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Endurance exercise attenuates
Gag-RNAi induced hereditary
obesity and skeletal muscle
dysfunction via improving skeletal
muscle Srl/MRCC-I] pathway in
Drosophila

Xin-yuanYin"™, Deng-tai Wen"?, Han-yu Li, Zhao-qing Gao, YuZe Gao & Weilia Hao

G protein alpha q subunit (Gag) can binds to the G protein-coupled receptor (GPCR) for signaling

and is closely related to lipid metabolism. Endurance exercise is an effective means of combating
acquired obesity and its complications, but the mechanisms by which endurance exercise modulates
hereditary obesity and its complications are unknown. In this study, we achieved knockdown of Gagq
in drosophila adipose tissue and skeletal muscle by constructing the Gag-UAS-RNAI/Ppl-Gal4 and
Gagq-UAS-RNAi/Mef2-GAl4 systems. Drosophila were subjected a three-week endurance exercise
intervention, and changes in relevant indicators were detected and observed by RT-PCR, ELISA,

oil red staining, immunofluorescence staining, and transmission electron microscopy. The results
showed that knockdown of Gaq in both adipose tissue and skeletal muscle induced a significant
increase in triglycerides accompanied by a decrease in rapid climbing ability, a decrease in Superoxide
Dismutase (SOD) activity level, and a decrease in Mitochondrial respiratory chain complexl (MRCC

I) content in Drosophila whole body and skeletal muscle, and down-regulated the expression of the

G protein alpha q subunit (Gag), the skeletal muscle myosin heavy chain expression gene (Mhc),
mitochondrial biogenesis gene Spargal(the PGC-1alpha homologue in Drosophila). Endurance exercise
significantly improved the triglyceride levels in the whole body and skeletal muscle of drosophila

with Gaq knockdown in adipose tissue and skeletal muscle, as well as their ability to climb, increased
SOD activity level and MRCCI content level, and up-regulated the expression of Gaq, Mhc, and
Spargal(Srl). Thus, the present findings suggest that genetic defects in the Gag gene in adipose and
skeletal muscle tissues induce hereditary obesity and skeletal muscle dysfunction, and that endurance
exercise attenuates this hereditary obesity and concomitant skeletal muscle dysfunction in drosophila
by improving skeletal muscle fiber contractile proteins, mitochondrial function and function, and
antioxidant capacity via mediating the Gag/Mhc, Gaq/Srl/MRCC-I, and Gaq/SOD pathways.
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The global prevalence of obesity has been increasing at an alarming rate in recent decades, seriously jeopardizing
human health!. The World Health Organization defines obesity as an abnormal or excessive accumulation of
fat that poses a risk to health and is considered a global health epidemic?. Obesity is a chronic metabolic disease
that is closely related to cardiovascular disease, type 2 diabetes and other chronic diseases®, and its causes include
genetic and acquired environmental factors®. Some studies have shown that the acquired environment, such as
high-fat/high-sucrose diets, drugs and other induced obesity can change the relevant genetic material, so that
the next generation of hereditary obesity risk increases, so it is easy to form a “genetic-obesity-genetic-obesity”
vicious circle®. Numerous studies have confirmed that endurance exercise is an effective means of combating
acquired obesity and related complications”®. Its physiological mechanism lies in the fact that endurance
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exercise can increase energy expenditure, reduce fat accumulation, improve insulin sensitivity, rebalance
various metabolic and signaling pathways in the body, and attenuate the chronic inflammatory response, etc®!1.
However, the molecular mechanism of endurance exercise in regulating genetic obesity and its complications
remains to be explored.

G protein alpha q subunit (Gaq) can binds to the G protein-coupled receptor (GPCR) for signaling, which
is abundantly expressed in adipose, skeletal muscle and other tissues'!'>. Gagq is associated with the stimulation
of insulin secretion and is often used as a drug target in the study of obesity, type 2 diabetes and other metabolic
syndromes!*-1°. Tt has been shown that Gaq can control fat storage in Drosophila cells and organisms, and
knockdown of the adipose tissue Gaq gene can affect the expression of lipid metabolism effector genes, which
leads to obesity in Drosophila!”. However, whether the obesity induced by Gaq gene knockdown in both
mammals and drosophila is accompanied by complications and whether it can be reversed by endurance
exercise, as well as the molecular mechanisms underlying its effects, still remain to be confirmed.

Therefore, in order to determine the molecular mechanisms by which endurance exercise modulates genetic
obesity and its complications, the classical genetic model organism Drosophila was selected for this study'®-%°. In
this study, we firstly constructed the Gag-UAS-RNAi/Ppl-Gal4 and Gaq-UAS-RNAi/Mef2-GAl4 systems through
Drosophila crosses to achieve specific knockdown of the Gaq gene in adipose and skeletal muscle tissues in the
F1 generation, and verified whether it was successful in inducing the generation of hereditary obesity in the
F1 generation through the detection of the lipid metabolism and its motility condition. Then, Drosophila were
subjected to endurance exercise intervention, and whole body and skeletal muscle triglyceride (TG), exercise
capacity, skeletal muscle SOD activity, MRCC I content, Srl gene, Mhc gene, Gaq gene expression level were
detected. The ultrastructure, protein expression and lipid accumulation of skeletal muscle were observed by
transmission electron microscopy, immunofluorescence staining and oil-red staining to comprehensively evaluate
whether endurance exercise can effectively counteract obesity and concurrent skeletal muscle dysfunction
caused by Gag gene knockdown and reveal its molecular mechanism, so as to provide the theoretical basis and
new ideas for the counteracting of hereditary obesity by endurance exercise.

Materials and methods

Drosophila strains and hybridization groups

Gaq knockdown strain w[1118] P{GD17761}v51116 (purchased from Vienna Drosophila Resource Center,
Austria, strain number: V51116); PplS¥ strain w; P{ppl-GAL4.P}2*(purchased from Bloomington Drosophila
Stock Center, US, strain number: BCF-673); Mef2G2l4 (purchased from Bloomington Drosophila Stock Center,
US, strain number: 27390); The F1 generation UAS/Gal4 system was constructed by crossing GagUAS~RNAi with
Ppl® and Mef26 Drosophila, respectively, to regulate the expression of the target gene Gagq in adipose tissue
and skeletal muscle.

Male Drosophila within 12 h of feathering of the F1 generation of Gag-UAS-RNAi male and female self-
crosses were used as genetic controls and divided into the Gag gene normal expression group (GagUAS-RNAI-C),
and the Gaq gene normal expression sport group (GaqUS"ENAI=E); Male Gag-UAS-RNAi Drosophila were
crossed with female Ppl® Drosophila, and male Drosophila within 12 h of F1 generation feathering were
collected and divided into the Gag adipose tissue knockdown group (GagxPpIRN4=C), and the Gagq adipose
tissue knockdown exercise group (GagxPpIRNA-E); Male Gag-UAS-RNAi Drosophila were crossed with female
Mef25° Drosophila, and male Drosophila within 12 h of F1 generation feathering were collected and divided
into the Gagq skeletal muscle knockdown group (GagxMef2R¥4i - €), and the Gagq skeletal muscle knockdown
motor group (GagxMef2R¥4i ~E) (Fig, 1). All Drosophila were placed in an environmental culture at a constant
temperature of 25 °C, 50% constant humidity, and a 12-h day/night cycle.

Exercise training

Upward climbing endurance training was performed on an exercise platform utilizing the anti-gravity climbing
characteristic of Drosophila (Fig. 2). The principle is that the test tube is fixed on the test tube clamp, at this
time the test tube is perpendicular to the ground, the bottom of the test tube Drosophila climbing to the top of
the test tube, the test tube is automatically turned over 180° (the test tube is rotated at a speed of 60 rad/s speed
uniformity), the Drosophila back to the bottom of the test tube to continue to climb the movement, so on and so
forth. The weight of Drosophila was its own weight when climbing, 20 Drosophila per tube, 8 cm was reserved
from the medium at the bottom of the test tube to the lower end of the cotton plug for the movement area of
Drosophila, and the Drosophila had 10s time to perform the climbing movement each time after turning over to
the bottom of the test tube. The exercise group started the training intervention from 1 day of age until the end
of 3 weeks of age, with 15 min of exercise-5 min of rest lasting four times a day, and continued training for 5 days
a week with 2 days of rest (Table 1).

Preparation of Drosophila culture medium

The culture medium preparation for Drosophila was based on the standard diet of Drosophila in previous
studies?!. Configure 1 L of Drosophila culture medium. Add 42 g of corn flour, 10 g of soybean flour, 13 g of
yeast powder, and 8 g of agar strips to a pot, add 1 L of pure water and stir well. Stir continuously during heating
to melt the agar strips thoroughly until the solution boils. Stop heating after boiling, add 31 g of sucrose and
31 g of maltose during cooling, and after sucrose and maltose are fully dissolved, add 2000 pl of preservative
propionic acid and 1 g of sodium benzoate, and immediately dispense in clean culture tubes with a thickness of
about 0.5 cm per tube after thorough stirring.
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Fig. 1. Diagram of Drosophila hybridization and grouping. (A) Gaq normal expression grouping diagram.
(B) Gagq adipose tissue knock-down grouping diagram. (C) Gag skeletal muscle tissue knockdown grouping
diagram.
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Fig. 2. Schematic diagram of Drosophila exercise platform and climbing training.

Ist week of age | E E E E E N Measure climbing ability
2nd week of age | E N Measure climbing ability
3rd week of age | E E E E E N Measure climbing ability

Table 1. Exercise flow chart. E for exercise intervention, N for no exercise intervention.

ELISA assay

The activities and levels of triglyceride (TG), superoxide dismutase (SOD) and mitochondrial respiratory
chain Complex I (MRCCI) in skeletal muscle of Drosophila were detected by using insect TG enzyme-linked
immunoassay kit, insect SOD enzyme-linked immunoassay kit and insect MRCCI enzyme-linked immunoassay
kit(Insect MRCCI, SOD, and TG ELISA Kits, Fankew, Shanghai Kexing Trading Co., Ltd, China). The ELISA
assay-specific steps are as follows: (1) Sample addition of standard products. (2) Sample addition: Prepare blank
control wells and sample wells to be tested. Add 40 pl of diluent to the sample wells to be tested, and then
add 10 pl of test sample. (3) Add enzyme: Add enzyme-labeled reagent 100 ul per hole, except blank hole.
(4) Incubation: After the sealing plate is sealed with sealing plate film, it is incubated at 37 °C for 60 min. (5)
Mixing liquid: Dilute 20 times concentrated washing liquid with 20 times distilled water for reserve use. (6)
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Wash: Remove the sealing film from the surface of the sealing plate, pour out the solution in it, clean it, and
then let it dry. (7) Color development: Add color-developing agent A50ul to each well first, then add color-
developing agent B 50 ul, gently shake and mix, and hide from light for 15 min at 37 °C. (8) Termination: Add
termination solution 50 pl per well to terminate the reaction (at this time, the blue immediately turns to yellow).
(9) Determination: Determine the absorbance (OD) of each well.

Real-time quantitative PCR

At the end of three weeks of age, 50 Drosophila skeletal muscle (thorax) and adipose tissue (abdomen) were
taken from each group and placed into 1000 pl of Trizol respectively to detect the expression levels of relevant
pathway genes. (1) Total RNA extraction: Take the homogenizer tube, add 1 ml of RNA extraction solution,
place it on ice for pre-cooling, take 100 mg of tissue, add it into the homogenizer tube, and grind it fully with
the grinder until no tissue mass is visible. Centrifuge at 12,000 rpm at 4 °C for 10 min, white precipitate at
the bottom of the tube is RNA. Remove the liquid, add 1.5 ml of 75% ethanol for washing and precipitation,
centrifuge at 12,000 rpm at 4 °C for 5 min, remove the liquid, put the centrifuge tube on a super-clean table for
3 min, add 15 ul Water Nuclease to dissolve RNA Free, and incubate at 55 °C for 5 min. Nanodrop 2000 was used
to detect RNA concentration and purity: After blank zero adjustment of the instrument, 2.5 ul RNA solution
to be tested was put on the detection base, the sample arm was lowered, and the software on the computer
was used to start the absorption value detection, and the RNA with excessive concentration was diluted in an
appropriate proportion so that the final concentration was 100-500 ng/pl. (2) Reverse transcription: Configure
the reverse transcription reaction system, gently mix and centrifuge, and set the reverse transcription program.
(3) Quantitative PCR: 0.2 ml PCR tubes were used to prepare the reaction system. Each retro product was
prepared with 3 tubes for PCR amplification. (4) Results treatment: CT method. Primer sequences of Rp-49 were
as follows: F:5’-3'CTAAGCTGTCGCACAAATGG, R:5’-3’AACTTCTTGAATCCGGTGGG; Primer sequences
of Gag were as follows: S:5°-3:GGTCCTCAGCGAGATGCAATAA, A:5-3:TAAGGTTCGATTGCAGAATTG
TGTC; Primer sequences of Mhc were as follows: S:5°-3:GACCGTGCGTAACGATAACTCC, A:5-3:GA CTG
CTGGGAGATGA CACGA; Primer sequences of Srl were as follows: S:5°-3:ACCTGGCGATTCTGATTATGA
CT, A:5-3:CCTTTA CATTGTCCACATAGCGT.

Transmission electron microscopy of the skeletal muscle

For electron microscopic analysis, muscles were dissected in an ice-cold fixative (2.5% glutaraldehyde in
0.1 mol/L PIPES buffer at pH7.4). After 10 h of fixation at 4 °C, samples were washed with 0.1 mol/L PIPES,
post-fixed in 1% OsO4 (30 min), and stained in 2% uranyl acetate (1 h). Samples were dehydrated in an ethanol
series (50%, 70%, 100%) and embedded in epoxy. The slices were observed and photographed with a HT-7700
transmission electron microscope.

Oil red staining analysis of skeletal muscle

Skeletal muscle was taken and fixed in tissue fixative for 15 min, rinsed with water and dried. 6 parts of saturated
oil red O dye solution and 4 parts of distilled water were mixed well and placed in a water bath at 60-70 °C for
30 min, cooled naturally and then filtered through a qualitative filter paper to obtain oil red O working solution.
Immerse the sections in the oil red dye solution for 8-10 min (cover to avoid light). Remove the slices, leave
them for 3 s, and then immerse them sequentially in two vats of 60% isopropyl alcohol for differentiated 3 s and
5 s. Immerse the slices in two vats of pure water for 10 s each. The slices were removed, left for 3s, and immersed
in hematoxylin for 3-5 min before being immersed in three tanks of pure water for 5s, 10s, and 30s, respectively.
Differentiation solution was differentiated for 2-8 s, and each of the two tanks of distilled water was washed for
10s, and the blue solution was washed for 1s. The slices were gently immersed into two tanks of tap water for 5s
and 10s, respectively, and examined for staining effect under the microscope. Glycerol gelatin was used to seal
the sections, and the images were captured and analyzed with a microscope. Microscopy, image acquisition, and
analysis: Orthostatic light microscope. Using a numerical aperture (NA) of 1.3, select an oil immersion objective
measuring 40X. A high-resolution digital camera is attached to capture clear images to accurately measure and
record details at a scale of 5 um. Observation is aided by a 10xlow magnification objective that helps locate
the target area quickly at the beginning of the observation and helps understand the overall distribution of the
sample.

Myosin heavy chain immunofluorescence

Drosophila skeletal muscle was taken for immunohistochemical analysis as follows. (1) Paraffin sections
deparaffinised to water: Put the slices in 3 changes of xylene, 10 min each, then dehydrate in 3 changes of
pure ethanol for 5 min each, wash in distilled water. (2) Antigen repair: During the repair process, excessive
evaporation of buffer solution should be prevented, and the slides should not be dried. After the repair is
completed, it is naturally cooled. Put the slide 5 min PBS (PH 7.4) and shake it on a decoloring shaker for 3
times, each time for 5 min. (3) Circle drawing and blocking: Add 3%BSA into the circle and cover the tissue
evenlyto block non-specific binding at room temperature for 30 min. (The primary antibody is blocked with
10% donkey serum from goat, and the primary antibody from other sources is blocked with 3%BSA). (4) Adding
primary antibody: drop the prepared primary antibody, slice it flat in a wet box and incubate at 4 °C covernight.
(5) Add secondary antibody: put the glass slide 5 min PBS (PH7.4) and shake it on the decoloring shaker for
3 times, 5 min each time. Add the corresponding secondary antibody and incubate at room temperature for
50 min in the dark. (6) DAPI counterstain in nucleus: DAPI solution was dripped into the circle and incubated
at room temperature for 10 min in the dark. (7) Quench tissue autofluorescence: The slides were put 5 min PBS
(PH 7.4) and washed on a decoloring shaker for 3 times, each time for 5 min. Add autofluorescence quencher
B solution for 5 min and rinse with running water for 10 min. (8) Mount: coverslip with anti-fade mounting
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medium. (9) Microscopy detection and collect images by Fluorescent Microscopy. DAPI glows blue by UV
excitation wavelength 330-380 nm and emission wavelength 420 nm; 488 glows green by excitation wavelength
465-495 nm and emission wavelength 515-555 nm; CY3 glows red by excitation wavelength 510-560 nm and
emission wavelength 590 nm.

Athletic ability testing

100 Drosophila were randomly selected from each group, 20 per tube. Each tube was individually placed under
a high definition video camera in preparation for video recording. After the camera was switched on, the
Drosophila in the tube were shaken to the bottom of the tube every 15 s, and after three shakes, the Drosophila
being tested was replaced with the next tube Drosophila. The best of three crawls of each test tube Drosophila
was selected for data processing. Screenshots of the height of climb 3 s after Drosophila shocked off the bottom
of the test tube were taken using AVS Video Editor software. The photo clearly shows the climbing height of the
Drosophila. The 3-second climbing heights of the fruit flies were then processed and analysed using HEYEAR
software and prism software.

Statistical methods

For comparisons of the Gag gene between the Gag normal expression group and the adipose tissue Gag
knockdown group and the skeletal muscle tissue Gag knockdown group, one-way analysis of variance
(ANOVA) and the least significant difference (LSD) test were used to determine between-group differences.
For comparisons between control and exercise groups, independent samples t-tests were used to determine
between-group differences. The experimental data were expressed as mean + standard deviation (S) and the
significance level was taken as a = 0.05 (or 0.01).

Results

Gagq knockdown in Drosophila adipose and skeletal muscle tissues induces abnormal lipid
metabolism and reduced exercise capacity

Our previous studies agree that Gaq gene knockdown in adipose tissue induces obesity!’, but its effect on
exercise capacity is unknown.We first constructed a model of Gag knockdown in Drosophila adipose tissue.
The results show that compared with the GagVAS-RN4-C group, the mRNA expression level of the Gaq gene in
Drosophila adipose tissue was reduced in the Gagx PpIRN4i-C group (P<0.01) (Fig. 3A), with a relative expression
rate of 43.10%. It can be judged that the Gaq adipose tissue knockdown model was constructed successfully. The
rapid climbing ability (CS) of Drosophila was decreased in the Gagx PpIRN4i=C group (P < 0.01) (Fig. 3F); and the
analysis of lipid by oil red staining accumulation revealed an increase in triglyceride accumulation in the skeletal
muscle of Drosophila in the GagxPp*N4=C group (Fig. 3G). ELISA assay of Drosophila in the Gagx PplRNAi=C
group revealed an increase in whole-body and skeletal muscle TG content (P < 0.01) (Fig. 3B C), and a decrease
in the level of SOD activity (P < 0.05)(Fig. 3D, and a decrease in the level of MRCCI (P < 0.01) (Fig. 3E).

To further understand that Gag knockdown leads to abnormal lipid metabolism and reduced exercise
capacity, we also constructed a Drosophila skeletal muscle tissue Gag knockdown model. The results showed
that compared with the GagU4S-RNAi=C group, the mRNA expression level of the Gag gene in Drosophila skeletal
muscle tissue was reduced in the GagxMef22¥4 = € group (P < 0.01) (Fig. 4A), with a relative expression rate of
66%; it can be judged that the Gag skeletal muscle tissue knockdown model was constructed successfully. CS
was decreased in Drosophila from the GagxMef2RN4i = € group (P < 0.05) (Fig. 4F); oil-red staining analysis of
lipid accumulation revealed an increase in the GagxMef28¥i = C group Drosophila skeletal muscle triglyceride
accumulation was increased (Fig. 4G). ELISA assay of Drosophila in the GagxMef28N4 = € group revealed an
increase in whole-body and skeletal muscle TG content (P < 0.01) (Fig. 4B,C), and a decrease in the level of
SOD activity (P < 0.01) (Fig. 4D), and a decrease in the level of MRCC I (P < 0.01) (Fig. 4E). RT- PCR assay
showed decreased mRNA expression level of skeletal muscle myosin heavy chain expression gene (Mhc) (P <
0.01) (Fig. 4H); myosin heavy chain immunofluorescence plots showed that myosin heavy chain expression was
decreased in Drosophila skeletal muscle tissues of the GagxMef2RN4i = € group, which indicated an increase in
skeletal muscle damage (Fig. 4I). RT-PCR assay showed decreased mitochondrial biogenesis gene Spargal(Srl)
expression was decreased (P < 0.01) (Fig. 4]). Skeletal muscle transmission electron microscopy images showed
that Drosophila skeletal muscle tissues of the GagxMef2RNAi = € group had disorganized myofibril arrangement
and incomplete Z-lines, which indicated a weakening of skeletal muscle function (Fig. 4K).

Endurance exercise effectively improves abnormal lipid metabolism and decreased exercise
capacity induced by Gag knockdown

A growing body of evidence confirms that endurance exercise can effectively improve obesity and enhance
exercise capacity. Therefore, we firstly performed endurance exercise intervention on Gag normal expression
Drosophila. The results showed that compared with the GaqUAS-*N4i=C group, there was no significant difference
in the mRNA expression levels of the Gaq gene in the GagU4S-RNA“E grqup (P > 0.05) (Fig. 5A); CS was enhanced
in Drosophila from the GagUASRNA"E group (Fig. 5F); analysis of lipid accumulation by oil-red staining showed
that Drosophila from the GagUAS~RN4-E group lipid accumulation decreased (Fig. 5G); ELISA showed a decrease
(P < 0.01) in their whole body and skeletal muscle TG content (P < 0.01) (Fig. 5B,C), and an increase in SOD
activity level and MRCC I content(Fig. 5D,E).

We also performed an endurance exercise intervention on Gagq adipose tissue knockdown Drosophila
melanogaster. The result shows that compared with the GagxPpI*N4-C group, the mRNA expression level of the
Gaq gene in Drosophila adipose tissue was increased in the GagxPpI*NA"E group (P < 0.01)(Fig. 6A), and the
relative expression rate was elevated by 27%; Drosophila CS was increased in the GagxPpI"NA~E group (Fig. 6F);
oil red staining analysis of lipid accumulation showed that in the GagxPpI*N4"E group Drosophila skeletal
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Fig. 3. Relative gene expression, lipid metabolism levels, oxidative capacity, mitochondrial function, and 3s
climbing ability in adipose-tissue Gaq knockdown Drosophila skeletal muscle. (A) Relative expression of Gag,
Sample n = 50. (B) Whole Body Triglyceride Levels, Sample n = 20. (C) Skeletal muscle tissue triglyceride
levels, Sample n = 30. (D) SOD activity levels, Sample n = 30. (E) Mitochondrial respiratory chain complex

I content, Sample n = 30. (F) Climbing height, Sample n = 100. (G) Oil red staining, Sample n = 5. Yellow
arrows indicate nuclei and orange arrows indicate lipid accumulation(scale: black line is 5 tm). The one-way
analysis of variance (ANOVA) with least significant difference (LSD) tests was used to identify difference
among the groups. Data are represented as mean =+ standard deviation. *P < 0.05; **P < 0.01; n s means no
significant difference.

muscle tissue showed decreased lipid accumulation (Fig. 6G); ELISA detected decreased levels of systemic and
skeletal muscle TG (P < 0.01) (Fig. 6B,C), increased levels of SOD activity (P < 0.05) (Fig. 6D), and increased
MRCCI content (P < 0.01) (Fig. 6E).

We also performed endurance exercise intervention on Gagq skeletal muscle tissue knockdown Drosophila.
The result shows that compared with the GagxMef28¥4 - € group, the mRNA expression level of the Gag gene
was elevated in the skeletal muscle tissue of Drosophila in the GagxMef28¥4 = E group (P < 0.05)(Fig. 7A), and
the relative expression rate was elevated by 13.67%; and the CS of Drosophila in the GagxMef22¥4i = £ group
was increased (P < 0.01)(Fig. 7F); Oil red staining analysis of lipid accumulation showed a decrease in lipid
accumulation in the skeletal muscle tissue of Drosophila in the GagxMef28¥4 ~E group (Fig. 7G), and a decrease
in the TG content of its whole body and skeletal muscle as detected by ELISA (P < 0.01) (Fig. 7B,C), and an increase
in thelevel of SOD activity(Fig. 7D), and the content of MRCCI (P < 0.01) (Fig. 7E); immunofluorescence images
of myosin heavy chain showed increased expression of myosin heavy chain in Drosophila skeletal muscle tissues
of the GagxMef2"N4i = E group, indicating reduced muscle damage and enhanced muscle function (Fig. 71),
and RT-PCR showed elevated levels of Mhc expression (P < 0.05) (Fig. 7H); transmission electron microscopy
images of skeletal muscle showed that Drosophila of the GagxMef28¥i = E group skeletal muscle myogenic fibres
are more aligned and Z-lines are more complete, indicating enhanced muscle function (Fig. 7K), and RT-PCR
showed elevated Srl expression level (P < 0.05) (Fig. 7]).
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Fig. 4. Relative gene expression, lipid metabolism levels, oxidative capacity, mitochondrial function, and
3 s climbing ability in skeletal muscle tissue Gag knockdown of Drosophila skeletal muscle. (A) Relative
expression of Gag, Sample n = 50. (B) Whole Body Triglyceride Levels, Sample n = 20. (C) Muscle Tissue
Triglyceride Levels, Sample # = 30. (D) SOD activity levels, Sample n = 30. (E) Mitochondrial respiratory
chain complex I content, Sample n = 30. (F) Climbing height, Sample n = 100. (G) Oil red staining, Sample #
= 5. Yellow arrows indicate nuclei and orange arrows indicate lipid accumulation (scale: black line is 5 um).
(H) Relative expression of Mhc, Sample n = 50. (I) Immunofluorescence image of myosin heavy chain, Sample
n =5, blue dots are nuclei and red fluorescent bands are myogenic fibers (scale: white line is 5 um). (J) Relative
expression of Srl, Sample n = 50. (K) Transmission electron micrograph of skeletal muscle, Sample n = 5,
orange indicates nuclei, yellow indicates muscle fiber damage (scale, white line is 5 um). The one-way analysis
of variance (ANOVA) with least significant difference (LSD) tests was used to identify difference among the
groups. Data are represented as mean =+ standard deviation. *P < 0.05; **P < 0.01; n s means no significant
difference.
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Fig. 5. After endurance exercise intervention, Gag normally expressed related gene expression, lipid
metabolism level, oxidation capacity, mitochondrial function and 3s climbing ability of Drosophila
melanogaster. (A) Relative expression of Gag, Sample n = 50. (B) Whole Body Triglyceride Levels, Sample

n = 20. (C) Muscle Tissue Triglyceride Levels, Sample n = 30. (D) SOD activity levels, Sample n = 30. (E)
Mitochondrial respiratory chain complex I content, Sample n = 30. (F) Climbing height, Sample n = 100. (G)
Oil red staining, Sample n = 5. Yellow arrows indicate nuclei and orange arrows indicate lipid accumulation
(scale: black line is 5 um). The one-way analysis of variance (ANOVA) with least significant difference (LSD)
tests was used to identify difference among the groups. Data are represented as mean + standard deviation. *P
< 0.05; **P < 0.01; n s means no significant difference.

Discussion

Numerous studies have reported that G protein alpha q subunit (Gag) is closely related to lipid metabolism?2.
Recent studies have found significant changes in mRNA encoding G protein-coupled receptors (GPCR) in obese
populations?*?*, Gag directly or indirectly regulates lipid, glucose metabolism, and fat thermogenesis in adipose,
liver, and muscle tissues?>2°. In addition, Gaq can also regulate fat storage, and knocking down the Gag gene in
adipose tissue can lead to obesity in Drosophila'”. In this study, we successfully constructed knockdown models
of Gagq in Drosophila adipose tissue and skeletal muscle tissue using the Gaq-UAS/Ppl-Gal4 and Gaq-UAS/Mef2-
Gal4 systems. We found that genetic knockdown of the Gag gene in adipose tissue and skeletal muscle resulted
in an increase in triglycerides throughout the body and skeletal muscle of Drosophila, suggesting the possibility
of inducing obesity. Meanwhile, research has found that genetic knockdown of the Gag gene in adipose tissue
and skeletal muscle tissue is accompanied by a significant decrease in the rapid climbing ability of Drosophila,
suggesting that obesity may lead to skeletal muscle dysfunction.

Myosin is an important skeletal muscle contraction protein, and mitochondria are the energy “factory” of
skeletal muscle. Both are closely related to skeletal muscle function. The expression of myosin and mitochondrial
synthase in mammals is regulated by multiple genes, while drosophila have gene expression of single skeletal
muscle fiber myosin heavy chain and mitochondrial synthase?’~2°. Both in mammals and Drosophila, high-fat
diet induced obesity can lead to a decrease in their motor ability, which is related to the weakened functions
of Mhc and PGC-1lalpha. In addition, age-related skeletal muscle atrophy is also associated with the decline
of skeletal muscle contraction proteins and mitochondrial function®*-32. Numerous studies have shown that
obesity is accompanied by increased lipid toxicity in important organs such as the heart and skeletal muscle.
The mechanism behind this is that under oxidative stress, lipids can form malondialdehyde (MDA), which can
produce cytotoxicity and impair their function®3-%7.
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Fig. 6. After endurance exercise intervention, adipose tissue Gaq knockdown Drosophila Drosophila related
gene expression, lipid metabolism level, oxidation capacity, mitochondrial function and 3 s climbing ability.
(A) Relative expression of Gag, Sample n = 50. (B) Whole Body Triglyceride Levels, Sample n = 20. (C)
Muscle Tissue Triglyceride Levels, Sample n = 30. (D) SOD activity levels, Sample n = 30. (E) Mitochondrial
respiratory chain complex I content, Sample n = 30. (F) Climbing height, Sample # = 100. (G) Oil red staining,
Sample n = 5. Yellow arrows indicate nuclei, orange arrows indicates lipid accumulation (scale: black line is

5 pm). The one-way analysis of variance (ANOVA) with least significant difference (LSD) tests was used to
identify difference among the groups. Data are represented as mean =+ standard deviation. *P < 0.05; **P <
0.01; n s means no significant difference.

To further verify the causes of skeletal muscle dysfunction, in this study, we analyzed the contractile proteins,
mitochondrial status, and antioxidant capacity of skeletal muscle. The results showed that genetic knockdown of
the Gagq gene in adipose tissue and skeletal muscle tissue can significantly reduce the expression of the important
contraction protein myosin heavy chain gene (Mhc) and protein in skeletal muscle. At the same time, electron
microscopy observation revealed a regular arrangement and reduced quantity of myofibrils. In addition,
the levels of key genes Spargel(the PGC-Ialpha homologue in Drosophila) and mitochondrial key oxidase
mitochondrial respiratory chain complex I (MRCC I) involved in mitochondrial biogenesis were significantly
reduced. Finally, the activity level of SOD, an important antioxidant enzyme, was detected, and it was found that
genetic knockdown of Gag gene in both adipose tissue and skeletal muscle tissue could reduce SOD activity
level in skeletal muscle. Therefore, these results suggest that genetic knockdown of Gag gene in both adipose
tissue and skeletal muscle can negatively affect the important contractile structure, mitochondrial function, and
antioxidant capacity of skeletal muscle, resulting in decreased exercise ability of Drosophila.

Endurance exercise is a globally recognized weight loss method, but whether it still has an effect on different
types of obesity (especially genetic obesity induced by different gene mutations) remains to be studied®***. In
rats and Drosophila, studies have found that endurance exercise enhances antioxidant capacity to protect them
from the decline in climbing ability caused by high-fat intake, and can improve obesity caused by excessive
triglyceride accumulation in the body due to high-fat diet?*>4!. Recent studies have confirmed that endurance
exercise can also promote mitochondrial biogenesis, aerobic capacity, and energy utilization, activate oxidative
metabolism related pathways, and improve skeletal muscle metabolism and function®?-44,
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Fig. 7. After endurance exercise intervention, skeletal muscle tissue Gagq knockdown Drosophila Drosophila
related gene expression, lipid metabolism level, oxidation capacity, mitochondrial function and 3s climbing
ability. (A) Relative expression of Gag, Sample # = 50. (B) Whole body triglyceride levels, sample n = 20. (C)
Muscle Tissue Triglyceride Levels, Sample n = 30. (D) SOD activity levels, Sample n = 30. (E) Mitochondrial
respiratory chain complex I content, Sample n = 30. (F) Climbing height, Sample # = 100. (G) Oil red staining,
Sample n = 5. Yellow arrows indicate nuclei and orange arrows indicate lipid accumulation(scale: black line is

5 pum). (H) Relative expression of Mhc, Sample n = 50. (I) Immunofluorescence image of myosin heavy chain,
Sample n = 5, blue dots are nuclei and red fluorescent bands are myogenic fibers (scale: white line is 5 um). (J)
Relative expression of Sl, Sample # = 50. (K) Transmission electron micrograph of skeletal muscle, Sample n =
5, yellow arrows represent mitochondria and the orange arrows represent myofibril. (scale, white line is 5 um).
The one-way analysis of variance (ANOVA) with least significant difference (LSD) tests was used to identify
difference among the groups. Data are represented as mean =+ standard deviation. *P < 0.05; **P < 0.01;n's
means no significant difference.
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Similarly, in this study, in order to verify whether endurance exercise can produce positive benefits on obesity
and concurrent motor disability induced by genetic knockdown of Gagq in adipose tissue and skeletal muscle
tissue, we conducted endurance exercise intervention for 3 weeks in Drosophila with genetic knockdown of Gag
in adipose tissue and skeletal muscle tissue. The results showed that endurance exercise significantly increased
the expression of Gag gene in adipose tissue and skeletal muscle tissue of Drosophila, and was accompanied by
a significant decrease in TG levels in the whole body and skeletal muscle, suggesting that endurance exercise
plays an important role in the regulation of Gaq gene and its mediated obesity. In addition, behavioral indicators
showed that endurance exercise could enhance the fast climbing ability of Drosophila with Gag knockdown in
adipose tissue and skeletal muscle tissue, and physiological and biochemical indicators showed that endurance
exercise significantly increased the expression of Mhc gene and protein in skeletal muscle of Drosophila with Gag
gene knockdown in adipose tissue and skeletal muscle tissue. At the same time, electron microscopy observed
that myogenic fibres were more aligned, indicating enhanced muscle function. In addition, after exercise
intervention, the levels of Spargel(Srl) and MRCC I in skeletal muscle were significantly increased, indicating
enhanced mitochondrial function. Finally, it was also found that the SOD activity level of skeletal muscle was
significantly increased after exercise, suggesting that the antioxidant capacity of skeletal muscle was enhanced.

Long term exercise training, whether in mammals or Drosophila, can cause adaptive changes in certain gene
proteins in skeletal muscle tissue cells, thereby improving their function. Research has shown that structural
abnormalities of Mhc protein in skeletal muscle can significantly reduce exercise capacity®. Elevated expression
of Sri(homologue of PGC-1«) in skeletal muscle can limit muscle atrophy, while reduced expression of Srl gene
specificity leads to decreased exercise capacity and increased fat accumulation. Stimulating the Sirt1-Srl axis can
improve motor function and mitochondrial respiratory capacity in patients with Babbitt syndrome*®*’. Exercise
can restore the expression of Mhc protein mRNA in skeletal muscle of diabetes rats to normal?. Exercise can
also delay skeletal muscle aging by increasing the activities of Sirt1/Srl pathway and FOXO/SOD pathway**.
Similar to previous research results, this study found that endurance exercise can reduce obesity by upregulating
the expression of Gag genes in skeletal muscle and adipose tissue. At the same time, endurance exercise can
improve the skeletal muscle structure and function of drosophila with Gag gene knockdown in skeletal muscle
and adipose tissue by mediating the regulation of Gag/Mhc, Gag/Srl/MRCC-I, and Gagq/SOD pathways in three
aspects: skeletal muscle contraction protein, mitochondria function, and antioxidant capacity, enhancing their
exercise ability (Fig. 8).

Conclusion

Genetic defects in the adipose tissue and skeletal muscle tissue Gag genes induce hereditary obesity and skeletal
muscle dysfunction in Drosophila. In addition, endurance exercise positively regulates the adipose tissue and
skeletal muscle tissue Gag genes and improves skeletal muscle fiber contractile proteins, mitochondrial function,
and antioxidant capacity, thereby attenuating this genetic obesity and concomitant skeletal muscle dysfunction.
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Fig. 8. Relationship between Gaq gene and endurance exercise and genetic obesity and skeletal muscle
dysfunction. Gaq-RNAi in muscle and adipose tissue inhibits the Gaq mediated Gaq/Mhc, Gag/Srl/MRCC-I,
and Gagq/SOD pathways, leading to increased triglyceride accumulation in F1 Drosophila, inducing genetic
obesity and further developing skeletal muscle dysfunction. This process can be blocked by endurance exercise.
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