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Abstract

Severe heat exposure causes mitochondrial fragmentation and dysfunction, which contribute to the pathogenesis of heat-related illness.
1-Citrulline is a naturally occurring amino acid and has been suggested to influence heat shock responses. This study aimed to test
whether t-citrulline supplementation would preserve mitochondrial integrity and attenuate heat-induced skeletal muscle injury and elucidate
the underlying mechanisms. At 37°C, t-citrulline (2 mM) increased mitochondrial elongation in mouse C2C12 myoblasts, a process associated
with a reduction in mitochondrial fission protein Drp1 levels. Mechanistic studies revealed that r-citrulline increased cellular nitric oxide (NO)
levels, but not S-nitrosylation of Drp1. i-Citrulline caused a decrease in phosphorylation of Drp1 at Ser 616 and an increase in phosphorylation of
Drpl at Ser 637, which resulted in a reduced mitochondrial localisation of Drpl. L-NAME, a non-selective NO synthase inhibitor, abolished the
increase in 1-citrulline-induced NO levels and inhibited Drpl phosphorylation changes and mitochondrial elongation, which indicates the
involvement of a NO-dependent pathway. Under 43°C heat stress conditions, 1-citrulline prevented translocation of Drpl to mitochondria,
mitochondrial fragmentation and decreased membrane potential. Finally, i-citrulline pretreatment inhibited heat-induced reactive oxygen spe-
cies overproduction, caspase 3/7 activation, apoptotic cell death and improved cell viability. NO inhibitor .L-NAME abolished all the above pro-
tective effects of 1-citrulline under heat stress. Our results suggest that i-citrulline prevents heat-induced mitochondrial dysfunction and cell injury
through NO-mediated Drp1 inhibition in C2C12 myoblasts. .-Citrulline may be an effective treatment for heat-related illnesses and other mito-
chondrial diseases.
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Humans and other mammals maintain their core body temper-
ature (Tc) at 37°C to ensure optimal physiological function
and survival. Prolonged exposure to heat can raise Tc and result
in heat-related illnesses or even death™”. The global temperature
record of the last 2000 years shows the largest increase (1.09°C
above pre-industrial times) in the 2011-2020 decade, and lead-
ing climate scientists predict the world to warm more than 3°C by
the end of the century®. As of today, ~30% of the world’s
population is exposed to deadly heat waves for at least 20 days
peryear®. During the latest June 2021 heat wave in the USA, the
Pacific Northwest Coast alone reported 3504 heat-related illness
emergency department visits”. Global warming is indeed a
threat to human health and survival. The development of effec-
tive prevention and treatment strategies for heat-related illness
and injuries is therefore crucial.

Mitochondria are double membrane-bound organelles that
produce cellular energy and coordinate stress responses (e.g.,
to heat) for determining cell life-or-death®. The overall mito-
chondrial morphology is determined by the balance between
mitochondrial fission and fusion, which is regulated by the dyna-
min family of large GTPases®”. In mammals, the cytosolic
protein Drp1 is recruited to the mitochondria to promote mito-
chondrial fission®®. Mitofusins (Mfn1 and Mfn2) on the outer
mitochondrial membrane and OPA1 on the inner mitochon-
drial membrane coordinate the fusion of their respective
membranes®!'?. Heat exposure activates the mitochondrial
fission protein Drpl and degrades the fusion protein OPA1,
which results in mitochondrial fragmentation and dysfunc-
tion!-13_ Mitochondrial fission may thus serve as a therapeu-
tic target for heat-related illness, as inhibition of mitochondrial

Abbreviations: NO, nitric oxide; ROS, reactive oxygen species; SNO, S-nitrosylation.
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fission restores mitochondrial function under heat stress and
ameliorates heat-induced oxidative damage to skeletal
muscleH12,

i-Citrulline is a naturally occurring a-amino acid which is
found in foods such as watermelon. 1-Citrulline is absorbed by
the enterocytes in the small intestine and converted in the kid-
neys to L-arginine, a biological precursor of nitric oxide (NO) ¥,
Supplementation with t-citrulline has been shown to increase
NO levels in plasma and tissues, including skeletal muscle®!>,
NO is a gaseous signalling molecule that plays a critical role
in many physiological functions, including but not limited to
vasodilation, antioxidant, anti-inflammatory and heat shock
responses 141617 NO may directly or indirectly increase mito-
chondrial mass and stimulate mitochondrial biogenesis in skel-
etal muscle®2%, In neurons, NO induces S-nitrosylation (SNO)
of the mitochondrial fission protein Drpl, which contributes
to the pathogenesis of neurodegeneration®?. Reduced NO
bioavailability in skeletal muscle has been associated with
muscle wasting and impaired function®*529 Chowdhurya
etal. have shown that chickens exposed to heat had significantly
lower plasma i-citrulline concentrations and brain oxidative
damage®®. However, the effects of i-citrulline and NO on
heat-induced damage of mitochondria and skeletal muscle
injury remain to be examined.

Skeletal muscle is highly susceptible to heat injury®®. Our
recent studies suggest that mitochondrial fission mediates
heat-induced reactive oxygen species (ROS) production and
skeletal muscle injury!'?. In this study, we tested whether L-cit-
rulline would be effective in preventing heat-induced mitochon-
drial dysfunction and cell injury in mouse C2C12 myoblasts.
Moreover, we wanted to elucidate the mechanisms responsible
for the downstream effect of i-citrulline-induced NO production,
with particular emphasis on mitochondrial fission machinery.
Our results show that r-citrulline ameliorates heat-induced skel-
etal muscle oxidative injury through NO-mediated Drp1 inhibi-
tion and preservation of mitochondrial functional integrity.

Materials and methods

C2C12 myoblast culture, heat exposure and r-citrulline
treatment

The mouse myoblast C2C12 cell line (ATCC® CRL-1772™)
was cultured in Dulbecco’s Modified Eagle Medium supple-
mented with 10 % fetal bovine serum, 100 unit/ml penicillin
and 100 pg/ml streptomycin. Cells were maintained at 37°C in
a 5% CO, humidified incubator and at a confluency below
60 % to prevent differentiation. For heat exposure, the cells were
placed in a CO, incubator with a temperature preset to 43°C, as
previously described?,

1-Citrulline was purchased from Sigma-Aldrich (#C7629,
purity > 98 % by TLC, Burlington, MA), dissolved in phosphate-
buffered saline and added to the cell culture medium (2 mM) for
the indicated time, or 1 h prior to heat exposure. Control cells
were treated with phosphate-buffered saline only. The concen-
tration of 2 mM citrulline can be achieved in plasma in humans
1 h after oral supplementation with i-citrulline®”, in mice

with r-citrulline-injected intraperitoneally® or in rats via

subcutaneous injection®. A previous study performed

dose-response experiments in C2C12 cells and the results
show that a similar concentration of t-citrulline (2.5 mM) pro-
tected muscle from wasting>.

Assessment of mitochondrial morphology and membrane
potential (AY,,)

Mitochondria were visualised using a cell-permeable probe
MitoTracker Red CMXRos, and mitochondrial membrane poten-
tial (A¥,,) was measured with the cationic fluorescent dye —
tetramethylrhodamine ethyl ester. Both fluorescent dyes were
purchased from Thermo Fisher Scientific and added to the cell
culture medium (100 nM) 15 min prior to imaging, per the
manufacturer’s instructions. Percentage of cells containing frag-
mented or elongated mitochondria was counted as previously
described®’-2”, Using Tmage] software (NIH), mitochondrial
morphology was further assessed as the form factor (perim-
eter?/4m-surface area) and aspect ratio (major axis/minor axis),
which reflects the branching and length aspects of mitochondria,
respectively. Since changes in mitochondrial shapes and vol-
umes may alter fluorescence signal in the mitochondria, AW¥,,
was calculated as mean tetramethylrhodamine ethyl ester fluo-
rescence intensity per mitochondrial area.

Measurements of cellular levels of nitric oxide and
reactive oxygen species

The cell-permeable nonfluorescent DAF-FM diacetate (Thermo
Fisher Scientific) reacts with NO to form a fluorescent benzotria-
zole (DAF-FM). Cellular NO levels were determined by DAF-FM
fluorescence intensity. No-nitro-L-arginine methyl ester hydro-
chloride (1-NAME, Sigma-Aldrich, 1 mM), a non-selective NO
synthase inhibitor, was added to the cell culture medium to
inhibit cellular NO signalling. ROS levels were detected by dihy-
droethidium (Thermo Fisher Scientific) following the manufac-
turer’s instructions.

Cell lysate, mitochondria fractionation, S-nitrosylation
Drp1 detection and western blot

Cell lysate was obtained by incubating cells with ice-cold
RIPA buffer containing protease inhibitors, and mitochondria
fractionation was performed using the Thermo Scientific
Mitochondria Isolation Kit for Cultured Cells per manufacturer’s
instructions. Cell lysate or mitochondrial protein (~10 pg) was
loaded into polyacrylamide gels (Bio-Rad Laboratories) and sep-
arated by SDS-PAGE.

The following primary antibodies were used: mouse anti-
Drpl (Catalog #611112, BD Biosciences), mouse anti-OPA1
(#612 606, BD Biosciences), rabbit anti-MFN1 (#14 739) and
anti-MFN2 (#9482, Cell Signaling Technology), rabbit anti-
phospho-DRP1-Ser616  (#4494) and  anti-phospho-DRP1-
Ser637 (#6319, Cell Signaling Technology), rabbit anti-VDAC
(#4661, Cell Signaling Technology) and rabbit anti-GAPDH
(#ABS16, Sigma-Aldrich). Horseradish peroxidase-conjugated
anti-rabbit and anti-mouse antibodies were used as secondary
antibodies. Primary antibodies were used at 1:1000 dilution
and secondary antibodies at 1:5000. SNO-Drpl was detected
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using a Pierce S-Nitrosylation Western Blot Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. Protein expres-
sion was visualised with Western ECL Blotting Substrates (Bio-Rad),
and image acquisition was performed using a Bio-Rad ChemiDoc
MP Imaging System. Densitometry was performed using Image]
software (NIHD.

Caspase 3/7 activities, cell apoptosis and cell viability
assays

Caspase 3/7 activity was measured with the CellEvent™
Caspase-3/7 Green Detection Reagent (Thermo Fisher
Scientific) following the manufacturer’s instructions. Apoptosis
was determined using an Annexin V Alexa Fluor® 488 apoptosis
kit (Thermo Fisher Scientific). Cell viability was determined
using the trypan blue exclusion test with a TC20 automated cell
counter (Bio-Rad) per manufacturer’s instructions and con-
firmed by cell counting with a light microscope.

Fluorescence microscopy

Fluorescence images were viewed and acquired with a Nikon
Eclipse Ti epifluorescence microscope equipped with a digital
camera (Melville, NY). Excitation/emission wavelengths were
480/535 nm for green fluorescence (annexin V, caspase-3/7
Green and DAF-FM) and 555/613 nm for red fluorescence
(MitoTracker red, tetramethylrhodamine ethyl ester and dihy-
droethidium). The images were analysed using Image] software
(NIH).

Statistical analysis

All data are presented as mean + SDs. Statistical analyses were
performed using GraphPad Prism 9 Software. A one-way
ANOVA with Tukey’s multiple comparisons test was used to
compare mean group differences. For cell viability under heat
stress, a repeated-measures ANOVA was used to determine
the main effect of 1-citrulline treatment. Values of P < 0-05 were
considered statistically significant.

Results

t-Citrulline induces mitochondrial elongation under
normal temperature

We first examined whether t-citrulline has an effect on mitochon-
drial morphology under normal temperature. As shown in Fig.
1(a), mitochondrial shape was variable among C2C12 myoblasts
and consisted of small spheres, short rods and tubular filaments.
In i-citrulline-treated cells, most mitochondria were elongated in
a tubular form with interconnected reticular network (Fig. 1(a)).
1-Citrulline treatment for 2 and 4 h increased both mitochondrial
form factor (branching) and aspect ratio (length) in C2C12 myo-
blasts (Fig. 1(b) and (c)), and the percentages of cells containing
elongated mitochondria increased by 60-7 % and 65-5 %, respec-
tively (Fig. 1(d)). t-Citrulline treatment did not affect A¥,,, in cells
at normal temperature (data not shown). Taken together, these
data suggest that 1-citrulline induces mitochondrial elongation
under normal temperature.

The effects of t-citrulline on mitochondrial fission and
fusion machinery under normal temperature

As depicted in Fig. 2(a) and (b), 2 and 4 h t-citrulline incubations
decreased mitochondrial fission factor Drpl protein expression
in normal temperature cells. No alterations were found for the
mitochondrial fusion proteins Mfnl, Mfn2 and OPA1 in cells
treated with r-citrulline (Fig. 2(¢) and (d)). These results suggest
that t-citrulline induces mitochondrial elongation through fission
inhibition

L-Citrulline increases cellular nitric oxide levels, but not
S-nitrosylation of Drp1 under normal temperature

t-Citrulline is the precursor of r-arginine and a substrate for NO
synthase. Indeed, 1-citrulline treatment increased cellular NO
levels in C2C12 myoblasts (Fig. 3(a)). 1-NAME, a non-selective
NO synthase inhibitor, prevented the r-citrulline-induced
increase in NO levels. Cellular ROS levels were not influenced
by r-citrulline (Fig. 3(b)). Although 1-citrulline promotes NO pro-
duction, it did not increase SNO-Drpl1 levels in C2C12 myoblasts
(Fig. 3(c) and (d))

t-Citrulline inhibits mitochondrial fission by regulating
Drp1 phosphorylation through elevated levels of nitric
oxide under normal temperature

To outline the regulatory mechanism for t-citrulline-induced
mitochondrial fission inhibition, we examined the phosphoryla-
tion status of Drp1 and its mitochondrial distribution. r-Citrulline
caused a decrease in phosphorylation of Drp1 at Ser 616 and an
increase in phosphorylation of Drpl at Ser 637, both of which
were blocked by 1-NAME (Fig. 4(a)—(c)). Subcellular fractiona-
tion and localisation studies further revealed that t-citrulline
reduced mitochondrial localisation of Drp1l (Fig. 4(d) and (e)).
1-NAME abolished the i-citrulline-induced decrease in mitochon-
drial localisation of Drp1 and mitochondria elongation (Fig. 4(e)
and (D). Together, these results suggest that 1-citrulline inhibits
mitochondrial fission by regulating Drpl phosphorylation
through elevation in NO levels.

t-Citrulline prevents heat-induced translocation of Drp1
to mitochondria, mitochondrial fragmentation and
decreased AVY,,

The literature has reported that heat stress may increase NO lev-
els in plants and animals, which depends on the types of tissue or
cells, severity and duration of heat treatment®%3_ In our study,
NO levels did not increase in C2C12 myoblasts exposed to 43°C
heat for 2 h. Similar to data collected at the normal 37°C temper-
ature, -citrulline increased NO levels under heat stress at 43°C.
The increase in NO was also blocked by 1-NAME (online
Supplementary Fig. 1). Upon heat exposure, we discovered
an increased localization of Drpl to mitochondria (Fig. 5(a)
and (b)). Mitochondria became short and fragmented (Fig.
5(c)), and the percentage of cells containing fragmented mito-
chondria increased from 6.9 % in normal temperature cells to
61.9% in heat-exposed cells (P<0.01, Fig. 5(d). The AY,,
was also significantly decreased in myoblasts exposed to heat
(Fig. 5(e)). Notably, r-citrulline treatment prevented heat-
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Fig. 1. L-Citrulline induces mitochondrial elongation under normal temperature. (A) Representative images of C2C12 myoblasts with mitochondria labelled by
MitoTracker Red. Cells were incubated in phosphate-buffered saline (control) or 2 mM L-citrulline at 37°C for 2 h. Scale bar: 10 pm; inserts: 2 x magnification
Quantification of mitochondrial (b) form factor (degree of branching) and (c) aspect ratio (length-to-width ratio) in cells treated with L-citrulline for 2 and 4 h.
(d) Percentage of cells with elongated mitochondria. Values are means + sb; n = 3 independent experiments; 20 cells (b) and (c) or ~300 cells (d) were randomly
selected for quantification in each group. Labelled means without a common letter differ, P < 0.05.
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Fig. 2. The effects of L-citrulline on mitochondrial fission and fusion machinery under normal temperature. (a) Representative western blotimages of mitochondrial
fission protein Drp1. GAPDH served as a loading control. (b) Densitometry of Drp1 protein expression, values are relative to GAPDH. (c) Representative western
blot images of mitochondrial fusion proteins Mfn1, Mfn2 and OPA1. VDAC served as a loading control. (d) Densitometry of mitochondrial fusion proteins expres-
sion (relative to VDAC). Values are means + sp; n = 3 independent experiments. Labelled means without a common letter differ, P < 0.05.
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reactive oxygen species (ROS) levels (b) were determined by DAF-FM and dihydroethidium fluorescence intensity, respectively. Values are % to control cells. (C)
Representative western blot images of SNO-Drp1 protein expression. Drp1 served as a loading control. (d) Densitometric analysis of SNO-Drp1 to Drp1 ratio.
Cells were treated with phosphate-buffered saline (control) or 2 mM L-citrulline for 2 h; L-NAME (1 mM) is a non-selective NO synthase inhibitor. Values are
means + sp; n = 3 independent experiments. Thirty cells were randomly selected for quantification of NO and ROS levels in each group. Labelled means without a

common letter differ, P < 0.05.

induced translocation of Drpl to mitochondria (Fig. 5(a) and
(b)), maintained tubular mitochondrial morphology and pre-
served AW, (Fig. 5(c)—(e)). --NAME abolished all of the above
protective effects by t-citrulline under heat stress (Fig. S(a)—(e)).

t-Citrulline prevents heat-induced cellular reactive oxygen
species production and cell injury in C2C12 myoblasts

We finally tested whether 1-citrulline treatment could block heat-
induced oxidative injury in C2C12 myoblasts. Heat exposure led
to a 265 % increase in cellular ROS levels (P < 0.05), which was
blocked by i~citrulline treatment (Fig. 6(a) and (b)). In addition,
i-citrulline inhibited caspase 3/7 activation (Fig. 6(a) and (¢)) and
apoptotic cell death (Fig. 6(d)) and improved cell viability (Fig.
6(e)) under heat stress conditions. Furthermore, inhibition of NO
by 1-NAME under heat stress abolished the protective effects of
1-citrulline on ROS production, caspase activation, apoptosis and

cell viability (Fig. 6(a)-(D).

Discussion

The overall morphology of mitochondrial networks is deter-
mined by the balance between mitochondrial fission and
fusion®. Our previous studies have shown that heat exposure
causes excessive mitochondrial fragmentation and dysfunction,
which contribute to heat-induced ROS production and skeletal

muscle injury*'?. The goal of this research was to explore
the downstream effects of i-citrulline, specifically on i-citrul-
line-induced NO production on mitochondrial morphology
and function in myocytes, and to test whether t-citrulline could
protect against heat-induced oxidative injury. Here, we report
three novel findings. First, we find that r-citrulline increases
NO production, which then suppresses Drpl-mediated mito-
chondrial fission. Second, t-citrulline preserves mitochondrial
morphology and function under heat stress conditions. Third,
by preserving mitochondrial morphology and function, t-citrul-
line reduces the impact of heat-induced increase in ROS and cell
injury. These data provide a mechanism whereby r-citrulline
shifts the balance of mitochondrial dynamics toward fusion in
myocytes and affords protection during periods of heat stress.
Consistent with previous findings"' 1232 we found that heat
exposure causes the A¥m collapse in myocytes. Mitochondria
coordinate cell-wide stress responses and determine cell life-
or-death®3339 As the powerhouse of the cell, mitochondrial
electron transport chain moves protons across the inner mem-
brane to generate the AWYm that provides the driving force for
ATP synthesis®. Mitochondria are not only the main cellular
source but also a major target of ROS, and serve a critical role
in regulating apoptosis®35:3
in this study, mitochondria produce more ATP to meet the grow-
ing energy demands for survival. They also increase the gener-
ation of reactive metabolic intermediates and ROS as irreversible

). In response to stress, that is, heat
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Fig. 4. L-Citrulline induced nitric oxide -dependent Drp1 inhibition under normal temperature. (a) Representative western blot images of phospho-Drp1 Ser 616 and
phospho-Drp1 Ser 637; total Drp1 served as a loading control. Densitometry of phospho-Drp1 Ser 616 (b) and phospho-Drp1 Ser 637 (c) levels; values are ratio to
total Drp1. (d) Representative western blot images of Drp1 in the mitochondrial fractions. VDAC served as a mitochondrial loading control. (e) Densitometric analysis
of mitochondrial (mito) Drp1 levels (ratio to VDAC). Values are means + sp; n= 3 independent experiments and ~300 cells were counted in each group for mitochondrial

morphology (f). Labelled means without a common letter differ, P < 0.05.

byproducts during electron flow. Such processes result in the
accumulation of ROS within the mitochondria and opening of
the mitochondrial permeability transition pore, subsequently
causing a reduction in A¥m.

A mild depolarisation of mitochondria under physiological
conditions may still be potent enough to make ATP, but leak less
electrons to oxygen to produce superoxide: this represents an
antioxidant defense mechanism for the balance of redox hemo-
stasis®”3®. Loss of A¥m within physiological ranges is transient
(recover in a few seconds), likely occur in only a subset of indi-
vidual mitochondria, and requires an intact mitochondrial elec-
tron transport chain®. Whereas our current and previous
studies show that heat-induced collapses in AYm are extended
and can be detected in whole-cell mitochondria, the collapse is
often accompanied by excessive fragmentation of mitochondria
and disorganised cristae structure, with less electron dense and
swollen configurations*1'?, All of these indicate mitochondrial
dysfunction under heat stress, which is associated with increased

production of ROS, release of cytochrome c into the cytosol and
subsequent caspase activation and cell death®!123940),
Mitochondrial dysfunction contributes to the pathogenesis of
heat-related illness.

As dynamic organelles, mitochondria constantly change
shape through frequent fission and fusion>®. Proper control
of mitochondrial morphology is critical for normal cell func-
tion, as defects in proteins involved in mitochondrial fission
and fusion can cause human diseases“!#?. Several studies
have shown that heat stress activates the mitochondrial
fission protein Drpl and degrades the fusion protein
OPA1U1-19_ Excessive mitochondrial fragmentation may dis-
rupt the structural organisation of the electron transport chain
on the inner mitochondrial membranes and impair its
function®®,
not only maintained normal mitochondrial structure and func-
tion under heat stress, but also protected against heat-induced
ROS production and skeletal muscle injury!"'?. Therefore,

Importantly, inhibiting mitochondrial fission
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Fig. 5. L-Citrulline prevents heat-induced translocation of Drp1 to mitochondria, mitochondrial fragmentation and decreased AY¥.. (a) Representative western
blot images of Drp1 in the mitochondrial fractions, VDAC served as a mitochondrial loading control. (b) Densitometric analysis of mitochondrial (mito) Drp1 levels
(ratio to VDAC). (c) Representative fluorescent microscopy images of C2C12 myoblasts with mitochondria labelled by MitoTracker Red to determine mitochondrial
morphology. Scale bar: 5 um. (d) Percentage of myoblasts with fragmented mitochondria, 200—300 cells were randomly counted for each condition. (e) AY,, was
determined by TMRE fluorescence intensity (a.u.), 30 cells were randomly selected for each condition. Cells were pretreated with phosphate-buffered saline
(control), 2 mM L-citrulline and 1 mM L-NAME, then incubated at 37°C or 43°C heat for 2 h. Values are means + sp; n = 3 independent experiments. Labelled

means without a common letter differ, P < 0.05.

Drpl-mediated mitochondrial fission may serve as a target for
preventing heat-related injury.

-Citrulline is a non-essential amino acid that is not only found
in food; the body can also synthesise it from r-glutamine and
L-arginine by intestinal enterocytes. Although it is controversial
whether glutamine is a precursor for citrulline synthesis, supple-
mental glutamine can increase citrulline synthesis in animals and
humans“®. Our recent study shows that glutamine is essential
for mitochondrial function, and glutamine depletion impairs
the heat-shock response in C2C12 myoblasts®*®
els are decreased in chickens exposed to heat??, and 1-citrulline

. 1-Citrulline lev-

supplementation improves physiological performance in
chicken and swine under heat stress conditions’74. The
present study offers more evidence for a protective effect of -
citrulline against heat stress: r-citrulline ameliorates heat-
induced ROS production and cell injury in mouse C2C12
myoblasts.

Our results show that 1-citrulline treatment increases NO lev-
els in C2C12 myoblasts, and this increase is abolished by the NO
synthase inhibitor L-NAME. NO is a gaseous signalling molecule
that regulates many physiological processes, including mito-

)

chondrial metabolism™“®. Excessive NO stimulates S-
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Fig. 6. L-Citrulline prevents heat-induced cellular reactive oxygen species (ROS) production and cell injury. (a) Representative fluorescent microscopy images of C2C12
myoblasts labelled with ROS indicator dihydroethidium (top) and caspase-3/7 green detection reagent (bottom). Quantification of ROS levels (b) and caspase-3/7 activ-
ities (c). Thirty cells were randomly selected for quantification in each group. (d) Numbers (no.) of annexin V positive (apoptotic) cells, and (e) Cell viability. Cells were
treated with phosphate-buffered saline (control) or 2 mM L-citrulline, then exposed to 37°C or 43°C for 2 h or indicated times; L-NAME (1 mM) is a non-selective nitric oxide
synthase inhibitor. Scale bars: 10 pm. Values are means + sp; n = 3 independent experiments. Labelled means without a common letter differ, P <0.05. *P < 0.05 v.

control and #¥P < 0.05 v. L-citrulline.

nitrosylation of Drpl in neurons, which promotes mitochondrial
fission and contributes to the pathogenesis of Alzheimer’s dis-
ease®”. Another study reported conflicting results — that S-nitro-
sylation of Drp1 has no influence on fission activity and is not
specific to Alzheimer’s disease”. Lee and Kim recently sug-
gested that S-nitrosylation of Drp1 regulates its phosphorylation
and fission activity in CA1 neurons“®. Our results show that r-

citrulline increases NO levels, which in turn inhibits fission via
regulating Drpl phosphorylation, but not S-nitrosylation in
C2C12 myoblasts. Likely, the effect of NO on mitochondria fis-
sion and its regulatory mechanism is dependent on many factors,
such as cell types, stress and/or NO levels.

Drp1 belongs to the dynamin family of large GTPases and pri-
marily localises in the cytosol. Upon activation, it is recruited to
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the mitochondrial outer membrane, where it assembles into a
ring that encircles mitochondria and drives division via
GTP-dependent constriction®*?, Phosphorylation of Drpl
represents an important regulatory mechanism for fission
and several phosphorylation sites have been characterised.
It has been shown that phosphorylation of Drpl at Ser 616
activates mitochondrial fission, whereas phosphorylation of
Drpl at Ser 637 decreases its GTPase activity and inhibits fis-
sion->V_ In this study, i-citrulline-induced NO production
decreased Drp1 protein expression and Ser 616 phosphoryla-
tion, and increased Ser 637 phosphorylation, which resulted
ina reduction in Drp1 levels in the mitochondria. The proteins
involved in mitochondrial fusion (Mfnl, Mfn2 and OPA1)
remained unchanged, thereby leading to mitochondrial elon-
gation in t-citrulline-treated cells. The cGMP-dependent pro-
tein kinase may serve as a signalling pathway that mediates
Drpl phosphorylation by NO®?.

Under physiological conditions, mitochondrial fission
facilitates the segregation of damaged mitochondria into auto-
phagosomes for subsequent degradation by mitophagy, which
is essential for maintaining a healthy mitochondrial population
and cell fitness®®. Our recent study shows that severe heat
exposure promotes mitochondrial fission and induces mitoph-
agy in mouse hypothalamus®?®. Interestingly, repeat exposure
of C2C12 cells or mice to mild heat (heat acclimation) promotes
fusion and evokes a stress response named stress-induced
mitochondrial hyperfusion’?, a known pro-survival response
that protects mitochondria from autophagic removal when
they are most needed to fight back against stress®>. In addition
to the above-discussed mitochondrial quality control mecha-
nism by regulating mitophagy, mitochondrial fission has multi-
ple essential functions in cells, including the appropriate
distribution of mitochondria to daughter cells during mitosis®>
and serving a critical role in myogenic differentiation®25%, The
present study finds that t-citrulline induces mitochondrial elon-
gation and prevents cell injury under acute heat stress; the
effect of long-term L-citrulline supplementation on fission
inhibition and cell function remains to be further investigated.
Several studies have shown that r-citrulline supplementation
over an extended period of time has no disadvantages in cell
growth and muscle differentiation®>29. Likely, whereas 1-cit-
rulline helps maximise oxidative capacity under stressful con-
ditions, cells are still capable of maintaining the rates of
mitochondrial fission and fusion to meet their needs and func-
tion properly.

In summary, it has been proposed that elongated mito-
chondria are more efficient for ATP production®
mitochondrial contents by segregating them from autophagic
removal®>>® and enhance cell survival and prevent cell death
under stress conditions®>. Mitochondrial fission and dysfunc-
tion are commonly documented in a number of pathological
conditions such as diabetes, neurodegeneration, CVD and
heat injury(©®!112414250 A discussed above, i-citrulline
increases NO levels and shifts mitochondrial dynamics bal-
ance favouring mitochondrial fusion/elongation, thus pre-
venting mitochondrial fragmentation and cell injury during
heat stress (online Supplementary Fig. 2). t-Citrulline may

, preserve

be an effective treatment choice for heat-related illnesses
and other disorders that result from a functional failure of
the mitochondria.

Acknowledgements

We thank Dr. Beth McNally for critical reading of the manuscript.
This study was supported by US Department of Defense (DoD)
the Defense Health Program (HU00011920047).

The opinions and assertions expressed herein are those of the
author(s) and do not reflect the official policy or position of the
Uniformed Services University or the Department of Defense.
The contents of this publication are the sole responsibility of
the author(s) and do not necessarily reflect the views, opinions
or policies of The Henry M. Jackson Foundation for the
Advancement of Military Medicine, Inc. Mention of trade names,
commercial products or organisations does not imply endorse-
ment by the US Government. The authors have no financial inter-
ests or relationships to disclose.

T.Y.,L.W.and P. D. conceived study; T. Y. designed experi-
ments; T. Y., Y. P. and L. W. conducted research; T. Y. analysed
data and wrote the paper; T. Y., Y. P. L. W. and P. D. edited the
paper. All authors read and approved the final manuscript.

Supplementary material

For supplementary material/s referred to in this article, please
visit https://doi.org/10.1017/S0007114522001982

References

1. Williams ML (2021) Global warming, heat-related illnesses, and
the dermatologist. Int ] Women Dermatol 7, 70-84.

2. Tollefson J (2021) Top climate scientists are sceptical that
nations will rein in global warming. Nature 599, 22-24.

3. Mora C, Dousset B, Caldwell IR, et al. (2017) Global risk of
deadly heat. Nat Clim Change 7, 501.

4. Schramm PJ, Vaidyanathan A, Radhakrishnan L, et al. (2021)
Heat-related emergency department visits during the
northwestern heat wave — United States, June 2021. MMWR
Morb Mortal Wkly Rep 70, 1020-1021.

5. YuT, Wang L & Yoon'Y (2015) Morphological control of mito-
chondrial bioenergetics. Front Biosci 20, 229-246.

6. Yoon Y, Galloway CA, Jhun BS, et al. (2011) Mitochondrial
dynamics in diabetes. Antioxid Redox Signal 14, 439-457.

7. Willems PH, Rossignol R, Dieteren CE, et al. (2015) Redox
homeostasis and mitochondrial dynamics. Cell Metab 22,
207-218.

8. YuT, Fox RJ, Burwell LS, et al. (2005) Regulation of mitochon-
drial fission and apoptosis by the mitochondrial outer mem-
brane protein hFisl. J Cell Sci 118, 4141-4151.

9. ChenH, Detmer SA, Ewald A]J, et al. (2003) Mitofusins Mfn1 and
Mfn2 coordinately regulate mitochondrial fusion and are essen-
tial for embryonic development. J Cell Biol 160, 189-200.

10. Del Dotto V, Fogazza M, Carelli V, et al. (2018) Eight human
OPA1 isoforms, long and short: what are they for? Biochim
Biophys Acta 1859, 263-2609.

11. YuT,FerdjallahI, Elenberg F, et al. (2018) Mitochondrial fission
contributes to heat-induced oxidative stress in skeletal muscle
but not hyperthermia in mice. Life Sci 200, 6-14.

ssaud Ais1anun abpriquie) Ag auljuo paystiand z861002ZS L LL000S/£L0L 0L/Bio 10p//:sd1y


https://doi.org/10.1017/S0007114522001982
https://doi.org/10.1017/S0007114522001982
https://doi.org/10.1017/S0007114522001982

o

British Journal of Nutrition

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

20.

27.

28.

29.

30.

31.

t-Citrulline prevents heat-induced injury 945

Yu T, Deuster P & Chen Y (2016) Role of dynamin-related
protein 1-mediated mitochondrial fission in resistance of
mouse C2C12 myoblasts to heat injury. J Physiol 594,
7419-7433.

Sanjuan Szklarz LK & Scorrano L (2012) The antiapoptotic
OPA1/Parl couple participates in mitochondrial adaptation to
heat shock. Biochim Biophys Acta 1817, 1886-1893.

Allerton TD, Proctor DN, Stephens JM, et al. (2018) L-citrulline
supplementation: impact on cardiometabolic health. Nutrients
10, 921.

Ham DJ, Gleeson BG, Chee A, et al. (2015) L-citrulline protects
skeletal muscle cells from cachectic stimuli through an iNOS-
dependent mechanism. PLoS One 10, e0141572.

Ghimire K, Altmann HM, Straub AC, et al. (2017) Nitric oxide:
what's new to NO? Am ] Physiol Cell Physiol 312, C254—C262.
Uyanga VA, Wang M, Tong T, et al. (2021) L-citrulline
influences the body temperature, heat shock response and
nitric oxide regeneration of broilers under thermoneutral and
heat stress condition. Front Physiol 12, 671691.

Tengan CH & Moraes CT (2017) NO control of mitochondrial
function in normal and transformed cells. Biochim Biophys
Acta, Bioenerg 1858, 573-581.

Litvinova L, Atochin DN, Fattakhov N, et al. (2015) Nitric oxide
and mitochondria in metabolic syndrome. Front Physiol 6, 20.
Tengan CH, Rodrigues GS & Godinho RO (2012) Nitric oxide in
skeletal muscle: role on mitochondrial biogenesis and function.
Int ] Mol Sci 13, 17160-17184.

Cho DH, Nakamura T, Fang J, et al. (2009) S-nitrosylation of
Drpl mediates beta-amyloid-related mitochondrial fission
and neuronal injury. Science 324, 102-105.

Chowdhury VS, Tomonaga S, Ikegami T, et al. (2014) Oxidative
damage and brain concentrations of free amino acid in chicks
exposed to high ambient temperature. Comp Biochem Physiol
A: Mol Integr Physiol 169, 70-76.

ChenY & Yu T (2021) Mouse liver is more resistant than skeletal
muscle to heat-induced apoptosis. Cell Stress Chaperones 26,
275-281.

Churchward-Venne TA, Cotie LM, MacDonald MJ, et al. (2014)
Citrulline does not enhance blood flow, microvascular circula-
tion, or myofibrillar protein synthesis in elderly men at rest
or following exercise. Am J Physiol Endocrinol Metab 307,
E71-83.

Wijnands KA, Meesters DM, van Barneveld KW, et al. (2015)
Citrulline supplementation improves organ perfusion and argi-
nine availability under conditions with enhanced arginase
activity. Nutrients 7, 5217-5238.

Vadivel A, Aschner JL, Rey-Parra GJ, et al. (2010) L-citrulline
attenuates arrested alveolar growth and pulmonary hyperten-
sion in oxygen-induced lung injury in newborn rats. Pediatr
Res 68, 519-525.

Yu T, Robotham JL & Yoon Y (2006) Increased production of
reactive oxygen species in hyperglycemic conditions requires
dynamic change of mitochondrial morphology. Proc Natl
Acad Sci USA 103, 2653-2658.

Agnello M, Morici G & Rinaldi AM (2008) A method for
measuring mitochondrial mass and activity. Cytotechnology
56, 145-149.

Yu T, Dohl J, Elenberg F, et al. (2019) Curcumin induces con-
centration-dependent alterations in mitochondrial function
through ROS in C2C12 mouse myoblasts. J Cell Physiol 234,
6371-6381.

Parankusam S, Adimulam SS, Bhatnagar-Mathur P, et al. (2017)
Nitric Oxide (NO) in plant heat stress tolerance: current knowl-
edge and perspectives. Front Plant Sci 8, 1582.

Gerstberger R (1999) Nitric oxide and body temperature con-
trol. News Physiol Sci 14, 30-306.

32.

33.

34.
35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

40.

47.

48.

49.

50.

S51.

52.

White MG, Saleh O, Nonner D, et al. (2012) Mitochondrial dys-
function induced by heat stress in cultured rat CNS neurons.

J Neurophysiol 108, 2203-2214.

Manoli I, Alesci S, Blackman MR, et al. (2007) Mitochondria as
key components of the stress response. Trends Endocrinol
Metab 18, 190-198.

Suliman HB & Piantadosi CA (2016) Mitochondrial quality con-
trol as a therapeutic target. Pharmacol Rev 68, 20-48.

Youle R] & van der Bliek AM (2012) Mitochondrial fission,
fusion, and stress. Science 337, 1062-1065.

Hoppins S & Nunnari J (2012) Cell biology. Mitochondrial
dynamics and apoptosis—the ER connection. Science 337,
1052-1054.

Vyssokikh MY, Holtze S, Averina OA, et al. (2020) Mild depo-
larization of the inner mitochondrial membrane is a crucial
component of an anti-aging program. Proc Natl Acad Sci
USA 117, 6491-6501.

Wang W, Gong G, Wang X, et al. (2016) Mitochondrial flash:
integrative reactive oxygen species and pH signals in cell
and organelle biology. Antioxid Redox Signal 25, 534-549.
Slimen IB, Najar T, Ghram A, et al. (2014) Reactive oxygen spe-
cies, heat stress and oxidative-induced mitochondrial damage.
A review. Int | Hyperthermia 30, 513-523.

Wang Z, Cai F, Chen X, et al. (2013) The role of mitochondria-
derived reactive oxygen species in hyperthermia-induced
platelet apoptosis. PLoS One 8, €75044.

Chan DC (2020) Mitochondrial dynamics and its involvement in
disease. Annu Rev Pathol 15, 235-259.

Archer SL (2013) Mitochondrial dynamics—mitochondrial
fission and fusion in human diseases. N Engl | Med 369,
2236-2251.

Marini JC (2016) Interrelationships between glutamine and
citrulline metabolism. Curr Opin Clin Nutr Metab Care 19,
62-66.

Dohl J, Passos MEP, Foldi J, et al. (2020) Glutamine depletion
disrupts mitochondrial integrity and impairs C2C12 myoblast
proliferation, differentiation, and the heat-shock response.
Nutr Res 84, 42-52.

Liu F, de Ruyter EM, Athorn RZ, et al. (2019) Effects of
L-citrulline supplementation on heat stress physiology,
lactation performance and subsequent reproductive perfor-
mance of sows in summer. J Anim Physiol Anim Nutr 103,
251-257.

Poderoso JJ, Helfenberger K & Poderoso C (2019) The effect
of nitric oxide on mitochondrial respiration. Nitric Oxide 88,
61-72.

Bossy B, Petrilli A, Klinglmayr E, et al. (2010) S-Nitrosylation of
DRP1 does not affect enzymatic activity and is not specific to
Alzheimer’s disease. J Alzbeimers Dis 2, S513-526.

Lee DS & Kim JE (2018) PDI-mediated S-nitrosylation of DRP1
facilitates DRP1-S616 phosphorylation and mitochondrial fis-
sion in CA1 neurons. Cell Death Dis 9, 869.

Chang CR & Blackstone C (2007) Cyclic AMP-dependent
protein kinase phosphorylation of Drpl regulates its GTPase
activity and mitochondrial morphology. J Biol Chem 282,
21583-21587.

Taguchi N, Ishihara N, Jofuku A, et al. (2007) Mitotic phospho-
rylation of dynamin-related GTPase Drp1 participates in mito-
chondrial fission. J Biol Chem 282, 11521-11529.

Cereghetti GM, Stangherlin A, Martins de Brito O, et al. (2008)
Dephosphorylation by calcineurin regulates translocation of
Drpl to mitochondria. Proc Natl Acad Sci USA 105, 15803—
15808.

De Palma C, Falcone S, Pisoni S, et al. (2010) Nitric oxide inhib-
ition of Drpl-mediated mitochondrial fission is critical for myo-
genic differentiation. Cell Death Differ 17, 1684-1696.

ssaud Ais1anun abpriquie) Ag auljuo paystiand z861002ZS L LL000S/£L0L 0L/Bio 10p//:sd1y


https://doi.org/10.1017/S0007114522001982

British Journal of Nutrition

946

53.

54.

55.

T. Yu et al.

Twig G, Elorza A, Molina AJ, et al. (2008) Fission and selective
fusion govern mitochondrial segregation and elimination by
autophagy. EMBO J 27, 433-440.

ChenY, Yu T & Deuster P (2021) Astaxanthin protects against
heat-induced mitochondrial alterations in mouse hypothala-
mus. Neuroscience 476, 12-20.

Kashatus DF, Lim KH, Brady DC, et al. (2011) RALA and
RALBP1 regulate mitochondrial fission at mitosis. Nat Cell
Biol 13, 1108-1115.

56.

57.

Kim B, Kim JS, Yoon Y, et al. (2013) Inhibition of Drpl-
dependent mitochondrial division impairs myogenic differ-
entiation. Am J Physiol Regul Integr Comp Physiol 305,
R927-938.

Wang L, Yu T, Lee H, et al. (2015) Decreasing mitochondrial
fission diminishes vascular smooth muscle cell migration
and ameliorates intimal hyperplasia. Cardiovasc Res 106,
272-283.

ssald Aussanun abpuqued Aqg auljuo paysiiand 286100225 L L£000S/L10L0L/Bi0'10p//:sdny


https://doi.org/10.1017/S0007114522001982

	l-Citrulline prevents heat-induced mitochondrial dysfunction and cell injury through nitric oxide-mediated Drp1 inhibition in mouse C2C12 myoblasts
	Materials and methods
	C2C12 myoblast culture, heat exposure and l-citrulline treatment
	Assessment of mitochondrial morphology and membrane potential (&Delta;&Psi;m)
	Measurements of cellular levels of nitric oxide and reactive oxygen species
	Cell lysate, mitochondria fractionation, S-nitrosylation Drp1 detection and western blot
	Caspase 3/7 activities, cell apoptosis and cell viability assays
	Fluorescence microscopy
	Statistical analysis

	Results
	l-Citrulline induces mitochondrial elongation under normal temperature
	The effects of l-citrulline on mitochondrial fission and fusion machinery under normal temperature
	l-Citrulline increases cellular nitric oxide levels, but not S-nitrosylation of Drp1 under normal temperature
	l-Citrulline inhibits mitochondrial fission by regulating Drp1 phosphorylation through elevated levels of nitric oxide under normal temperature
	l-Citrulline prevents heat-induced translocation of Drp1 to mitochondria, mitochondrial fragmentation and decreased &Delta;&Psi;m
	l-Citrulline prevents heat-induced cellular reactive oxygen species production and cell injury in C2C12 myoblasts

	Discussion
	Acknowledgements
	Supplementary material
	References


