sensitivity. It was indicated by the inverse log sum 

of fasting insulin (μU/ml) and fasting glucose 

(mg/dl)[23]. 

Serum lipids profile assessment 

Triglycerides (TGs), total cholesterol (TC), and 

high-density lipoprotein-cholesterol (HDL) 

enzymatic colorimetric assay kits (Diamond 

Diagnostic, Cairo, Egypt) were used[24]. Very 

low-density lipoprotein-cholesterol (VLDL) was 

calculated as follows: VLDL = TGs/5 while, LDL 

was ascertained according to the equation of 

Friedewald and coauthors [25]: LDL (mg/ dL) 

=TC - HDL - (TGs/5).Free fatty acids (FFAs) were 

measured by enzymatic colorimetric methods, as 

described by Foster and Dunn [26], using 

commercially available kits (Diamond Diagnostics 

Company, Egypt). 

Evaluation of serum oxidative stress-related 

parameters 

The serum colorimetric enzyme activity of catalase 

[27] and superoxide dismutase (SOD)[28] was 

done using kits from (Cayman Chemical Co., Ann 

Arbor, MI, USA). In addition, Lipid peroxidation 

malondialdehyde (MDA) assay kits (BML-AK171, 

Enzo Life Science, NY, USA) were utilized as 

mentioned by Gérard-Monnier and collaborators 

[29]. 

Assessment of soleus Citrate synthase (CS) and 

Succinate dehydrogenase (SDH) enzyme 

activity 

A portion of soleus muscle removed from the right 

hind limbs was homogenized (using 

Precellys24Tissue Homogenizer, Bertin 

Technologies, France) in a solution of, 50 mM 

Tris–HCl, at pH 7.4 containing 0.01 mM 
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phenylmethylsulphonyl fluoride and 1 mM EDTA. 

The homogenate was then used. 

CS, as a marker of mitochondrial function, was 

assayed by spectrophotometric detection of 

reduced thionitrobenzoic acid, from the soleus 

muscle, using (BTS 350 semiautomatic analyzer, 

Spain). CS activity was reported as nmol/min/mg 

protein. SDH, as an indicator of the oxidative 

metabolic capacity of the skeletal muscle was also 

determined. The procedure was as previously 

described by Gheit and coauthors [13]. 

III- Quantitative estimation of relative gene 

expressions by real-time reverse transcription 

PCR (RT-PCR) 

A total RNA isolation kit (Qiagen, Hiden, 

Germany) was utilized for extraction of total RNA 

from the frozen portion of inguinal WAT for 

FBN1 gene and the soleus skeletal muscle for the 

OLFR734, peroxisome proliferator activated 

receptor gamma coactivator-1 alpha (PGC1α) as a 

marker for mitochondrial biogenesis, and the 

uncoupling protein 1 (UCP1) genes according to 

the manufacturer’s protocols. SuperScript ® III 

First‐Strand Synthesis System for RT‐PCR kit 

(Life Technologies) was used after the first step to 

form the first strand. Power SYBR Green PCR 

Master Mix (Life Technologies) was used to carry 

out PCR reactions. Target genes mRNA 

expression was assayed relative to the 

housekeeping gene, Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH).Relative gene 

expression was automatically calculated using the 

comparative threshold (Ct) method for the values 

of the target and the reference genes using the 2
-

ΔΔCT
 formula by using specific software (Qiagen, 

Valencia, CA, USA).The primer sequences of the 

assessed genes are as 

follows:FBN1F:GAGTGTGAACTGAGCGCGA 

and R:AGGCACACTCGTACTTCCCA, OLFR 

734F: ACCTGCAAATGATACCACCGT and R: 

TCCGGACAACCTGAGTGATG, PGC-1αF: 

GAGAACAAGACTATTGAGCGAAC and R: 

GTGGAGTGGCTGCCTTGGGT, UCP1 

F:ACTGCCACACCTCCAGTCATTand R:  

CTTTGCCTCACTCAGGATTGG,and GAPDH 

F:GGTGAAGTTCGGAGTCAACGGAand R: 

GAGGGATCTCGCTCCTGGAAGA[6, 30]. 

IV- Western blotting analysis for ER stress-

related markers CHOP and GRP78 proteins 

Proteins expression of CHOP and GRP78 were 

determined by using Western blotting analysis. 

The antibody used were anti-CHOP (#D46F1, Cell 

signaling, Baverly, MA, USA),anti-GRP78 

(#11587-1-AP, Proteintech, San Diego, CA, USA), 

and anti-β actin (housekeeping protein) (#sc-

47778, Santa Cluz Biotechnology, Texas, 

USA).The Bio-Rad Inc. ReadyPrepTM protein 

extraction kit (Catalogue #163-2086) was used for 

soleus muscle tissue proteins extraction. Proteins 

were then electrophoretically transferred 

topolyvinylidenedifluoride membranes and probed 

with CHOP and GRP78 antibodies overnight at 

4 °C after blocking in 5% non-fat milk in Tris-

buffered saline with Tween-20. Secondary 

peroxidase-coupled antibodies were conjugated 

and a chemiluminescent substrate system was used 

to detect signals. Image analysis software was used 

to read the band intensity of the target proteins 

against control sample β -actin by protein 

normalization on the ChemiDoc MP imager 

(Biorad, Hercules, CA, USA). 

V- Histopathological evaluation of the soleus 

muscle 

The excised left soleus muscles were fixed in a 

10% neutral buffered formalin solution for 24 

hours, embedded in paraffin, sectioned at 5 μm 

thickness, and stained with hematoxylin and eosin 

https://en.wikipedia.org/wiki/Glyceraldehyde_3-phosphate_dehydrogenase
https://en.wikipedia.org/wiki/Glyceraldehyde_3-phosphate_dehydrogenase
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(H&E).Slides were digitized using Olympus
®

 

digital camera installed on Olympus
®
 microscope 

with 1/2 X photo adaptor, using 20 X objective. 

The result images were analyzed on Intel
®
 Core 

I7
®
 based computer using Video Test 

Morphology
®
 software (Russia) with a specific 

built-in routine for area measurement and object 

counting and geometrical analysis. Fiber area and 

number of nuclei per fiber were assessed. 

VI- Statistical analysis 

For statistical analysis, SPSS for Windows 

(Version 20.0; SPSS Inc., Chicago, Illinois) was 

employed. In order to assess the significance of 

differences between more than two groups, One-

way analysis of variance (ANOVA) was utilized. If 

it showed a significant difference, LDS post hoc 

test was used to analyze the differences within 

each group. Results are given as the mean ± 

standard deviation (SD) of the mean.  p value of 

0.05 or less was regarded as significant. Pearson's 

correlation coefficient (r) 2-tailed test was used to 

examine the correlations between the parameters.  

A p-value ≤ 0.05 was considered statistically 

significant. 

Results  

The effect of HFD, EX, and LP-CUR on 

anthropometric measurements (Table 2) 

BWG% reported in the HFD group was 

significantly raised to 112.6% compared to 33.3% 

in the control group. It was linked with a 

significant increase in the BMI in contrast to the 

BMI in control group (P < 0.05). Also, the HFD-

fed rats group exhibited a significant increase in 

the food intake with respect to the control group (P 

< 0.05). Similarly, a rise in the fat pad mass (42%) 

at the expense of reduced LBM (56%) was 

recorded in the HFD group to a level that is 

comparable to that of the control group (15% and 

82.5%, respectively) (P < 0.05). 

EX training and/or LP-CUR administration along 

with HFD ingestion had a conservative impact 

against such HFD-associated changes; there were 

observable declines in the BWG%, BMI, food 

intake, and fat pad mass with an evident rise in 

LBM in comparison to the HFD group (P < 0.05). 

The combined EX and LP-CUR regimen presented 

better findings, with an obvious increase in the 

LBM of 85% at the expense of fat pad mass of 

13% that was significant to their corresponding 

(82.5% and 15%, respectively) in the control group 

(P < 0.05). 

The effect of HFD, EX, and LP-CUR on glucose 

homeostasis (Table 3) 

The HFD-fed group exhibited significant 

hyperglycemia and hyperinsulinemia, as well as an 

increase in the insulin resistance index HOMA-IR 

versus the normal diet-fed control group (P < 

0.05). Furthermore, there was a statistically 

significant reduction in peripheral insulin 

sensitivity as indicated by the decline in QUICKI 

index in the HFD group versus the control (P < 

0.05). 

The EX training and/or LP-CUR beside HFD 

ingestion preserved the glucose homeostasis state. 

There were significant decreases in the serum 

glucose, insulin, and HOMA-IR when compared to 

the HFD group (P < 0.05), with much lower values 

in the combined management. The insulin 

sensitivity state was substantially improved, and 

the QUICKI index increased and became closer to 

the normal value in the HFD + EX, HFD + LP-

CUR, and HFD + LP-CU+ EX groups (P < 0.05). 

Effect of HFD, EX, and LP-CUR on serum lipid 

profile (Table 4) 

The lipid profile in the HFD group revealed 

dyslipidemia compared to the control group. There 

were observable increases in serum TGs, TC, 

LDL, and VLDL, but significant decrease in the 
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protective HDL levels (P < 0.05). On the other 

hand, intervention by EX training and/or LP-CUR 

administration significantly prevented such HFD-

associated dyslipidemia (P < 0.05) since the 

previous parameters were reversed in comparison 

to the HFD group. 

The effect of HFD, EX, and LP-CUR on 

oxidative stress-related markers (Table 5) 

In the HFD group, there was a significant increase 

in the lipid peroxidation as indicated by MDA 

levels when compared to control group (P < 0.05). 

Furthermore, EX training and/or LP-CUR 

administration to HFD-fed rats tended to decrease 

lipid peroxidation levels compared to the HFD 

group (P < 0.05). Moreover, serum SOD and 

catalase antioxidant activities were significantly 

reduced in the HFD group versus the control one 

(P < 0.05). Fortunately, EX training or LP-CUR 

along with HFD ingestion preserved the 

antioxidant status and caused an observable rise in 

the SOD and catalase activities compared to HFD 

group (P < 0.05). Combined regimen with HFD 

recorded higher antioxidant vales compared to 

either EX or LP-CUR alone regimen with HFD (P 

< 0.05). 

Table 1 Composition of the experimental diets 
Nutrient composition and ingredients (grams per kilogram) of the experimental 

diets  
Contents(g/kg diet) ND HFD 

Cornstarch 620.7 250.7 

Casein (≥85% protein) ) 140.0 190.0 
Sucrose 100.0 100.0 

Soybean oil  40.0 40.0 

Fiber  50.0 50.0 

Lard  ------- 320.0 

AIN- 93 Mineral mix 35.0 35.0 

AIN- 93 Vitamin mix 10.0 10.0 

Choline  2.5 2.5 

Antioxidant 0.008 0.008 

L-Cystin 1.8 1.8 

Energy intake/gm of diet 3.573 5.404 

 

ND; normal diet, HFD; high-fat diet [13] 

Table 2 Anthropometric parameters in the experimental groups 
 

Parameters Experimental groups 
Group 1 

Control 

Group 2 

HFD 

Group 3 

HFD+EX 

Group 4 

HFD+LP-CUR 

Group 5 

HFD+LP-CUR+EX 

Initial BW (g) 198.29 ± 5.4 198.0 ± 2.4 198.1 ± 4.5 198.2 ± 4.6 197.9 ± 3.6 

Final BW (g) 264.1 ± 10.1 425.1 ± 10.6 a 294.3 ± 9.7a, b 298.7 ± 6.8a, b 275.1 ± 3.5a,b,c,d 

BWG (%) 33.3 ± 5.2 112.6 ± 8.2a 49.8 ± 5.2 a, b 50.8 ±4.7a, b 40.2 ± 4.1a,b,c,d 

Food intake 

(g/day/rat) 

11.99 ± 0.54 32.5 ± 2.5 a 18.71± .53a, b 18.95±.38a, b 15.01± 1.3a,b,c,d 

BMI (g/cm2) 0.49 ± .03 0.88 ± .11a 0.60 ± .04 a, b 0.64± .07a, b 0.57± .03a,b,d 

Fat pad mass 

(g)& % from final 

BW 

39.62 ±1.5 

(15%) 

178.56 ± 4.4a 

(42%) 

85.34± 2.8 a, b 

(29%) 

89.2 ± 2.8 a, b, c 

(29%) 

35.77 ± .45a,b,c,d 

(13%) 

LBM (g)& its % 

from final BW 

217.92 ± 8.3 

(82.5 %) 

238.08 ± 5.9 a 

(56%) 

206.0 ± 6.8a, b 

(70%) 

206.1± 4.7a, b 

(70%) 

233.9± 2.9a,c,d 

(85%) 

Data are expressed as mean ± standard deviation SD; n = 7, a P < 0.05 significant difference compared with the Group 1; 
b P < 0.05 significant difference compared with the Group 2; c P < 0.05 significant difference compared with Group 3; d P 

< 0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; Exercise, LP-CUR; Liposomal 

curcumin, BW; body weight, BWG; body weight gain percentage, BMI; body mass index, LBM; lean (fat-free) body 

mass 
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Table 3 Glucose homeostasis-related parameters in the experimental groups 

 

Parameters Experimental groups 
Group 1 

Control 

Group 2 

HFD 

Group 3 

HFD+EX 

Group 4 

HFD+LP-CUR 

Group 5 

HFD+LP-CUR+EX 

Glucose 

(mg/dl) 
90.57 ± 6.6  190.3 ±7.6a  136.7± 5.6a, b 138.8 ±7.4a,b 97.4 ±1.7a,b,c,d 

Insulin 

(μU/mL) 
7.87 ± .68 18.0 ± .67a 10.2 ±.39a, b 10.69 ± .68a,b 8.6 ±.38a,b,c,d 

HOMA-IR 1.76 ± .27 8.47 ± .63a 3.44±  .18a, b 3.67±.33a, b 2.08 ± .10b,c,d 

QUICKI 0.50 ± .01 0.43 ± .00a 0.46± .00a, b 0.46 ± .00a, b 0.49± .00a,b,c,d 
 

Data are expressed as mean ± standard deviation SD; n = 7, aP < 0.05 significant difference compared with the Group 1; b 

P < 0.05 significant difference compared with the Group 2; c P < 0.05 significant difference compared with Group 3; d P < 

0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; Exercise, LP-CUR; Liposomal 
curcumin,HOMA-IR, homeostasis model assessment of insulin resistance, QUICKI; Quantitative insulin-sensitivity 

check index 

 

Table 4 Lipid profile in the experimental groups 

 

Parameters Experimental groups 
Group 1 

Control 

Group 2 

HFD 

Group 3 

HFD+EX 

Group 4 

HFD+LP-CUR 

Group 5 

HFD+LP-CUR+EX 

TGs (mg/dl) 35.29 ± 3.4 119.57 ± 5.3a 57.28 ± 4.3 a, b 67.86 ± 4.8a,b,c 42.29 ±2.7a,b,c,d 

TC (mg/dl) 48.0 ± 3.2 125.2 ± 1.5a 79.4 ± 4.2 a,b 95.8 ±  3.1a,b,c 68.4 ± 3.9a,b,c,d 

LDL (mg/dl) 15.3 ± 2.5 89.1 ± 4.2a 39.0± 2.9 a,b 54.7 ± 4.4 a,b,c 22.8 ± 2.5 a,b,c,d 

VLDL (mg/dl) 7.05 ± .67 23.9 ± 1.08a 11.5 ± .87 a,b 13.6 ± .96 a,b,c 8.45 ±.53a,b,c,d 

HDL (mg/dl) 29.7 ± 2.1 14.57 ± 1.72a 23.3 ± 3.14 a,b 22.5 ± 1.39  a,b 26.8 ± 3.13 a,b,c,d 
 

Data are expressed as mean ± standard deviation SD; n = 7, a P < 0.05 significant difference compared with the Group 1; 
b P < 0.05 significant difference compared with the Group 2; c P < 0.05 significant difference compared with Group 3; d P 

< 0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; Exercise, LP-CUR; Liposomal 
curcumin, TGs; Triglycerides, TC, Total cholesterol, LDL, Low-density lipoprotein-cholesterol; VLDL; very low-density 

lipoprotein-cholesterol, and HDL; high-density lipoprotein-cholesterol 

 

Table 5 Oxidative stress-related parameters in the experimental groups 
 

Parameters Experimental groups 
Group 1 

Control 

Group 2 

HFD 

Group 3 

HFD+EX 

Group 4 

HFD+LP-CUR 

Group 5 

HFD+LP-CUR+EX 

MDA (nmol/l) 5.01 ± .56 10.7± .56 a 7.9± .41 a, b 8.4 ±.45 a, b 5.53±.40 b,c,d 

 

SOD (pg/ml) 

 

64.8 ±3.38 

 

21.0±2.16  a 

 

39.5±3.40 a, b 

 

41.1± 1.57a, b, c 

 

61.6±1.9 a,b,c,d 

Catalase (IU/L) 54.9 ±2.96 17.0± 2.16 a 30.3±2.69 a, b 32.5±2.63a, b 50.2±3.74 a,b,c,d 

 

Data are expressed as mean ± standard deviation SD; n = 7, a P < 0.05 significant difference compared with the Group 1; 
b P < 0.05 significant difference compared with the Group 2; c P < 0.05 significant difference compared with Group 3; d P 

< 0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; Exercise, LP-CUR; Liposomal 

curcumin, MDA; malondialdehyde, and SOD; superoxide dismutase 
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Effect of HFD, EX, and LP-CUR on 

densitometric expression of ER stress-related 

proteins, CHOP and GRP78 (Fig.1) 

Comparing the HFD group to the control group, 

there was noticeably higher levels of densitometric 

expression of CHOP, but a substantial decline in 

GRP78 (P< 0.05). The HFD + EX, HFD + LP-

CUR, and HFD + LP-CU+ EX groups had 

significantly lower levels of CHOP while, 

significantly higher levels of GRP78 (P< 0.05). 

Also, better values were observed in the combined 

EX + LP-CUR regimen with HFD-fed group 

compared to either EX or LP-CUR alone regimen 

with HFD (P< 0.05). 

 

Figure 1 Western blotting with densitometric quantification of CHOP and GRP78 expression in soleus 

muscle 

Representative blots of CHOP and GRP78 protein expression in soleus muscle with their densitometric 

quantifications. Data are expressed as mean ± standard deviation SD; n = 7, 
a 
P < 0.05 significant difference 

compared with the Group 1; 
b 
P < 0.05 significant difference compared with the Group 2; 

c 
P < 0.05 significant 

difference compared with Group 3; 
d 

P < 0.05 significant difference compared with the Group 4. HFD; High-

fat diet, EX; Exercise, LP-CUR; Liposomal-curcumin, CHOP, CCAAT-enhancer-binding protein homologous 
protein; GRP78, Glucose-regulated protein 78 

 

The effect of HFD, EX, and LP-CUR on 

FBN1/asprosin/OLFR734 pathway (Fig.2 and 

Table 6) 

Interestingly, the HFD group exhibited an up-

regulation in the asprosin pathway. There was a 

rise in the serum asprosin level (Table 6) in line 

with a significant increase in its synthesizing gene 

FBN1 (Fig. 2A) in the WAT (P< 0.05). 

Furthermore, the asprosin-targeted receptor 

OLFR734 (Fig. 2B) was substantially up-regulated 

in soleus muscle of HFD group with respect to the 

control one (P< 0.05). 
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EX training and LP-CUR considerably suppressed 

the asprosin pathway. Significant lower levels of 

serum asprosin, WAT FBN1, and soleus OLFR734 

were documented in the HFD + EX, HFD + LP-

CUR, and HFD + LP-CU+ EX groups in 

comparison to the HFD group (P< 0.05). 

Moreover, much lower values were recorded in the 

combined EX and LP-CUR regimen with respect 

to the single one (P< 0.05).  

Effect of HFD, EX, and LP-CUR on SLN and 

SERCA proteins (Table 6) 

To explore the prospect of EX and LP-CUR as a 

strategy for increasing thermogenesis and energy 

expenditure in skeletal muscle, we investigated the 

SLN/ SERCA levels. Our data revealed that soleus 

muscle SLN and SERCA protein levels were 

greatly suppressed in HFD group when compared 

to the control group (P < 0.05). With respect to the 

HFD group, EX training or LP-CUR ingestion 

with HFD groups prevented such decline and 

exhibited significant increases in their levels (P < 

0.05).In Addition, more increase was observed in 

the combined regimen HFD + LP-CUR + EX 

group in relation to the only one regimen (P < 

0.05). 

Effect of HFD, EX, and LP-CUR on soleus 

muscle mitochondrial markers (Table 7 and 

Fig. 2) 

Our findings suggested that HFD ingestion 

reduced indices of muscle mitochondrial 

biogenesis and activity, while EX and LP-CUR 

improved them significantly (P < 0.05).To explore 

the underlying signal transduction involved in such 

effect, the mRNA expression levels of the 

transcriptional regulator of mitochondrial content 

and biogenesis, PGC1α, and the mitochondrial 

uncoupler thermogenic marker, UCP1 were 

assessed in addition to the CS activity as a marker 

for mitochondrial functions. HFD-fed group 

exhibited significant down-regulation in mRNA 

expression levels of PGC1α and UCP1 (Fig. 2C & 

2D), as well as reduced the CS activity (Table 7) in 

comparison to the control (P < 0.05). On the 

contrary, EX or LP-CUR, although of concomitant 

HFD ingestion, displayed marked up-regulation in 

their expressions and CS activity versus HFD 

group (P < 0.05). Their combination improved 

these parameters further more (P < 0.05).  

Effect of HFD, EX, and LP-CUR on the soleus 

muscle SDH activity, serum FFA, and blood 

lactate (Table 7) 

To explore the muscle substrate utilization 

preference, fuel handling, during HFD ingestion 

and EX or LP-CUR management, we investigated 

SDH activity and FFAs levels (indicators for the 

oxidative metabolic capacity of the skeletal 

muscle) in addition toblood lactate (a biochemical 

parameter related to anaerobic glycolysis and 

fatigue). 

The HFD considerably decreased SDH activity in 

line with significant increase in the serum FFAs 

and blood lactate levels compared to the normal 

diet in the control group (P < 0.05), indicating 

lower aerobic and enhanced anaerobic capabilities. 

On the contrary, the EX training or LP-CUR 

administration along with the HFD ingestion 

significantly prevented such changes and  

enhanced SDH activity, reduced  FFAs and blood 

lactate levels with respect to the HFD group (P < 

0.05). These findings indicated a shift toward 

higher oxidative potential and less reliance on 

anaerobic glycolysis. The combination of both 

produced the more significant effect than single 

interference (P < 0.05). 
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Figure 2 Relative mRNA expressions of FBN1, OLFR734, PGC1α, and UCP1 in the experimental 

groups  

Data are expressed as mean ± standard deviation SD; n = 7, 
a 
P < 0.05 significant difference compared with 

the Group 1; 
b 

P < 0.05 significant difference compared with the Group 2; 
c 

P < 0.05 significant difference 
compared with Group 3; 

d 
P < 0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; 

Exercise, LP-CUR; Liposomal-curcumin, FBN1; Fibrillin, OLFR734, olfactory receptor 734; PGC1α, 

peroxisome proliferator activated receptor gamma coactivator-1 alpha; UCP1, uncoupling protein 1  

 

Table 6 Serum asprosin and soleus muscle SLN and SERCA proteins levels in the experimental 

groups 

 

Parameters Experimental groups 
Group 1 
Control 

Group 2 
HFD 

Group 3 
HFD+EX 

Group 4 
HFD+LP-CUR 

Group 5 
HFD+LP-CUR+EX 

Asprosin (ng/ml) 5.94 ± .22  18.8 ± .71a 12.0 ± .34a,b 12.6 ±.40a, b, c 7.99 ±.38a,b,c,d 

SLN (ng/ml) 8.42 ± .62 3.31 ± .32a 5.82 ±.38a, b 5.24 ± .44a, b, c 7.27 ± .52a,b,c,d 

SERCA (ng/ml) 7.22 ± .41 2.36 ± .21a 4.71 ± .26 a, b 4.38 ± .25 a, b, c 5.14 ± .21a,b,c,d 

 
Data are expressed as mean ± standard deviation SD; n = 7, a P < 0.05 significant difference compared with the Group 1; 
b P < 0.05 significant difference compared with the Group 2; c P < 0.05 significant difference compared with Group 3; d P 

< 0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; Exercise, LP-CUR; Liposomal 

curcumin, SLN; Sarcolipin, SERCA; Sarco/endoplasmic reticulum Ca2+‏-ATPase, 
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Table 7 Soleus muscle CS and SDH enzyme activities, serum FFA, and blood lactate levels in 

the experimental groups 
 

Parameters Experimental groups 

Group 1 

Control 

Group 2 

HFD 

Group 3 

HFD+EX 

Group 4 

HFD+LP-CUR 

Group 5 

HFD+LP-CUR+EX 

CS 

(nmol/min/mg 

protein) 

315.4 ± 11.5  199.4± 6.7 a 241.7 ± 7.4a,b 242.5 ± 7.5 a, b 309.3 ±3.3b,c,d 

SDH 
(nmol/min/mg 

protein. 

 4.55 ± .62 1.71 ± .16 a 3.67 ± .63a, b 3.45 ± .48a, b 4.46 ± .31b,c,d 

FFA (mEq/L) 0.22 ±.03 1.1 ±.05 a 0.36 ± .02 a, b 0.40 ±.03 a, b 0.25±.03b,c,d 

Blood lactate 

(mmol/L) 
9.33 ± .49  13.7 ± .43a 11.4 ± .37a,b 11.6 ± .26a, b 9.37 ± .32b,c,d 

 
Data are expressed as mean ± standard deviation SD; n = 7, a P < 0.05 significant difference compared with the Group 1; 
b P < 0.05 significant difference compared with the Group 2; c P < 0.05 significant difference compared with Group 3; d P 

< 0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; Exercise, LP-CUR; Liposomal 

curcumin, CS; citrate synthase, SDH; succinate dehydrogenase, FFA; Free fatty acids 

 

Effect of HFD, EX, and LP-CUR on core body 

temperature and endurance performance (Fig. 3) 

On measuring the rectal body temperature, the 

HFD showed substantially reduced body 

temperature in comparison to the control group (P 

< 0.05). Conversely, when we considered the 

effect of either EX and/or LP-CUR, there was a 

significant rise in the core temperature compared 

to the HFD group with the highest recorded 

temperature in the combined group (P < 0.05). 

These findings indicated the thermogenic effect of 

both EX training and LP-CUR administration (Fig. 

3A). 

Most importantly, time to exhaustion, as an index 

for physical endurance, was profoundly lessened in 

the HFD group versus the control group (P < 

0.05). When we considered the effect of EX and/or 

LP-CUR with HFD ingestion, there was a 

significant increase in time to exhaustion among 

these groups, with LP-CUR+ EX group showed 

the longest time to exhaustion in comparison to 

other managed groups (P < 0.05). This referred to 

the improved physical activity and endurance (Fig. 

3B). 

The impact of HFD, EX, and LP-CUR on the 

histopathological features of soleus muscle (Fig. 4) 

The histopathological finding of the control group 

revealed polygonal soleus muscle fibers arranged 

in fascicles with peripheral nuclei (Fig. 4A). On 

the contrary, HFD ingestion for 8 weeks resulted 

in marked disruption and disorganization of soleus 

fibers, wide inter cellular spaces, inflammatory 

cells between fibers and congestion in blood 

vessels in the HFD group (Fig. 4B1 &4B2). 

Moreover, the EX training or LP-CUR beside 

HFD ingestion caused little HFD-induced muscle 

changes; there were less widening in the inter-

cellular spaces, few inflammatory cells infiltration 

between the hypotrophied and disorganized fibers, 

and normal blood vessels in HFD + EX and HFD 

+ LP-CUR groups(Fig. 4C and 4D) respectively. 

Furthermore, the combined in the HFD+LP-

CUR+EX group preserved the soleus muscle fibers 

architecture more or less near to the normal with 
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less inter-cellular spaces and fewer inflammatory 

cells infiltrate (Fig. 4E). 

In addition, the morphometric analysis for the 

fiber-surface area (Fig. 4F), the number of nuclei 

per fiber (Fig. 4G), and number of inflammatory 

cells (Fig. 4H) were executed. There was a 

significant decline in the fiber-surface area and the 

number of nuclei per fiber but an increase in the 

number of inflammatory cells values in HFD 

group compared with the control group (P < 0.05). 

On the other side, intervention by EX, LP-CUR, or 

their combination resulted in notable higher values 

of fiber-surface area and the number of nuclei per 

fiber while, lower inflammatory cells versus the 

HFD group (P < 0.05). These data indicated a 

conservative effect of either EX training or LP-

CUR administration in line with HFD ingestion 

with better impact of their combination on fiber 

surface area and nuclei number. 

Correlation between the assessed parameters 

(Fig. 5) 

Serum asprosin and other parameters showed 

significant correlations (P < 0.05). Importantly, it 

had positive correlations with serum glucose (r = 

0.984), insulin (r = 0.943), Food intake (r = 0.965), 

TGs (r = 0.964), MDA (r = 0.963), and CHOP (r = 

0.910) levels. On the contrary and most 

interestingly, asprosin showed a negative 

correlation with QUICKI (r = -0.975), HDL (r = -

0.910), GRP78 (r = - 0.865), SHD (r = - 0.891), 

SLN (r = - 0.955), and SERCA (r = - 0.944). 

 

 

Figure 3 Body temperature and time to exhaustion in the experimental groups 

Data are expressed as mean ± standard deviation SD; n = 7, 
a 
P < 0.05 significant difference compared with 

the Group 1; 
b 

P < 0.05 significant difference compared with the Group 2; 
c 

P < 0.05 significant difference 

compared with Group 3; 
d 
P < 0.05 significant difference compared with the Group 4. HFD; High-fat diet, EX; 

Exercise, LP-CUR; Liposomal-curcumin 
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Figure 4 Photomicrographs of cross sections in rat’s soleus muscle fibers stained with Hematoxylin and 

Eosin (H&E X400). 

Fig. 4A of control group that shows polygonal fibers (stars) arranged in fascicles with peripheral nuclei (black 

arrows); Fig. 4B1 and B2 represents HFD group that shows disruption and disorganization of fibers (stars), 

wide inter cellular spaces (curved black arrows), inflammatory cells between fibers (black arrows), and 

congestion in blood vessels (red arrow). Fig. 4C of HFD + EX group showing hypotrophied (stars) and 

disorganized fibers, wide inter cellular spaces (curved black arrows), few inflammatory cells infiltration 

between fibers (black arrow), and normal blood vessels (red arrows). Fig.4D of HFD + LP-CUR group 

showing disorganized and hypotrophied fibers (stars), wide inter cellular spaces (curved black arrows), 

inflammatory cells infiltration between fibers (black arrows) and congested blood vessels (red arrow). Fig. 4E 

HFD+LP-CUR+EX group shows fibers that are near to the normal (stars), with a little widening in inter-

cellular spaces  and few inflammatory cells infiltrate (black arrows). Fig. 4F, Fig. 4G, and Fig. 4H shows the 

morphometric analysis for the fiber surface area, the number of nuclei per fiber, and number of inflammatory 

cells, respectively in the experimental groups. Data are expressed as mean ± standard deviation SD; n = 7, 
a 
P 

< 0.05 significant difference compared with the Group 1; 
b 

P < 0.05 significant difference compared with the 

Group 2; 
c 
P < 0.05 significant difference compared with Group 3; 

d 
P < 0.05 significant difference compared 

with the Group 4. HFD; High-fat diet, EX; Exercise, LP-CUR; Liposomal-curcumin 
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Figure 5 Correlation analyses between asprosin and glucose, insulin, QUICKI, Food intake, TGs, HDL, 

MDA, CHOP, GRP78, SDH, SLN, and SERCA parameters 

It was analyzed using Pearson’s correlation coefficient (r) 2-tailed test. A p-value of less than 0.05 was 

considered statistically significant. QUICKI; Quantitative insulin-sensitivity check index, TGs; triglycerides, 

HDL; high-density lipoproteins, MDA; malondialdehyde, CHOP, CCAAT-enhancer-binding protein 

homologous protein; GRP78, Glucose-regulated protein 78, SDH; Succinate dehydrogenase, SLN; Sarcolipin, 

SERCA; Sarco/endoplasmic reticulum Ca2+‏-ATPase 

Discussion 

Increasing energy expenditure and reducing fat 

synthesis is the key in tackling obesity and the 

related co-morbidities. The data presented in this 

study revealed the anti-adiposity and insulin-

sensitizing impact of either EX or LP-CUR via up-

regulation of SLN/SERCA-mediated skeletal 

muscle-based thermogenesis. In addition, they 

exerted a negative impact on the fibrillin 

1/asprosin/OLFR734 pathway, the major 

contributor of HFD-induced obesity and insulin 

resistance. They, in addition, preserved redox 

homeostasis and ER functions. 

In the current work, HFD ingestion for 8 weeks 

resulted in an obvious rise in BWG%, BMI, fat 

pad mass, but a decline in the LBM compared to 

control group. HFD-fed rats exhibited metabolic 

dysfunctions; dyslipidemia, insulin resistance, 

oxidative imbalance, and WAT expansion in 

addition to soleus muscle fibers disruption and 
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disorganization. These findings agreed with others 

[15, 31]. 

Novel adipokines secreted from WAT are being 

discovered every day, and their association with 

diabetes pathogenesis or prognosis is increasing. In 

line with these interests, our data revealed that the 

adipokine asprosin, at both mRNA and protein 

levels, was substantially overexpressed in the HFD 

group with respect to the control. This is because 

hyperlipidemia stimulates asprosin mRNA 

expression [32].  

In addition, there were positive correlations 

between asprosin levels and serum glucose, 

insulin, and HOMA-IR levels while negatively 

correlated with QUICKI, insulin sensitivity index. 

Our results were as in plenty of other studies that 

documented higher asprosin levels in obese mice 

and humans with insulin resistance; in addition, 

they recommended the possibility of asprosin 

levels being taken as a biomarker for the early 

diagnosis of diabetes and monitoring its 

progression [33–35]. In support of these findings, 

when specific asprosin antibodies were 

constructed, the insulin resistance was ameliorated 

and blood glucose and insulin levels were 

normalized in animal models [36]. However, we 

should consider another research that did not 

confirm a positive correlation between asprosin 

and HOMA-IR, but this finding could be explained 

by the abnormal metabolic behavior related to the 

pathological pregnancies as gestational diabetes 

and preeclampsia [37]. 

The FBN1/asprosin/OLFR734 pathway 

mechanistically stimulates hepatic 

gluconeogenesis by using cyclic adenosine 

monophosphate (cAMP) as a second messenger 

[36]. Interestingly, OLFR734 deficiency also 

dramatically attenuates HFD-induced glucose 

production [6]. Based on the aforementioned, these 

data were expressing the value of the 

asprosin/OLFR734 pathway in glucose 

homeostasis and resulted in the characterization of 

asprosin as a glucogenic hormone. 

To get further insight into the molecular 

mechanisms underlying the asprosin daibetogenic 

effect, we investigated the possible involvement of 

the SERCA pump being a critical factor in the 

maintenance of sarco/endoplasmic reticulum 

calcium balance and homeostasis as well as 

important for the insulin signaling and utilization 

in skeletal muscle. 

Herein, HFD-induced asprosin surge resulted in a 

decline in soleus SERCA protein expression and 

augmented ER stress-related markers as indicated 

by GRP78 depression and CHOP overexpression 

in comparison to the control group. Furthermore, 

serum asprosin was positively correlated with 

CHOP while negatively correlated with GRP78. In 

support of this, Jung and coauthors [32] proved 

that asprosin diminishes SERCA mRNA 

expression in the soleus muscle of mice fed HFD 

and in C2C12 cells and eventually augments ER 

stress. These results demonstrate that asprosin 

promotes skeletal muscle insulin resistance via a 

SERCA-dependent ER stress-dependent pathway. 

Moreover, dyslipidemia and oxidative stress are 

also major triggering factors for ER stress. In our 

model, HFD-associated oxidative radicals, due to 

decreased antioxidant enzymes, SOD and catalase, 

activity and increased MDA levels in addition to 

dyslipidemia in the form of an increase in serum 

TGs, TC, VLDL, and LDL, but HDL decline in the 

HFD-fed group versus the control group, were 

documented. So, they trigger ER stress besides the 
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SERCA suppression. These eventually disrupt 

insulin signaling and impair skeletal muscle 

insulin sensitivity. Since skeletal muscle stands the 

foremost organ for glucose uptake by insulin, 

therefore SERCA up-regulation could recover the 

deterioration of skeletal muscle insulin sensitivity, 

which is vital for managing diabetes. 

Food intake, BWG%, and BMI of rats in the HFD 

group were noticeable higher than in the control 

group. In addition, food intake was positively 

correlated with serum asprosin. In support of our 

findings, Mishra et al. have found that asprosin 

neutralization with a specific antibody was 

reported to cause a simultaneous decline in food 

intake and body weight in a mouse model of 

metabolic syndrome [38]. Thus, asprosin could be 

identified as an orexigenic hormone. 

The mitochondrial biogenesis and functions as 

indicated by PGC1α, UCP1, and CS activity were 

significantly diminished in the HFD group with 

respect to the control. Those findings led to 

reduced thermogenesis that eventually resulted in 

the reduction in the rectal body temperature in the 

HFD group versus the control. The reduced energy 

expenditure allows WAT expansion and the 

increase in fat pad mass at the expense of LBM. In 

support of our data, Miao and coauthors revealed 

that the asprosin overexpression group exhibited a 

prominent decline in the thermogenic genes UCP1 

and PGC1α in addition to rising adipogenic gene 

expressions that aggravate lipid deposition, 

allowing WAT enlargement. They also reported 

that asprosin overexpression made mice more 

difficult to maintain their body temperature due to 

decreases in energy expenditure and thermogenesis 

[39]. Thus, asprosin negatively regulated 

thermogenesis and promoted adipogenesis in a 

vicious circle mechanism, being an adipokine 

released from WAT. Considering these data, a 

strategy based on augmented thermogenesis could 

effectively abrupt this vicious circle and be crucial 

to the treatment of adiposity and its related 

comorbidities. 

Since exercise can recover the outcomes of 

metabolic disorders, it was reasonably expected to 

affect the asprosin release and its metabolic 

sequels. Interestingly, in support of this data, the 

asprosin-encoding gene FBN1 was reported to be 

plentifully expressed in mesoangioblasts derived 

from myocytes, osteoplastic cells, and 

mesenchymal stem cells [7]. This indicates the 

potential and promising role of the 

musculoskeletal system in the regulation of 

asprosin. Herein, compared to the HFD group, the 

exercise-trained HFD-fed rats exhibited lower 

asprosin pathway at both the mRNA and protein 

levels, in line with lower glucose, insulin, HOMA-

IR, food intake, BWG%, fat pad mass, MDA, and 

CHOP protein expression. On the other hand, there 

were evidently higher QUICKI indexes, a good 

lipid profile, a rise in LBM, increased antioxidant 

enzymes, and GRP78 protein expression. In 

support of our findings, the majority of available 

literature detected the lowering impact of exercise 

training on asprosin, lipid profile, insulin, and 

glucose levels [14, 40]. 

Unfortunately, a limitation to engaging in a regular 

physical activity may exist either due to obesity-

related movement sluggishness or lifestyle 

sedentary. So, searching for an alternative or 

complementary tool is also required. Curcumin has 

a potential role in the treatment and prevention of 

various chronic diseases [41]. However, little is 

known about its effect on the energy metabolism 
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in muscle. Liposomal preparation of curcumin 

increases its efficacy. In the present study, LP-

CUR-treated HFD-fed rats, when compared to the 

HFD group, reported an improvement in 

anthropometric parameters, glucose, insulin, 

HOMA-IR, and lipid profiles, with a greater 

increase in HDL levels, antioxidant levels, and 

mitochondrial and ER-stress-related markers. Our 

data were in agreement with previous studies that 

referred to anti-hyperglycemic, anti-

hyperlipidemia, and redox homeostatic effects in 

type 2 diabetic rats and patients upon curcumin 

usage [42, 43]. Another supporting result reported 

that CUR attenuates ER stress and suppresses the 

cAMP/protein kinase A pathways and thus inhibits 

asprosin-mediated hepatic gluconeogenesis [44]. 

Moreover, Gokdemir et al. [45] have verified that 

CUR is a hypoglycemic compound and has similar 

effects on glucose metabolism as metformin or 

gliclazide anti-diabetic drugs. 

Most importantly, the discovery of SLN as an 

uncoupling protein of the SERCA pump provides a 

promising target to increase muscle-based 

thermogenesis. SLN performs a double regulation 

of muscle metabolism. This includes stimulation of 

useless SERCA pump activity, creating an energy 

demand state, and exerting a pivotal role in muscle 

thermogenesis. In addition, it is fundamental for 

mitochondrial biogenesis and fatty acid 

oxidation.SLN-knockout muscles showed less 

mitochondrial count and cristae and a rise in the 

glycolytic enzymes. That is because SLN 

modulates high local cytosolic Ca
2+

 concentration, 

allowing flux of Ca
2+

 into the mitochondria, and 

causes recruitment and activation of PGC1α, 

increasing mitochondrial biosynthesis and ATP 

production. Thus, SLN/SERCA interaction creates 

a state of chronic increase in energy demands by 

futile ATP hydrolysis [46]. Thus, SLN mimics the 

exercise effect to increase energy expenditure, and 

a higher SLN provides resistance against diet-

induced obesity. 

In line with these SLN-mediated physiological 

mechanisms, it was found that SLN-knockout mice 

have become obese on HFD due to lost muscle-

based thermogenesis. On the contrary, SLN-

overexpressing mice significantly gained less 

weight than wild-type mice and were resistant to 

HFD-induced obesity [47]. Moreover, these SLN-

overexpressing mice showed improved 

mitochondrial health and enhanced exercise 

performance compared to control mice [48, 49]. 

More interestingly, the data of the current study 

revealed overexpression in the SLN and SERCA 

proteins on either EX or LP-CUR treatment 

compared to the HFD group, which means they 

can counteract the asprosin-mediated HFD effects 

also through SLN/SERCA up-regulation. This was 

in agreement with an increase in the SLN gene 

upon voluntary wheel running, indicating that 

exercise training can recruit SLN-mediated 

signaling [4]. In addition, LP-CUR augmented 

mitochondrial biogenesis and function as well as 

SLN/SERCA proteins. This denotes increased 

thermogenesis and reduced fat mass with an 

increase in LBM that eventually reduced asprosin 

levels. A recently published study has reported 

CUR beneficial impacts on the diaphragmatic 

muscle dystrophy, mechanistically acting for 

SERCA up-regulation [50]. In addition, Choi and 

his colleges have revealed that CUR motivated 

thermogenesis by activating the SERCA/SLN axis 

and mitochondrial uncoupling in WAT [51]. 

Furthermore, it was demonstrated that curcumin 
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supplementation of 100 mg/kg body weight for 3 

days significantly increased the activity of 

mitochondrial enzymes in the skeletal muscle of 

rats with chronic obstructive pulmonary disease 

[52]. 

For the sequel of up-regulated soleus muscle 

SLN/SERCA, PGC1α, and UCP1 mRNA, and 

increased CS activity on muscle substrate 

utilization preference, fuel handling, during HFD 

ingestion, and EX or LP-CUR management, we 

investigated blood lactate and FFAs levels in 

addition to the SDH activity. Our results 

concerning blood lactate levels, as proof for 

increased anaerobic glycolysis, were augmented in 

the HFD group versus the control while it was 

decreased on intervention by EX and/or LP-CUR. 

In addition, EX and/or LP-CUR promoted an 

increase in the soleus muscle PGC1α, UCP1, and 

citrate synthase activity as biomarkers for 

increased mitochondrial biogenesis and functions, 

in addition to increased SDH activity as an 

indicator of the oxidative metabolic capacity, 

concomitantly with the reduction of serum FFAs 

and increased body thermogenesis concluded from 

rectal thermometry. These data revealed improved 

oxidative metabolic capacity of skeletal muscles 

that eventually resulted in enhanced exercise 

performance in the LP-CUR and/or exercise-

treated groups compared to the HFD group, as 

concluded from the swimming-until exhaustion 

test. One of the findings worth exploring is the 

synergistic effect of both EX training and LP-

CUR, known to increase the energy expenditure in 

muscle, having a better impact on asprosin-

induced changes in a combined therapy. Most 

importantly, no reported adverse effects due to 

augmented SLN exist in the muscle at both the 

structural and biochemical levels. It was consistent 

with that reported by Sopariwala et al. [49]. Rats in 

the EX and/or LP-CUR groups experienced a 

higher endurance capacity and improved muscle 

performance with a longer time to exhaustion. 

An illustration of the underlying molecular 

mechanism was shown in Fig. 6 

Conclusion 

While much progress has been achieved in 

decoding the pathophysiological activities of 

asprosin in the setting of obesity and diabetes, we 

identified, for the first time, SLN/SERCA 

upgrading as a possible pathway to antagonize its 

effects. It was by targeting non-shivering 

thermogenesis in one of the largest organs in the 

body, skeletal muscle. These findings put forward 

SLN/SERCA as a new avenue to mimic or 

augment the effects of exercise. Therefore, 

asprosin lowering and SLN/SERCA upgrading can 

be used as effective strategic goals for the 

treatment of obesity and its related comorbidities 
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Figure 6 A schematic diagram for the molecular mechanism 

WAT expansion, caused by HFD intake, resulted in excess asprosin production mediated by C-terminal 

cleavage of the pro-fibrillin protein. Asprosin reduced SERCA and initiated SERCA-dependent ER stress. It 
was indicated by a CHOP rise and GRP78 decline that eventually resulted in muscle insulin resistance. 

Asprosin also impairs mitochondrial functions and biogenesis due to the associated lowering of PGC1α and 

UCP1 and increased ROS production, depleting the antioxidant enzymes and increasing MDA. 
On the other side, EX and/or LP-CUR in concomitant with HFD antagonized the asprosin effects. They 

caused overexpression of SERCA and SLN proteins. The latter causes futile cycling of the SERCA pump with 

ATP hydrolysis without Ca
2+

 entry into the ER. The increased sarcoplasmic Ca
2+

 fluxes into the mitochondria 

and causes recruitment and activation of PGC1α, increasing mitochondrial biogenesis, ATP production, 
enzymes for oxidative metabolism, and energy expenditure. These effects eventually improved skeletal 

muscle insulin sensitivity and reduced WAT expansion with subsequent asprosin decline. 

HFD, high-fat diet; EX, exercise, LP-CUR, Liposomal curcumin, SERCA, Sarco/endoplasmic reticulum Ca2‏-
ATPase; SLN, Sarcolipin; CHOP, CCAAT-enhancer-binding protein homologous protein; GRP78, Glucose-

regulated protein 78;ER, Endoplasmic reticulum; FBN1, Fibrillin;OLFR734, olfactory receptor 734; PGC1α, 

peroxisome proliferator activated receptor gamma coactivator-1 alpha; UCP1, uncoupling protein 1; WAT, 
white adipose tissue; MDA, malondialdehyde, SOD, superoxide dismutase; ATP, adenosine triphosphate; 

ROS, reactive oxygen species. 
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