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The quantification, localization, production, function, and regulation of irisin/FNDC5 in camel species
have not been previously studied. The objective of this study was to detect the irisin content in
Arabian camel blood and tissues and study the gene expression of FNDC5 and PGC-1a in camel skeletal
muscles and white adipose tissue depots under basal conditions. To monitor if exercise influences blood
and tissue irisin protein levels as well as FNDC5 and PGC-1a gene expression levels, we analyzed irisin
concentrations in the serum, skeletal muscles (soleus and gastrocnemius), and white adipose tissues
(hump, subcutaneous, visceral, epididymal, and perirenal) in both control (n = 6) and exercised group
(n = 6) using ELISA and determined the cellular localization of irisin/FNDC5 and the mRNA levels of
FNDC5 and PGC-1a in skeletal muscles and adipose tissues via immunohistochemistry and real-time
PCR, respectively. The possible regulatory roles of exercise on some hormones and metabolites as well
as the detection of links between serum irisin and other circulating hormones (insulin, leptin, and corti-
sol) and metabolites (glucose, free fatty acids, triglycerides, and ATP) were explored for the first time in
camels. Our results indicated that exercise induces tissue-specific regulation of the camel irisin, FNDC5,
and PGC-1a levels, which subsequently regulates the circulating irisin level. Significant associations were
detected between the levels of irisin/FNDC5/PGC-1a in camels and the metabolic and hormonal
responses to exercise. Our study suggested that irisin regulates, or is regulated by, glucose, FFA, insulin,
leptin, and cortisol in camels. The novel results of the present study will serve as baseline data for camels.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The dromedary camel (Camelus dromedarius; also called the
Arabian camel or one-humped camel) is unique and the most
famous member of the family Camelidae (Bornstein, 1990). The
dromedary occupies an exclusive place among all domesticated
animals due to its tolerance and adaptation to extremely arid con-
ditions using a variety of anatomical and physiological mecha-
nisms (Gebreyohanes and Assen, 2017). Camels develop
markedly higher basal blood glucose levels than those of mono-
gastrics and two-fold higher than other ruminants (Elmahdi
et al., 1997; Abdel-Fattah et al., 1999). However, the whole-body
insulin sensitivity of camels is lower than that of adult ruminants
(Kaske et al., 2001; Abdel-Fattah et al., 1999). Moreover, camels do
not develop diabetes. Their high basal blood glucose level and low
insulin sensitivity might be considered adaptation mechanisms
that help camels survive in dry and harsh conditions (Elmahdi
et al., 1997; Abdel-Fattah et al., 1999). Therefore, detecting the fac-
tors and understanding the mechanisms that are involved in glu-
cose homeostasis in camels are crucial.

Irisin is a recently reported novel myokine and adipokine gener-
ated by the cleavage of its precursor protein fibronectin type III
domain-containing protein 5 (FNDC5) prior to being released into
the circulation (Boström et al., 2012; Roca-Rivada et al., 2013).
Recent studies have confirmed that exercise induced the
expression of peroxisome proliferator-activated receptor gamma
co-activator 1-a (PGC-1a) in skeletal muscle, which regulates the
conversion of FNDC5 to irisin (Boström et al., 2012; Brenmoehl
et al., 2014; Norheim et al., 2014). Various studies on humans
and rodents (Boström et al., 2012, Perakakis et al., 2017,
Mahgoub et al., 2018) proposed that irisin is involved in energy
homeostasis and is a promising regulator of glucose metabolism
that mediates the beneficial effects of exercise on metabolism.
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To date, conclusions on the presence of irisin, FNDC5, and PGC-
1a have been derived from rodents, humans, and only one study of
cattle. The presence of irisin, FNDC5, and PGC-1a, the regulation of
irisin/FNDC5 production, and the function of irisin in camel species
are far from being elucidated. Therefore, the principal aims of this
study were to quantify the irisin protein content in camel blood
and tissues and examine the gene expression levels of FNDC5
and PGC-1a in camel skeletal muscles and white adipose depots
under basal conditions. We also explored the possible regulatory
effects of exercise on the circulating and tissue irisin content, the
expression profiles of FNDC5 and PGC-1a, and the cellular localiza-
tion pattern of irisin/FNDC5 protein in skeletal muscles and white
adipose tissues of camels. Finally, we examined the effect of exer-
cise on camel metabolism and clarify the possible involvement of
the PGC-1a/FNDC5/irisin pathway in camel metabolism. Using this
approach, we attempted to gain a better understanding of the role
of irisin in camel physiology.
2. Methods

2.1. Animals

Twelve healthy male dromedary camels (1–2 years old) were
used in this study. All camels were kept under hygienic conditions
and veterinary supervision at an ambient temperature of 30 ± 2 �C
and 35–50% humidity in a shaded corral in Badaway village, Man-
soura District, Dakahlia Governorate. Camels were allowed to fed
hay and barley twice daily at 6:00 and 17:00 o’clock, while drink-
ing water was available ad libitum.
2.2. Exercise protocol

Six male dromedary camels were subjected to a 5 km warm-up
by walking for 30 min, followed by running for 1.5 km for 7 min in
an agricultural open area away from traffics. The control group
(n = 6) did not undergo any exercise training. On the day before
the experiment, the camels of each group were food-deprived for
16 h (from about 18:00 o’clock). The experimental protocol used
in the present study was approved by the Ethics of Animal Use in
Research Committee of Zagazig University (approval number:
ZU-IACUC/2/F/110/2019).
2.3. Sample collection and preparation

Blood samples were withdrawn from the camels’ jugular veins
using a 20 mL syringe from camels (n = 6) just prior to and imme-
diately after exercise. For serum preparation, the samples were
centrifuged at 3000 rpm for 10 min. The serum samples were
stored at �20 �C for hormone and metabolite analyses. Tissue sam-
ples from skeletal muscles (soleus and gastrocnemius) and white
adipose tissues (hump, subcutaneous, visceral, epididymal, and
perirenal) of the exercised and control camels were collected
immediately after slaughtering by bleeding from the carotid artery
to be used for immunohistochemistry, real-time PCR, and bio-
chemical analyses. The tissues were washed in ice-cold saline
and snap-frozen in liquid nitrogen and stored at �40 �C until pro-
cessing to analyze protein and mRNA. For tissue homogenate,
100 mg were removed from each tissue and placed in a tube con-
taining 500 KIU of aprotinin before careful homogenization in
phosphate-buffered saline (PBS, pH7.4) solution. The tissue homo-
genates were then centrifuged at 4000 rpm for 10 min to get the
supernatant that was stored at �40 �C for the biochemical analy-
ses. For immunohistochemical study, the tissue samples were
immediately placed in 10% neutral-buffered formalin for 24 h at
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room temperature and dehydrated with graded ethanol, cleared
in xylene, and embedded in paraffin.

2.4. Biochemical measurements

The serum concentrations of hormones and metabolites exam-
ined in this study were measured in triplicate using commercially
available kits.

2.5. Hormonal analyses

The irisin protein levels were measured in the camel serum and
tissue supernatants using a commercially available irisin recombi-
nant (human, rat, mouse, and canine) ELISA kit (EK-067-29, Phoe-
nix, AZ, USA). Data of this kit showed that the cross-reactivity is
100% with irisin (42-112) (human, rat, mouse, and canine). The
intra-assay and inter-assay values are <10% and <15%, respectively.
The quantitation range is between 0.1 and 1000 ng/ml. The assay
was conducted according to the manufacturer’s instructions. Since
previous evidence indicated that irisin levels show a discrepancy
depending on the commercial ELISA kits used (Polyzos and
Mantzoros, 2015; Winn et al., 2017), we also measured the irisin
levels with a Cell Biolabs irisin ELISA kit (cat. no.: MET-5089, San
Diego, CA, USA), which had a detection sensitivity limit of
6.25 ng/ml irisin.

The serum insulin level was measured using a commercially
available ELISA kit (cat. no: RSHAKRIN010TR) according to the
manufacturer’s instructions (BioVendor Laboratory Medicine, Inc.,
Brno, Czech Republic). Furthermore, the serum levels of cortisol
and leptin were measured using commercially available ELISA kits
(cat. no: CSB-E05112r and CSB-E07433r, respectively) according to
the manufacturer’s instructions (Cusabio, Wuhan, China).

2.6. Metabolite analyses

The serum levels of glucose and triglycerides were quantified
using GOD-POD based kits (Spinreact SAU, Sant Esteve de Bas,
Spain) according to the manufacturer’s instructions. The quantita-
tive measurement of ATP in the serum was determined using an
ELISA kit (cat. no.: KT-59182, Kamiya Biomedical Co., Seattle, WA,
USA) according to the manufacturer’s protocols. The serum free
fatty acid level was determined using an ELISA kit (cat. no: CSB-
E08770r; Cusabio, Wuhan, China). Muscle lactate was estimated
using a commercially available lactate assay kit (cat. no.: MET-
5012, Cell Biolabs, Inc.).

2.7. Immunohistochemical analysis

The immunohistochemical localization of irisin/FNDC5 protein
in formalin fixed-paraffin embedded samples from skeletal mus-
cles (soleus and gastrocnemius) and white adipose tissues (hump,
subcutaneous, visceral, epididymal, and perirenal) of the exercised
and control camels was conducted using an UltraVision LP large
volume detection system (cat. no. TL-125-HL; Thermo Fisher Scien-
tific, Fremont, CA, USA) according to the manufacturer’s recom-
mended protocols. Briefly, 4 lm tissue sections were
deparaffinized followed by antigen retrieval by heating for
15 min in a microwave in the presence of sodium citrate buffer
(0.01 m and pH 6.0). Endogenous peroxidase was blocked by
10 min incubation in H2O2 block. After washing, Ultra V block
was applied for 10 min at room temperature to block non-
specific binding. The sections were incubated for 1 h at room tem-
perature in rabbit anti-irisin/FNDC5 antibody (against the amino
acids 32–143 of the human irisin/FNDC5 protein; cat. no. NBP2-
59680, Novus Biologicals, Centennial, CO USA). The antibody was
diluted 1:100 with 0.1 M of PBS (pH 7.2) containing 0.25% sodium
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azide and 2.5% bovine serum albumin (BSA). The sections were
then washed (4 times) with PBS and treated with horseradish per-
oxidase (HRP) polymer for 15 min at room temperature. The sec-
tions were then immersed in 0.5% (w/v) 3,30-diaminobenzidine
tetrachloride (Kanto Chemical Co., Inc., Tokyo, Japan) in PBS con-
taining 0.01% H2O2 to visualize the bound antibody. After washing
with distilled water, the sections were counterstained with
Mayer’s hematoxylin, dehydrated, and coverslipped with mount-
ing medium. Negative immunohistochemical controls were
included in each staining run. These controls involved the omission
of the primary antibody as well as the use of irisin/FNDC5 primary
antibody that had been preabsorbed with 10 lg/ml of protein anti-
gen. For histological examination, the sections were stained with
hematoxylin and eosin (H&E). The sections were examined using
an Olympus BX-43 (DP 72) microscope (Olympus Corp., Tokyo,
Japan), evaluated, and photographed.

2.8. Cross-reactivity of the ELISA kit and immunohistochemistry
antibodies with camel irisin/FNDC5 protein

FNDC5 protein contains an N-terminal signal peptide (aa 1–28),
an FNIII domain (aa 33–124), a transmembrane domain (aa 150–
170), and a cytoplasmic tail (aa 171–209) (www.uniprot.org) and
by its proteolytic cleavage, irisin containing 112 amino acids (aa
29–140) is generated and released into the circulation (Wrann,
2015). Homology searches using GENETYX-MAC software version
12.25 (GENETYX, Tokyo, Japan) and BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) verified that the immunogen sequence of the
anti-human irisin/FNDC5 antibody used for IHC as well as the
immunogen sequence of irisin antibody ELISA kit showed 99%
and 100% homology, respectively with the analogous region
derived from the predicted Camelus dromedarius FNDC5 (GenBank
accession no. XP_010974361) and cross-reacted with the camel iri-
sin/FNDC5 protein.

2.9. RNA extraction, cDNA Synthesis, and quantitative real-time
polymerase chain reaction

Total RNA was prepared from skeletal muscles (soleus and gas-
trocnemius) and white adipose tissues (hump, subcutaneous, vis-
ceral, epididymal, and perirenal) of the exercised and control
camels using easy-RED total RNA extraction kit (cat. no. 17063;
iNtRON Biotechnology, Inc., Seoul, South Korea) following the man-
ufacturer’s instructions. The total RNA was quantified using a Gen-
ova nano spectrophotometer (Jenway, Staffordshire, UK) and
reverse transcribed to cDNA using a HiSenScript RH(�) cDNA syn-
thesis kit (cat. no. 25014; iNtRON Biotechnology, Inc.) according to
the manufacturer’s protocols. Real-time quantitative PCR was con-
ducted using a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA)
using TOPreal qPCR 2X PreMIX (SYBR Green with low ROX) (cat.
no. RT500M; Enzynomics, Daejeon, South Korea) according to the
manufacturer’s guidelines. To measure the gene expression levels
of FNDC5 and PGC-1a, the oligonucleotide primer sequences were
used as follows: FNDC5 primer pairs were derived from the pre-
dicted Camelus dromedaries FNDC5 (GenBank accession no.
XM_010976059) (sense: 50-CACTGTCAGGCATCTCAAGGCCA-30;
antisense: 50-TCATATCTTGCTGCGGAGAAGACC-30). PGC-1a primer
pairs were derived from Homo sapiens PGC-1a (GenBank accession
no. NR_148983.1) (sense: 50-CCTCTTGCAAGACTGTGGTGCC-30;
antisense: 50-CACCGGTCTTGTCTGCTTCGTC-30). The house keeping
gene; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) pri-
mer sets were designed from the predicted Camelus dromedarius
GAPDH sequences (GenBank accession no. XM_010990867.1)
(sense: 50-ATGGTGAAGGTCGGAGTGAACGG-30; antisense: 50-GCA
GAGATGATGACCCTCTTGGC-30). After the reaction, the threshold
cycle (Ct) was obtained for each sample and a DCt value was calcu-
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lated by subtracting the Ct value of the sample’s housekeeping
gene from the Ct value of each sample’s gene. The relative target
mRNA expression levels were calculated as 2�DCt and normalized
to endogenous control GAPDH in the camel skeletal muscles and
white adipose tissues.

2.10. Statistical analysis

Statistical evaluations were conducted using SPSS version 20.0
for Windows (SPSS, Chicago, IL, USA). The data were compared
using Student’s t test or analysis of variance (ANOVA) as appropri-
ate. All of the assays were conducted at least in duplicate and
expressed as means ± standard deviation (SD). The relationship
between variables was analyzed by Pearson’s bivariate correlation
test. P values of <0.05, <0.01, and <0.001 were considered statisti-
cally significant for all of the analyses. Different letters or symbols
above the bars indicate statistical significance.
3. Results

First we studied the possible presence, localization, and mea-
surement of irisin protein (via immunohistochemical and ELISA
analyses) in the camel blood, skeletal muscles, and white adipose
tissues. Then we examined the presence, distribution pattern,
and mRNA expression levels of the irisin precursor (FNDC5) along
with the PGC-1amRNA by quantitative real-time PCR in the camel
skeletal muscles and white adipose depots.

3.1. Expression and cellular localization of irisin/FNDC5 protein in the
camel skeletal muscles

Fig. 1A–C represents various histological sections of camel
skeletal muscle fibers under low-power microscope showing longi-
tudinal and cross-arrangements of gastrocnemius muscle bundles.
The muscle fibers appear as elongated cylindrical multinucleated
cells with acidophilic sarcoplasm and regular transverse striations
(Fig. 1C). Each muscle fiber had many myofibrils, and the nuclei
were pushed to the side (Fig. 1C). The dark and light bands in
one myofibril with those of adjacent myofibrils provide the charac-
teristic cross-striations (Fig. 1C). The muscle fibers in the cross-
sections (Fig. 1A and B) were polyhedral in shape and the myofib-
rils appear as fine dots in the sarcoplasm.

In the control camels, the immunoreactive positivities for irisin/
FNDC5 antibody in the cross-sections and longitudinal sections of
camel fast glycolytic muscle fiber (gastrocnemius; Fig. 1E–H) and
slow oxidative muscle fiber (soleus; Fig. 2A–G) were predomi-
nantly abundant in the sarcolemma and sarcoplasm. As shown in
the immunostained sections of camel skeletal muscle cells
(Figs. 1E–H and 2A–G), the myofibrils were positively visible by
the signals of irisin/FNDC5 reactivity. The irisin/FNDC5 protein
appeared to be concentrated on the A band of the myofibrils, which
resulted in clearly demarcated repetitive A and I bands forming the
myofibrils’ striated staining patterns (Figs. 1H, 2B, D, and E). Nota-
bly, positive irisin/FNDC5 staining was not observed in all of the
muscle fibers (Figs. 1E–H and 2A–G). We also recognized the iri-
sin/FNDC5 protein as indicated by positive staining in the blood
vessels (Fig. 2F and G).

Under the effect of exercise, irisin/FNDC5 immunoreactivities
became extremely obvious and showed more dense brown stain-
ing in both the gastrocnemius (Fig. 1I–L) and soleus camel muscle
fibers (Fig. 2H–J) than that of the control gastrocnemius (Fig. 1E–H)
and soleus muscles (Fig. 2A–G). Moreover, irisin/FNDC5 was more
intensely localized and distributed in the muscle fiber membranes,
sarcoplasm, and myofibrils of exercised gastrocnemius skeletal
muscle fibers (Fig. 1I–L) and soleus (Fig. 2H–J) compared with their
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Fig. 1. Cellular localization of irisin/FNDC5 in the gastrocnemius muscles of the
control and exercised camels. (A–C) Light microscopy micrographs at different
magnifications of the control camels’ gastrocnemius muscles stained with H&E. (D)
Representative negative control showing no irisin/FNDC5 immunoreactivity. (E–L)
Immunohistochemical images of irisin/FNDC5 positivity (brown) in various sections
of the gastrocnemius muscles of the control (E–H) and exercised (I–L) camels. Inset
in H shows irisin/FNDC5 on the myofibrils’ A bands. Scale bar, 40 lm (A, D, and E–
G), 20 lm (B, C, H, and I–L), and 10 lm (inset in H).
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respective controls (Figs. 1E–H and 2A–G). Additionally, the num-
bers of immune-reacted muscle fibers with the irisin/FNDC5 anti-
body in the exercised camel skeletal muscles (Figs. 1I–L and 2H–J)
were highly increased compared with the controls (Figs. 1E-H and
2A-G). No immunostaining for irisin/FNDC5 was seen in the nega-
tive control slides (Figs. 1D and 2�ve).

Using a graduated scale ruler, we noticed a marked increase in
the width (1.4 ± 0.2 vs 0.5 ± 0.1 cm; P < 0.001) and length (5.2 ± 0.2
696
vs 2.5 ± 0.1 cm; P < 0.001) of the soleus muscles in the exercised
camels in comparison with that of the controls.

3.2. Expression and cellular localization of irisin/FNDC5 protein in the
camel white adipose tissue depots

Histologically, adipose tissue contained a large number of fat
cells or adipocytes arranged into lobules (Fig. 3A). Each adipocyte
contained a large lipid droplet that fills the bulk of the cell. The
cytoplasm and nucleus of fat cells were confined to the periphery
(Fig. 3A).

Immunohistochemical detection of irisin/FNDC5 protein was
studied in five white adipose depots (hump, subcutaneous, vis-
ceral, epididymal, and perirenal) of the camels. As shown in Fig-
ure (3), irisin/FNDC5 immunopositive signals were confined to
the adipocyte cell membrane in all of the examined white adipose
depots of the camels.

Interestingly, the adipocytes in the hump and subcutaneous tis-
sues of the exercised camels (Fig. 3F and H, respectively) displayed
less positive staining intensity for irisin/FNDC5 than the controls
(Fig. 3E and G, respectively). Conversely, the irisin/FNDC5 in the
perirenal and epididymal adipocytes of the exercised camels
(Fig. 3J and L, respectively) exhibited darker and stronger intensity
as well as an increase in the number of immunopositive adipocytes
compared with the controls (Fig. 3I and K, respectively). No differ-
ences could be seen between the visceral adipocytes of the exer-
cised (Fig. 3D) and control (Fig. 3C) camels for irisin/FNDC5.
Negative control preparations revealed no immunostaining for iri-
sin/FNDC5 in the camel adipocytes (Fig. 3B).

3.3. Baseline concentrations of irisin hormone in the camels’
circulating serum, skeletal muscles, and white adipose tissues

The baseline values of the irisin protein levels were detected
using ELISA kits and measured, for the first time, in the camel
serum (Fig. 4A) and tissue supernatant of the skeletal muscles
(soleus and gastrocnemius) and white adipose tissues (hump, sub-
cutaneous, visceral, epididymal, and perirenal) (inset in Fig. 4B).
The camel irisin levels using EK-067-29 Phoenix and MET-5089
Cell Biolabs irisin ELISA kits showed relatively similar results (data
not shown).

As shown in Fig. 4A, the camels’ serum irisin level was 146.87
± 13.2 ng/ml. Regarding the tissue irisin level in the examined con-
trol camel samples (inset in Fig. 4B), irisin in the soleus muscles
(93.5 ± 13.5 ng/mg) did not significantly differ (P ˃ 80.05) from
the level in the gastrocnemius muscles (87.33 ± 8.4 ng/mg).

Among the various camel white adipose tissue depots, the
hump exhibited significantly (P < 0.01) higher irisin concentrations
(111 ± 6.4 ng/mg) than the level in the subcutaneous adipose
(82 ± 8.76 ng/mg) (inset in Fig. 4B). No significant difference
(P ˃ 0.05) was observed in the irisin concentration between the vis-
ceral (31.5 ± 4.28 ng/mg), epididymal (34 ± 3.12 ng/mg), and
perirenal (25 ± 4.2 ng/mg) adipose tissues (inset in Fig. 4B). In
the white adipose tissues of the control camels, the irisin levels
in the hump and subcutaneous adipose tissue were significantly
(P < 0.01) higher than in the visceral, epididymal, and perirenal adi-
pose tissues (inset in Fig. 4B). The irisin level in the hump was sig-
nificantly (P < 0.05) greater than that in the gastrocnemius
muscles. Moreover, there was no statistically significant difference
(P ˃ 0.05) in the irisin levels between the hump and soleus muscles
or between the gastrocnemius muscles and subcutaneous adipose
(Inset in Fig. 4B).

Collectively, among the examined samples in the control camel
group, the irisin protein levels were in the following order:
serum ˃ hump � soleus � gastrocnemius � subcutaneous ˃
epididymal � visceral � perirenal (inset in Fig. 4B).



Fig. 2. Cellular localization of irisin/FNDC5 in the soleus muscles of the control and exercised camels. Representative different magnification immunohistochemical
images are shown for irisin/FNDC5 protein in the soleus muscle fibers of the control (A and G) and exercised camels (H–J). Note the positive reactivity of irisin/FNDC5 in the
endothelial lining of the blood vessels (F and G). Negative control (�ve) showing no reaction for irisin/FNDC5. Scale bar, 50 lm (C and F) and 20 lm (A, B, D, E, G-J, and �ve).
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3.4. Baseline expression levels of FNDC5 and PGC-1a genes in the
camel skeletal muscles and white adipose tissues

The expression and normal distribution patterns of FNDC5
mRNA (inset in Fig. 5) and PGC-1a mRNA (inset in Fig. 6) were
clearly shown in the various skeletal and white adipose tissues of
the control camels as assessed via real-time RT-PCR. The differen-
tial mRNA expression levels in both FNDC5 (inset in Fig. 5) and
PGC-1a (inset in Fig. 6) displayed the highest expression levels in
the hump (0.1316 ± 0.0091 and 0.1244 ± 0.019, respectively), sub-
cutaneous adipose (0.0661 ± 0.0082 and 0.0678 ± 0.012, respec-
tively), soleus (0.0874 ± 0.0070 and 0.1066 ± 0.0167,
respectively), and gastrocnemius (0.0788 ± 0.0069 and 0.0857 ± 0.
0132, respectively) as well as modest expression levels in the
depots of the epididymal (0.0137 ± 0.0028 and 0.0398 ± 0.0116,
respectively), visceral (0.0201 ± 0.0030 and 0.0532 ± 0.009, respec-
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tively), and perirenal adipose tissues (0.0084 ± 0.0033 and 0.0295
± 0.0057, respectively).

3.5. Effect of exercise on camels

In the second part of our study, we explored the effect of exer-
cise on camels by investigating the effect of acute exercise on the
levels of irisin protein, FNDC5 mRNA, and PGC-1a mRNA. We also
studied the effect of exercise on some hormones and energetic
parameters involved in energy regulation in camels.

3.6. Effect of exercise on the circulating serum irisin level in camels

As presented in Figure (4A), the camels’ serum irisin level was
significantly (P < 0.05) lower post-exercise than pre-exercise
(115.52 ± 8.31vs 146.87 ± 13.2 ng/ml).



Fig. 3. Cellular localization of irisin/FNDC5 in the white adipose tissues of the
control and exercised camels. (A) Histological section of visceral adipose tissue in
the control camels. Immunohistochemical images are shown for irisin/FNDC5
protein in various white adipose tissues of the control (C–K) and exercised camels
(D–L). (B) Representative negative control section. Scale bar, 20 lm.
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3.7. Effect of exercise on irisin production and gene expression of
FNDC5 and PGC-1a in the camels

The irisin protein levels in the examined camel tissues were
altered in a different manner (unchanged, reduced, or elevated)
by acute exercise. The irisin concentrations significantly decreased
post-exercise in the supernatants of the hump and subcutaneous
white adipose tissues of camels compared with the control levels
(75.5 ± 11.8 vs 111 ± 6.4 ng/mg; P < 0.05 and 29 ± 3.64 vs
698
82 ± 8.76 ng/mg; P < 0.001, respectively) (Fig. 4B). The irisin levels
were significantly elevated in soleus muscles (123 ± 9.44 vs 93.5
± 13.5 ng/mg; P < 0.05) as well as in the epididymal (63 ± 5.28
vs 34 ± 3.12 ng/mg; P < 0.01) and perirenal (60 ± 6.8 vs 25 ± 4.2
ng/mg; P < 0.01) white adipose tissues of the camels post-
exercise compared with the corresponding control levels (Fig. 4B).

However, no significant changes (P ˃ 0.05) were observed post-
exercise in the irisin protein content in the gastrocnemius muscles
(106 ± 10.8 vs 87.33 ± 8.4 ng/mg) and visceral adipose tissue
(36 ± 4.68 vs 31.5 ± 4.28 ng/mg) compared with the control levels
(Fig. 4B).

The gene expression levels of FNDC5 and PGC-1a were regu-
lated by exercise in a tissue-specific manner in the camel skeletal
muscles and white adipose tissues (Figs. 5 and 6). Under the effect
of acute exercise, the FNDC5 (Fig. 5) and PGC-1a (Fig. 6) mRNA
levels significantly decreased in the camel hump compared to their
respective levels in the controls (0.0422 ± 0.0072 vs 0.1316 ± 0.0
091; P < 0.01 and 0.0768 ± 0.0103 vs 0.1244 ± 0.019; P < 0.05,
respectively). A significant decrease (P < 0.05) was also detected
in the subcutaneous FNDC5 (Fig. 5) and PGC-1a (Fig. 6) mRNA
levels in the exercised camels compared to the controls (0.0319 ±
0.0065 vs 0.0661 ± 0.0082 and 0.032 ± 0.0081 vs 0.0678 ± 0.012,
respectively).

Conversely, the mRNA levels of FNDC5 and PGC-1a (Figs. 5 and
6) were significantly higher in the soleus muscles, epididymal, and
perirenal adipose tissues of the exercised camels than the corre-
sponding controls (0.1214 ± 0.0127 vs 0.0874 ± 0.0070; P < 0.05
and 0.1424 ± 0.0096 vs 0.1066 ± 0.0167; P < 0.05, respectively, in
the soleus muscles; 0.0549 ± 0.0063 vs 0.0137 ± 0.0028; P < 0.01
and 0.0952 ± 0.0145 vs 0.0398 ± 0.0116; P < 0.01, respectively, in
the epididymal adipose tissues, and 0.0707 ± 0.0075 vs 0.0084 ± 0.
0033; P < 0.01 and 0.0985 ± 0.011 vs 0.0295 ± 0.0057; P < 0.01,
respectively, in the perirenal adipose tissues). As shown in Figs. 5
and 6, the gastrocnemius muscles of the exercised camels had a
non-significant increase in the FNDC5 mRNA levels compared to
the levels in the control group (0.0840 ± 0.0083 vs 0.0788 ± 0.00
69; P ˃ 0.05) and a significant increase in the PGC-1a mRNA levels
compared with the respective control levels (0.1159 ± 0.0119 vs 0.
0857 ± 0.0132; P < 0.05).

Changes in the levels of FNDC5 and PGC-1a mRNAs (Figs. 5 and
6) were not significantly obvious in the visceral adipose tissues of
the exercised camels compared with the respective controls (0.01
78 ± 0.0034 vs 0.0201 ± 0.0030; P ˃ 0.05 and 0.0598 ± 0.0045 vs
0.0532 ± 0.009; P ˃ 0.05, respectively).

3.8. Effect of exercise on the circulating levels of various hormones
involved in the energy metabolism of camels

As a result of acute exercise, the camel serum circulating insulin
levels were significantly decreased compared with the pre-exercise
values (44 ± 2.3 vs 63 ± 4.6; P < 0.01) (Fig. 7A). Furthermore, the
camels post-exercise had significantly lower circulating leptin
levels than pre-exercise (4.09 ± 0.22 vs 5.83 ± 0.38; P < 0.05)
(Fig. 7C). However, the cortisol levels in the post-exercise camels
were significantly elevated compared to those measured pre-
exercise (6.3 ± 0.43vs 3.4 ± 0.23; P < 0.01) (Fig. 7B).

3.9. Effect of exercise on some energetic parameters in camels

Following exercise, the camels’ blood glucose levels were signif-
icantly higher compared to the pre-exercise concentrations
(170 ± 6.3 vs 118 ± 7.8; P < 0.01), as presented in Fig. 8A. The
camels’ post-exercise serum FFA concentrations were significantly
higher than the respective pre-exercise values (38.33 ± 2.6 vs
20 ± 1.8; P < 0.01) (Fig. 8B). Additionally, after exercise, serum
triglycerides showed a significant increase compared with the



Fig. 4. Circulating and tissue irisin levels under the effect of exercise in the camels. (A) Irisin levels (ng/ml) in the serum of the pre- and post-exercised camels. (B) Irisin
levels (ng/mg) in the skeletal muscles and white adipose tissues of the control and exercised camels. Inset in B: Basal irisin concentrations in the skeletal muscles and white
adipose tissue depots of the camels. Values with different letters are significantly different. Significant difference was identified at *P < 0.05, **P < 0.01, and ***P < 0.001
compared to the control values.

Fig. 5. Tissue distribution and differential gene expression level of FNDC5 in the
skeletal muscles and white adipose tissues of the control and exercised camels.
Real-time PCR analysis of FNDC5 expression level in the skeletal muscles (soleus
and gastrocnemius) and white adipose tissue depots (hump, subcutaneous, visceral,
epididymal, and perirenal) in the control and exercised camels are shown. Inset:
Basal expression level of FNDC5 in the camels’ skeletal muscles and white adipose
tissue depots. Values with different letters are significantly different. Significant
difference was identified at *P < 0.05 and **P < 0.01 compared to the control values.
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pre-exercise levels (49.67 ± 4.215 vs 37.72 ± 3.891; P < 0.05)
(Fig. 8C). The serum ATP levels were significantly decreased post-
exercise compared with the pre-exercise values (75.25 ± 5.8 vs
91.5 ± 6.3; P < 0.05) (Fig. 8D). Moreover, muscle lactate was signif-
icantly increased over the pre-exercise values (23 ± 4.0 vs
3.8 ± 0.12; P < 0.01) (Fig. 8E).
3.10. Correlations between the examined variables in the camels

A significant positive correlation has been detected between the
circulating irisin levels and each of the irisin content in the hump
and subcutaneous adipose tissues of the exercised camels (Table 1).
Whereas, the circulating irisin levels were inversely correlated
with the irisin content in the soleus and gastrocnemius muscles
as well as with the epididymal and perirenal adipose tissues of
the exercised camels (Table 1).

As presented in Table 1, the irisin content in the skeletal mus-
cles and white adipose depots of exercised camels was significantly
and positively associated with the corresponding FNDC5 and PGC-
1a gene expression levels. Additionally, the FNDC5 mRNA levels
also showed significant positive correlation with the PGC-1a
mRNA levels in all the examined tissues of exercised camels
(Table 2).

In camels, the difference between the post- and pre-exercise
values (post-pre exercise changes) in the serum irisin exhibited
significantly positive correlations with the corresponding serum
levels of insulin, leptin, and ATP and significantly negative correla-
tions with the corresponding levels of glucose, FFA, triglycerides,
and cortisol (Table 3).

Table 4 showed that the post-pre exercise changes in camel cir-
culating insulin levels were significantly and negatively correlated
with the corresponding changes in serum glucose, FFA, and cortisol
levels and significantly positive correlated with the serum leptin



Fig. 6. Tissue distribution and differential gene expression level of PGC-1a in
the skeletal muscles and white adipose tissues of the control and exercised
camels. Real-time PCR analysis of the PGC-1a expression level in the skeletal
muscles (soleus and gastrocnemius) and white adipose tissue depots (hump,
subcutaneous, visceral, epididymal, and perirenal) in the control and exercised
camels are shown. Inset: Basal expression level of PGC-1a in the camels’ skeletal
muscles and white adipose tissue depots. Values with different letters are
significantly different. Significant difference was identified at *P < 0.05 and
**P < 0.01 compared to the control values.

Fig. 7. Effect of exercise on the levels of circulating hormones involved in
energy metabolism regulation in the camels. Effect of exercise on the camels’
serum levels of (A) insulin, (B) cortisol, and (C) leptin are shown. Data are expressed
as means ± SD. *P < 0.05, **P < 0.01.
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levels. The difference between post and pre exercise values of cir-
culating cortisol levels showed significantly positive correlations
with the corresponding changes in serum levels of glucose and
FFA, whereas it had significantly negative correlations with the
camels’ serum leptin levels (Table 4). Moreover, the correlation
of the post-pre exercise changes in the camel serum leptin levels
was significantly negative with the corresponding serum glucose
and FFA levels (Table 4).

4. Discussion

The main highlights of the present study are: (i) irisin is present
in the camel circulation; (ii) irisin protein as well as FNDC5 and
PGC-1a genes are present in the skeletal muscles and white adi-
pose tissues of camels; (iii) irisin/FNDC5 protein is cellularly local-
ized on the sarcolemma, myofibrils, and sarcoplasm of camel
skeletal muscle fibers as well as on the adipocyte cell membranes
of camels’ white adipose tissues; (iv) the baseline concentration of
irisin protein content was quantified in the camel blood, skeletal
muscles, and various white adipose tissue depots in the following
order: serum ˃ hump � soleus � gastrocnemius � subcutaneous
˃ epididymal � visceral � perirenal; (v) the profiles of the FNDC5
and PGC-1a mRNAs consistently matched the profile of the irisin
protein levels in all of the examined camel tissues; (vi) exercise
significantly decreased the camels’ circulating irisin levels; (vii)
exercise induced tissue-specific changes in the irisin protein and
gene expression of the camels’ FNDC5 and PGC-1a, which subse-
quently regulated the circulating irisin content; (viii) under the
effect of exercise, among the examined camel tissues, the irisin
contents and expression levels of FNDC5 and PGC-1a in the hump
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and subcutaneous white adipose tissues were downregulated and
positively associated with the decreased circulating irisin level;
(ix) exercise significantly upregulated the gene expression of
FNDC5 and PGC-1a as well as the irisin levels in the soleus muscles
and epididymal and perirenal white adipose depots; (x) in the
camels, acute exercise significantly increased the serum glucose,
FFA, triglycerides, and cortisol levels; (xi) the serum insulin and
leptin levels significantly decreased in the camels post-exercise;
(xii) in vivo FNDC5 and PGC-1a gene expression and irisin secretion
were regulated by endogenous signals linked with exercise in the
camels; and (xiii) the overall associations of the metabolic and hor-
monal responses to exercise with the expression patterns of irisin/
FNDC5/PGC-1a related specifically to camels suggest the potential
involvement of glucose and FFA as well as insulin, leptin, and cor-
tisol in the regulation of the PGC-1a/FNDC5/irisin pathway in the
camels.



Fig. 8. Effect of exercise on the levels of some energetic metabolites in the camels. Effect of exercise on the camels’ (A) glucose, (B) free fatty acids, (C) triglycerides, (D)
ATP, and (E) muscle lactate are shown. Data are expressed as means ± SD. *P < 0.05, **P < 0.01.

Table 1
Pearson correlations (r) of tissue irisin contents in the skeletal muscle and adipose tissues of the exercised camels with the gene expression levels of FNDC5 and PGC-1a and the
circulating serum irisin.

Circulating Irisin FNDC5 PGC-1a

Tissue Irisin Soleus r �0.408 0.803 0.776
P 0.0425 0.0121 0.0132

Gastrocnemius r �0.369 0.745 0.666
P 0.0480 0.0174 0.0293

Hump r 0.877 0.698 0.898
P 0.0011 0.0201 0.00097

Subcutaneous r 0.792 0.555 0.788
P 0.0124 0.0483 0.0115

Visceral r �0.141 0.562 0.311
P 0.1355 0.0463 0.0092

Epididymal r �0.495 0.911 0.688
P 0.0462 0.001 0.0233

Perirenal r �0.586 0.887 0.705
P 0.0431 0.0011 0.0201

Significant difference was identified at P < 0.05, P < 0.01, and P < 0.001. n = 6.
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4.1. Irisin/FNDC5 is localized in skeletal muscles and white adipose
tissues of camels

The immunohistochemical images (Figs. 1–3) gave evidence for
the first time of the presence and location of irisin/FNDC5 protein
in the skeletal muscle and white adipose depots of camels. As
expected for a transmembrane protein, the predominant location
of irisin/FNDC5 on the muscle fiber and adipocyte cell membranes
suggested that it may play distinct potential physiological roles in
camel metabolism.

The immunohistochemical findings (Figs. 1 and 2) were in
accordance with others in humans, mice, and cattle. For instance,
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FNDC5 was detected in the sarcolemma and cytosol of cattle semi-
tendinosus muscle (Komolka et al., 2014). In humans, irisin was
detected in skeletal muscles (Piya et al., 2014) and irisin/FNDC5
was identified in visceral and subcutaneous adipose tissue sections
(Pérez-Sotelo et al., 2017). In mice, immunohistochemical analysis
confirmed the presence of irisin/FNDC5 in skeletal muscles (Dun
et al., 2013; Brenmoehl et al., 2014; Amengual et al., 2018) and
inguinal and epididymal white adipose tissues (Amengual et al.,
2018). Conversely, irisin immunoreactivity was absent from skele-
tal muscles of young and old rats, in which traces of irisin were
shown only in the perimysium of skeletal muscles (Aydin et al.,
2014).



Table 2
Pearson correlations (r) between gene expression levels of FNDC5 and PGC-1a in the
skeletal muscle and adipose tissues of the exercised camels.

PGC-1a

Tissue FNDC5 Soleus r 0.436
P 0.0482

Gastrocnemius r 0.389
P 0.0222

Hump r 0.887
P 0.0010

Subcutaneous r 0.892
P 0.0006

Visceral r 0.454
P 0.0175

Epididymal r 0.855
P 0.0017

Perirenal r 0.686
P 0.0227

Significant difference was identified at P < 0.05, P < 0.01, and P < 0.001. n = 6.

Table 3
Pearson’s correlations between circulating irisin and other circulating variables in
camels under the effect of exercise.

Circulating Hormones & Metabolites

Circulating IRISIN Insulin r 0.513
P 0.0456

Cortisol r �0.522
P 0.0409

Leptin r 0.560
P 0.041

Glucose r �0.533
P 0.0372

Free fatty acids r �0.693
P 0.0132

Triglycerides r �0.520
P 0.0415

ATP r 0.558
P 0.0469

Correlation was carried out using the difference between post- and pre- exercise
values
Significant difference was identified at P < 0.05.
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4.2. Basal irisin levels were quantified in camel serum, skeletal
muscles, and white adipose tissues

The immunohistochemical data (Figs. 1–3) were further con-
firmed by the biochemical detection of irisin protein content in
Table 4
Pearson’s correlations (r) between circulating hormones and metabolites levels in camels

Circulating Hormones & Metabolites Cortisol

Leptin

Glucose

Free fatty acids

Correlation was carried out using the difference between post- and pre- exercise values
Significant difference was identified at P < 0.05 and P < 0.001.
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the camels (Fig. 4). This study provides novel information regard-
ing the presence and measurement of basal irisin levels in camel
blood, skeletal muscles, and various white adipose depots at the
intracellular level using ELISA (Fig. 4A and inset in B).

Consistent with our findings, the circulating basal irisin levels
have been detected in rodents (Aydin et al., 2014; Varela-
Rodríguez et al., 2016) and humans (Huh et al., 2012; Kurdiova
et al., 2014). In contrast to our results in camels, irisin in cattle
was neither detectable in the circulating plasma nor in muscles
under resting conditions despite the abundant presence of FNDC5
mRNA in cattle skeletal muscles (Komolka et al., 2014).

Results from rodents and humans have shown that irisin/
FNDC5 is not only present in skeletal muscles but is also expressed
and secreted by adipose tissues (Huh et al., 2012; Roca-Rivada
et al., 2013; Moreno-Navarrete et al., 2013; Kurdiova et al., 2014;
Varela-Rodríguez et al., 2016; Amengual et al., 2018). This was also
demonstrated by our findings (inset in Fig. 4B) suggesting a role of
irisin as an adipo-myokine in camels. Interestingly, we confirmed
that the basal level of irisin in the examined camel tissues was
highest in the hump, soleus muscles, and relatively high and
almost comparable in the gastrocnemius muscles and subcuta-
neous adipose tissues (inset in Fig. 4B). However, the camels’ vis-
ceral, epididymal, and perirenal adipose tissues exhibited
significantly lower irisin protein expression levels (Inset in
Fig. 4B). These results were in line with the preliminary observa-
tions of Kurdiova et al. (2014), who indicated that levels of irisin/
FNDC5 protein detected by EIA assay in human subcutaneous adi-
pose tissues might be comparable to those in muscle.

The present findings (inset in Fig. 4B) were consistent with the
immunoblotting results, which revealed that rat skeletal muscle
secreted more irisin/FNDC5 protein than subcutaneous and vis-
ceral adipose tissues and subcutaneous adipose expressed and
secreted more irisin/FNDC5 than visceral adipose tissue in rats
(Roca-Rivada et al., 2013).

Specifically for camels, our results (inset in Fig. 4B) verified that
hump adipose tissues expressed significantly more irisin levels
than the examined skeletal muscles and other white adipose
depots along with the high irisin content in subcutaneous adipose,
supporting the idea that the regulation of irisin production/release
in/from adipose tissues might contribute to circulating irisin levels
in camels.

4.3. FNDC5 and PGC-1a genes are expressed in skeletal muscles and
white adipose of camels

Another new finding in the present study that could add knowl-
edge to camel research was the presence of FNDC5 and PGC-1a
genes in the camels (Figs. 5 and 6). Notably, the FNDC5 and PGC-
1a levels in the camels’ skeletal muscles and white adipose tissues
under the effect of exercise.

Circulating Hormones

Insulin Cortisol Leptin

r �0.860
P 0.0001

r 0.68 �0.720
P 0.0153 0.0094

r �0.811 0.847 �0.849
P 0.0007 0.0003 0.001

r �0.79 0.853 �0.624
P 0.0036 0.0009 0.0493

.
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under basal conditions correlated well and clearly matched the
same irisin order, in which tissues with very high irisin content
also showed markedly high levels of FNDC5 and PGC-1a gene
expression and vice versa (inset in Figs. 5 and 6).

Our results confirmed the previous study of Wrann et al. (2013),
who reported that FNDC5 gene expression correlated with PGC-1a
expression levels in various mice tissues. In agreement with earlier
reports, among the tissues examined in humans (Huh et al., 2012)
and mice (Wrann et al., 2013), the highest level of FNDC5 gene
expression was detected in muscles. Consistent with results from
mice, FNDC5 expression was higher in the soleus muscles, which
also contain higher levels of PGC-1a than gastrocnemius muscles
(Wrann et al., 2013). In addition, we confirmed the previous obser-
vations in human (Huh et al., 2012; Moreno-Navarrete et al., 2013;
Kurdiova et al., 2014)and rodent studies (Roca-Rivada et al., 2013)
in which FNDC5 mRNA was expressed in subcutaneous and vis-
ceral adipose tissues at lower levels than in skeletal muscles.

4.4. Exercise significantly decreases the circulating irisin level in
camels

To the best of our knowledge, no studies have investigated the
regulation of irisin/FNDC5 in camel species. Surprisingly, the pre-
sent study detected hypo-irisinemia in the camels after acute exer-
cise (Fig. 4A). However, many studies on the effect of acute exercise
on serum irisin levels in other species showed contradicting
results. It has been reported that serum irisin levels increased after
acute exercise in humans (Kraemer et al., 2014; Norheim et al.,
2014; Huh et al., 2015; Nygaard et al., 2015; Löffler et al., 2015),
rats (Aydin et al., 2014), and mice (Brenmoehl et al., 2014). Other
studies reported that acute exercise did not influence serum irisin
levels in humans (Kurdiova et al., 2014) and rats (Czarkowska-
Paczek et al., 2014).

4.5. Exercise induces tissue-specific regulation of irisin, FNDC5, and
PGC-1a in skeletal muscles and white adipose depots of camels

Interestingly, the present results clarified that in camels, there
was tissue-specific regulation in FNDC5 and PGC-1amRNA expres-
sion levels as well as irisin protein content in the skeletal muscles
and white adipose tissues after acute exercise (Figs. 5 and 6).

The ELISA measurement of tissue irisin content (Fig. 4B) and the
results of real-time PCR for FNDC5 in the present study (Fig. 5) fur-
ther confirmed the distinguishable differences in the immunoreac-
tive intensity and number of immunopositive cells for irisin/FNDC5
protein in the skeletal muscles and white adipose tissues depots
between the exercised and control camels.

We proved that the mRNA levels of PGC-1a were consistently
parallel to FNDC5 mRNA and tissue irisin protein levels in the
skeletal muscles and adipose tissues of the exercised camels
(Table 1). Additionally, our results demonstrated that the expres-
sion of FNDC5 was significantly and positively correlated with
the expression of PGC1-a in all of the examined tissues of the exer-
cised camels (Table 2), consistent with studies on exercised human
skeletal muscles and adipose tissues (Huh et al., 2012; Lecker et al.,
2012; Moreno-Navarrete et al., 2013; Kurdiova et al., 2014) and
exercised muscles of mice (Boström et al., 2012), suggesting the
involvement of PGC1-a in the regulation of FNDC5 gene expression
in the exercised camel tissues and that FNDC5 and PGC1-a genes
are crucial factors for irisin protein regulation in camels.

The irisin protein content andmRNA expression levels of FNDC5
and PGC-1a in the camels’ soleus muscles were significantly ele-
vated after exercise (Figs. 4B, 5, and 6). Moreover, the noticeable
increase in the width and length of the camels’ soleus muscles after
exercise in comparison to the controls was probably consistent
with the increase in irisin content in the soleus muscles in
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response to exercise. One of the characteristic hallmarks of exer-
cise is the induction of skeletal muscle hypertrophy (Marini and
Veicsteinas, 2010). Irisin also induced hypertrophy in mice skeletal
muscles (Reza et al., 2017).

Although the irisin content and FNDC5 mRNA expression in the
gastrocnemius muscles was not statistically different between the
exercised and control camels, the gastrocnemius of the exercised
camels tended to present greater levels compared to the controls.
Studies have shown no significant differences in skeletal muscle
FNDC5 levels under the effect of acute exercise in rats and humans
(Czarkowska-Paczek et al., 2014; Kurdiova et al., 2014). However,
following acute exercise, FNDC5 mRNA in the muscles was upreg-
ulated in mice (Boström et al., 2012) and humans (Norheim et al.,
2014; Nygaard et al., 2015). Our findings (Figs. 4B, 5, and 6 and
Table 1) were in agreement with studies conducted on mice
(Boström et al., 2012) and humans (Norheim et al., 2014) that con-
cluded that the exercise-induced expression of FNDC5/irisin in
muscles was dependent on increased PGC-1a mRNA.

Different white adipose depots may vary in their physiological
functions and impact on metabolism (Pond, 1992; Bjørndal et al.,
2011). Therefore, comparing the effect of exercise on white adipose
tissues from different anatomical locations in camels may offer the
possibility of differential contributions from these depots to the
circulating irisin levels.

In the present study, the diverse gene expression profiles of iri-
sin, FNDC5, and PGC-1a observed in the examined depots of
camels’ white adipose tissues after exercise (Figs. 4B, 5, and 6)
proved that the adipose cells in varying depots responded differ-
ently to exercise, which resulted in differences in the production
and release of irisin from these depots and hence they may differ
in their physiological tasks. Our study confirmed the results by
Varela-Rodríguez et al. (2016), who showed that there were differ-
ences in FNDC5 expression depending on white adipose tissue
depots (visceral, epididymal, and subcutaneous) in rats after
long-term caloric restriction.

The significantly increased levels of irisin content in the soleus
muscles and epididymal and perirenal adipose tissues of the
camels post-exercise (Fig. 4B) were proportional to the increases
observed in the FNDC5 and PGC-1a mRNA levels in these tissues
after exercise (Table 1). Additionally, the lower irisin levels in the
serum (Fig. 4A) and the higher irisin levels detected in the soleus
muscles, epididymal, and perirenal adipose tissues of the camels
under the effect of exercise (Fig. 4B) may also suggest the involve-
ment of irisin uptake from the circulation into these tissues post-
exercise. The mechanisms underlying the effect of exercise on iri-
sin uptake remain unknown. However, we agreed with Kartinah
and Sianipar (2018), who posited that exercise, as a physiological
stress, would result in an increase in the transfer of irisin from
the circulation into the adipose tissues of rats. Chen et al. (2017)
suggested that under physiological stress, the presence of irisin
uptake from the serum to the lungs was demonstrated in human
patients with neonatal respiratory distress syndrome. In this con-
text, Chen et al. (2017) confirmed an important role of lipid raft-
mediated endocytosis in facilitating entry of irisin into mice alveo-
lar cells subjected to ischemia-induced stress.

Although camels do not develop diabetes, they physiologically
have high basal circulating glucose levels and low insulin sensitiv-
ity (Kaske et al., 2001; Ali et al.2019), a state similar to that of type
2 diabetic patients. In camels, insulin does not develop a short- act-
ing effect on glucose utilization (Elmahdi et al., 1997; Kaske et al.,
2001; Ali et al.2019). Thus, in the current study, the recognition of
a greater decrease in insulin (Fig. 7A) and a greater increase in the
circulating levels of glucose (Fig. 8A) and FFA (Fig. 8B) in the camels
after exercise suggesting a partial or total interruption of the
known actions of insulin. Consequently, this might contribute to
decreasing the glucose uptake by the skeletal muscles and epididy-
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mal and perirenal adipose tissues under such physiological stress
(exercise) in the camels and hence resulted in a higher increase
in the circulating glucose levels (Fig. 8A).

Among the camel tissues examined in the present study, only
the hump and subcutaneous adipose depots showed downregula-
tion in their levels of irisin protein content and FNDC5 and PGC-
1a mRNAs after exercise (Figs. 4B, 5, and 6) and hence positively
correlated with the decreased circulating irisin levels (Table 1).
No changes in the FNDC5/PGC-1a expression or irisin content
could be seen in the visceral adipose post-exercise (Figs. 4B, 5,
and 6). Therefore, the correlation analysis (Table 1) confirmed that
the exercise-induced decrease in the circulating serum irisin levels
was mainly due to the downregulated FNDC5/PGC-1a gene expres-
sion and irisin protein content in the camel hump and subcuta-
neous adipose tissues.

Our findings were in line with the results of earlier reports on
humans and mice. Studies on FNDC5 gene expression in visceral
and subcutaneous adipose tissues as well as skeletal muscles led
Moreno-Navarrete et al. (2013) to suggest that it is the adipose tis-
sue and not the skeletal muscle expression that correlates with cir-
culating irisin levels in humans. It has been recognized that, in
contrast to skeletal muscle, FNDC5 in adipose tissue and irisin in
plasma decreased in type 2 diabetic patients (Kurdiova et al.,
2014). Yang et al. (2015) concluded that FNDC5 protein expression
in adipose tissue (subcutaneous), not skeletal muscle, contributed
to changes in circulating irisin in high-fat diet-induced obese mice.

Our current data clearly presented consistent exercise-related
downregulation of irisin protein in camel hump and subcutaneous
white adipose tissue and circulating irisin, opposed by its increase
in the skeletal muscles and epididymal and perirenal adipose
depots of the camels after exercise. Therefore, the present study
suggested the presence of tissue-specific mechanisms leading to
the timely regulation of local and systemic irisin content under
the effect of exercise, which is important for camels to tolerate
and adapt to extreme conditions and maintain metabolic
hemostasis.

4.6. Exercise induces hyper-glycemia, hypo-insulinemia, and hyper-
cortisolemia in camels

Camels have exceptional carbohydrate metabolism. The normal
high glucose and low insulin concentrations in camels could be
physiologically related to different regulation factors than in true
ruminants (Kaske et al., 2001). Our results proved that, in camels,
exercise provoked an extra increase in the circulating glucose
(Fig. 8A) along with a further decrease in the circulating insulin
levels (Fig. 7A) than their basal control levels.

The present findings confirmed the presence of negative corre-
lations between glucose and irisin in camels under the effect of
exercise. Congruent with our results, serum irisin was negatively
associated with hyper-glycemia and fasting glycemia in humans
(Kurdiova et al., 2014). Our study revealed that insulin was found
to be positively linked with irisin in camels under the effect of
exercise (Table 3). In this context, Varela-Rodríguez et al. (2016)
proved a relationship between insulin production and the circulat-
ing irisin levels in rats and demonstrated that exogenous irisin
enhanced circulating insulin levels and that the reduction in
FNDC5 gene expression in muscle and circulating irisin levels were
associated with low endogenous insulin production. Moreover,
serum irisin was reported to be increased after continuous subcu-
taneous insulin infusion in type 2 diabetes mellitus patients (Li
et al., 2016). Our findings were also consistent with several reports
that indicated that circulating irisin was significantly lower in type
2 diabetic humans (Liu et al., 2013; Moreno-Navarrete et al., 2013;
Kurdiova et al., 2014; Hu et al., 2016) and rodents (Yang et al.,
2015). In contrast, others showed irisin to be positively associated
704
with insulin resistance (Park et al., 2013; Crujeiras et al., 2014;
Ebert et al., 2014; Sesti et al., 2014).

The hypo-irisinemia-hyper-glycemia-hypo-insulinemia detected
in the camels post-exercise in the present study (Figs. 4A, 8A, and
7A) might be considered adaptation mechanisms related to the
specific physiological characteristics of the camel, suggesting a
beneficial role of irisin in camel glucose homeostasis.

The present study confirmed that under the effect of exercise,
the camels developed hyper-cortisolemia (Fig. 7B). This finding
was in agreement with results reported by Saeb et al. (2010) and
El Khasmi et al. (2015), who reported hyper-cortisolemia in camels
after a stressful event such as road transport and revealed that this
increase was positively correlated with the transportation dis-
tance. Cortisol is released in response to stress in all mammals.
Therefore, the significant increase in the circulating cortisol con-
centrations in our results may have been attributed to stress linked
to exercise.

Based on our results (Fig. 7B), it is likely that the elevated serum
cortisol levels may have contributed to increasing glycemia in the
camels post-exercise, probably by increasing the gluconeogenesis
rate. Glucose is nearly exclusively biosynthesized by gluconeogen-
esis in camels (Emmanuel, 1981). Moreover, it was indicated that
cortisol resulted in a decrease in the cell glucose utilization rate
(Hall, 2016). These findings could offer another explanation for
the high increase in the camels’ blood glucose levels post-exercise.

Along with high gluconeogenesis, camels also have more effi-
cient high lipo-mobilization (Ouajd and Kamel, 2009). Cortisol
was also found to promote the mobilization of fatty acids from
the adipose tissues (Hall, 2016). Consistent with this, our study
demonstrated a significant increase in the camel blood FFA levels
(Fig. 8B) accompanied by hyper-cortisolemia in the camels post-
exercise (Fig. 7B).

4.7. Exercise increases FFA and triglycerides and decreases leptin levels
in camels

Non-esterified fatty acids (NEFA) are important metabolic fuel.
The basal blood FFA concentrations vary greatly between species.
They are lower in camels than sheep and ponies (Kaske et al.,
2001). Exercise increases white adipose tissue lipolysis and free
fatty acid mobilization to supply the skeletal muscles with energy
(Gollisch et al., 2009) The results of our study verified that exercise
caused a significant increase in the camels’ circulating FFA and
triglycerides (Fig. 8B and C), indicating that exercise induced lipol-
ysis and mobilization of fatty acids from camel adipose depots due
to the inhibition of glucose uptake.

It has been demonstrated that an increase in FFA blood levels
decreased insulin-stimulated glucose uptake, with a subsequent
increase in insulin resistance and development of type 2 diabetes
in humans (Hoeks et al., 2006) and impaired insulin-stimulated
glucose metabolism in rat skeletal muscle cells (Hirabara et al.,
2010) In this regard, our results proved that the increase in the
serum FFA levels observed in the camels post-exercise (Fig. 8A)
was accompanied by increased serum glucose and cortisol levels
and decreased serum irisin, insulin, and leptin levels (Figs. 4A, 7,
and 8B). These findings were further confirmed by the correlation
analysis (Tables 3 and 4).

In addition to insulin, leptin is considered one of the main hor-
mones controlling glucose and lipid metabolism in ruminants. Lep-
tin is mainly secreted by the adipose tissues of one-humped camels
and plays an important role in the regulation of energy metabolism
(Chilliard et al., 2005). The influence of acute exercise on leptin
concentrations in humans and rats is conflicting; some studies
revealed that exercise decreased leptin in humans (Koutsari
et al., 2003; Voss et al., 2016) and others showed that exercise
increased leptin levels in rats (Uysal et al., 2017), whereas Algul
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et al. (2017) found no change in leptin levels after exercise in male
subjects.

At present, little is known about the regulatory effects of exer-
cise on leptin levels in camel species. Our results, for the first time,
proved that exercise produces hypo-leptinemia in camels (Fig. 8C).
Moreover, we found a positive relationship between the circulating
leptin and insulin levels in the camels under the effect of exercise
(Table 4). It has been demonstrated that there is a synchronicity
between insulin and leptin, in which changes in insulin precede
those of leptin (Koutkia,et al., 2003) and that a decrease in leptin
follows insulin declines during fasting (French and Castiglione,
2002). Roberts et al (2013) identified a positive association
between the levels of plasma leptin and skeletal muscle FNDC5
mRNA in obese rats. Likewise, a positive correlation was detected
between leptin and irisin levels in children after physical activity
(Palacios-González et al., 2015). Consistent with these findings,
we also demonstrated that the decrease in leptin levels (Fig. 7C)
was accompanied by a decrease in the circulating levels of insulin
(Fig. 7A) and irisin (Fig. 4A) in the camels after exercise.

5. Conclusion

Our study provides, for the first time, evidence of the synthesis,
quantification, localization, and regulation of irisin/FNDC5 protein
in camel species. Our findings indicated that exercise induced
tissue-specific regulation of irisin, FNDC5, and PGC-1a levels in
the camels’ skeletal muscles and white adipose tissues, which sub-
sequently decreased the circulating irisin levels. However, other
tissues that might contribute to this decrease in the circulating iri-
sin levels in camels after exercise have yet to be identified. The
hypo-irisinemia, hyper-glycemia, hypo-insulinemia, hyper-
cortisolemia, and hypo-leptinemia detected in the camels post-
exercise in the present study might be considered as adaptation
mechanisms related to the specific physiological characteristics
of camels. The presence of significant associations between irisin
and energetic metabolites as well as the hormones regulating
metabolism suggested a beneficial role of irisin in glucose and lipid
metabolism homeostasis in Arabian camels. Collectively, our new
findings extend the knowledge on irisin and may provide a basis
to consider the PGC-1a/FNDC5/irisin signaling pathway under sev-
eral regulators in camel species.
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