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Abstract

This study was aimed to evaluate the effects of near-infrared (NIR) photobiomodulation (PBM)
combined with coenzyme Q¢ (CoQ1p) on depressive-like behavior, cerebral oxidative stress,
inflammation, and apoptosis markers in mice. To induce a depressive-like model, mice were
subjected to sub-chronic restraint stress for 5 consecutive days. NIR PBM (810 nm laser, 33.3
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Jlem?2) and/or CoQ1q (500 mg/kg/day, gavage) were administered for five days concomitantly with
immobilization. Behavior was evaluated by the forced swim test (FST), tail suspension test (TST),
and open field test (OFT). Mitochondrial membrane potential as well as oxidative stress,
neuroinflammatory, and markers of apoptosis were evaluated in the prefrontal cortex (PFC) and
hippocampus (HIP). The serum levels of pro-inflammatory cytokines, cortisol, and corticosterone
were also measured. PBM or CoQ1, or the combination, ameliorated depressive-like behaviors
induced by restraint stress as indicated by decreased immobility time in both the FST and TST.
PBM and/or CoQqq treatments decreased lipid peroxidation and enhanced total antioxidant
capacity (TAC), GSH levels, GPx and SOD activities in both brain areas. The neuroinflammatory
response in the HIP and PFC was suppressed, as indicated by decreased NF-kB, p38, and JNK
levels in PBM and/or CoQ1q groups. Intrinsic apoptosis biomarkers, BAX, Bcl-2, cytochrome ¢
release, and caspase-3 and -9, were also significantly down-regulated by both treatments.
Furthermore, both treatments decreased the elevated serum levels of cortisol, corticosterone, TNF-,
and IL-6 induced by restraint stress. Transcranial NIR PBM and CoQ1q therapies may be effective
antidepressant strategies for the prevention of psychopathological and behavioral symptoms
induced by stress.
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Introduction

Major depressive disorder (MDD) is a debilitating condition affecting mood, drive,
cognitive, neurovegetative, and psychomotor functions (Fava and Kendler, 2000). In
addition, feelings of guilt and frustration, anxiety states, repeated thoughts of suicide, and
actual suicide attempts are very common among MDD patients.

Many studies have demonstrated that pro-inflammatory cytokines such as interleukin-6
(IL-6) and tumor necraosis factor-alpha (TNF-03B1) are involved in the pathophysiology of
MDD (Liu et al., 2012). These cytokines not only boost neuroinflammation (Kim and Maes,
2003) but also affect synaptic plasticity, neurotransmitter metabolism, and eventually mood
regulation (Du et al., 2008; Villanueva, 2013). Likewise, animal studies suggest that external
stressors increase the expression of nuclear factor-kB (NF-kB), IL-6, and TNF- a in the
brain (Kubera et al., 2011), and consequently lead to adverse behavioral changes in rodents
such as appetite loss and anhedonia (Dunn et al., 2005; Krishnan and Nestler, 2008; Maes et
al., 2009). The mitogen-activated protein kinase (MAPK) signaling cascade can disrupt the
glucocorticoid receptor pathway and might eventually change glucocorticoid-mediated
inhibitory feedback of pro-inflammatory cytokine production (Wang et al.,2004. Among the
various subgroups of MAPKSs, c-Jun amino-terminal kinases (JNK) and p38 are the most
responsive to stress stimuli (Pearson et al., 2001; Roux and Blenis, 2004). In addition,
increased inflammatory cytokines are associated with a compensatory response of the
hypothalamic-pituitary-adrenal (HPA) axis, and with corticosterone secretion from the
adrenal glands (Gadek-Michalska et al., 2013; Gold et al., 1995).
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Furthermore, accumulating evidence suggests that oxidative stress plays a crucial role in the
pathology of stress-related disorders such as MDD (Pandya et al., 2013). Clinical studies
evaluating indices of oxidative stress in MDD patients have shown deficits in blood levels of
antioxidant enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPXx),
and increased levels of a marker of lipid peroxidation, malondialdehyde (MDA) (Bilici et al.,
2001; Khanzode et al., 2003; Ozcan et al., 2004). Persistent oxidative stress can potentially
activate a cascade of events resulting in neurodegeneration caused by an apoptotic process
(Beckman and Ames, 1998). In this respect, gene expression profiling of brain tissue
samples from the prefrontal cortex (PFC) area has shown that MDD is characterized by
increased apoptosis (Shelton et al., 2011). In animals, restraint stress also induces
depression-like behaviors via the BAX/Bcl-2 apoptotic pathway in the PFC and
hippocampus (HIP) (Wang et al., 2016). Given the high societal burden of MDD and given
that a substantial proportion of depressed patients dislike current antidepressant intervention,
researchers have been attempting to find effective and safe complementary-alternative
strategies to treat depression, without the side effects produced by anti-depressant
medications.

Recently, transcranial photobiomodulation (PBM) therapy has been suggested as an
innovative, promising treatment modality for a wide range of neurological and psychological
disorders (Salehpour et al., 2018c). Transcranial PBM involves exposing the head/scalp to
laser or light emitting diode (LED) light in the red to near-infrared (NIR) regions (600 to
1200 nm), for stimulation of neuronal processes in the brain (Chung et al., 2012; Morries et
al., 2015). The mitochondrial electron transfer chain -primarily the cytochrome ¢ oxidase
(COX) enzyme- is the most likely site for the primary absorption of red (630-670 nm) and
NIR (800-880 nm) photons (Karu and Kolyakov, 2005); COX excitation increases the
synthesis of neuronal ATP and improves bioenergetic function (de Freitas and Hamblin,
2016; Mintzopoulos et al., 2017). Low levels of light at these wavelengths modulates the
release of nitric oxide (NO) (Uozumi et al., 2010) and increases both cerebral oxygenation
(Wang et al., 2017) and blood flow (Salgado et al., 2015). Besides these effects, transcranial
PBM can stimulate neurogenesis (Tanaka et al., 2011) and provide neuroprotection via
antioxidant, anti-neuroinflammatory, and anti-apoptotic activities (De Taboada et al., 2011;
Hamblin, 2017; Lu et al., 2017; Salehpour et al., 2017; Salehpour et al., 2018a). In
particular, it has been demonstrated that transcranial PBM is able to increase regional
cerebral blood flow in MDD patients (Schiffer et al., 2009). Furthermore, the potential
antidepressant effect of transcranial NIR PBM in animal models of depression and anxiety
has recently been addressed (Salehpour and Rasta, 2017).

Coenzyme Q19 (CoQ1q) also known as ubiquinone, is an essential cofactor for the activity of
complexes I-111 of the mitochondrial electron transfer chain acting either as a donor or
acceptor of electrons(Dallner and Sindelar, 2000). CoQ1g is found in its highest
concentrations in tissues with high energy consumption such as the brain (Flint Beal, 2002).
CoQ g plays a pivotal role in several cellular processes such as regulation of cellular
metabolism and redox state, H,O, formation, bioenergetic functions, and gene regulation
(Crane, 2001). CoQ; supplementation improves neuronal mitochondrial function by
increasing ATP synthesis (Hargreaves, 2014). Moreover, its neuroprotective properties have
been demonstrated in multiple neuropsychiatric disorders, including Alzheimer’s disease
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(AD), Parkinson’s disease (PD), and depression (Morris et al., 2013). In neuronal cells, the
powerful antioxidant action of CoQ1gq is credited to its electron donating properties that
tends to neutralize free radicals and preserve mitochondria and lipid membranes
(Somayajulu et al., 2005). CoQ1g has also been shown to protect cultured hippocampal
neurons against oxidative stress (Won et al., 2011). Moreover, chronic CoQ1g administration
attenuates both hippocampal oxidative stress (MDA and nitrite) and pro-inflammatory
(TNF-a) markers in a rat model of AD (Singh and Kumar, 2015). The antidepressant-like
properties of CoQqg have also been shown in a chronic stress model of depression (Aboul-
Fotouh, 2013).

The current study explores the effects of transcranial NIR PBM combined with CoQ1q on
depression-like behaviors in a mouse restraint stress model, as well as the putative,
underlying neurobiological mechanisms. In particular, we examined the possible impacts of
NIR light and CoQ1q supplementation on oxidative, neuroinflammatory, and apoptotic
markers in the brain areas associated with depression, the PFC and HIP.

2. Materials and methods

2.1. Animals and experimental design

Seventy-five adult male BALB/c mice, 8-10-weeks-old, weighing 30-32 g, were provided
by the animal house of Tabriz University of Medical Sciences, Iran. All experimental
procedures were carried out under the guidelines of the National Institutes of Health (NIH;
Publication No. 85-23, revised 1985) and approved by the Higher Academic Education
Institute of Rab-Rashid ethics committee (protocol number: 97/0637/14). Mice were socially
housed in standard cages (5 in each cage), kept under controlled conditions at 25+1°C on a
12/12 hour light/dark cycle, and fed standard pellet food with tap water ad /ibitum. After a
week of acclimatization, animals were randomly divided into five groups (n=15): (I) control,
(1) restraint stress + sham-PBM + normal saline gavage (RS), (I11) restraint stress + real-
PBM + normal saline gavage (RS+PBM), (1V) restraint stress + sham-PBM + CoQ1 gavage
(RS+C0Q1), and (V) restraint stress + real-PBM + CoQ1g gavage (RS+PBM+Co0Q1q)
groups.

2.2. Sub-chronic restraint stress

Stress groups underwent sub-chronic restraint stress for 150 min/day for 5 consecutive days.
Mice were placed in a horizontal position inside a well-ventilated (with 12 holes) 50 ml
falcon tube. The mice in the control group were kept in the animal room and only subjected
to daily handling stress (10 min.) for 5 days (Das et al., 2000).

2.3. PBM & CoQjq therapies

Transcranial PBM therapy was performed with a NIR GaAlAs laser (Thor Photomedicine,
Chesham, UK) at 810 nm wavelength, 200 mW maximum output power, a beam area of 0.03
cm? with 6.66 W/cm? irradiance. The laser operated at 10-Hz pulsed wave frequency on a
88% duty cycle. Each mouse was held firmly and the tip of the laser fiber was placed over
the midline of the dorsal surface of the head in the region between the eyes and ears. Mice
were treated once a day (at 11:00 am) for a duration of 5 seconds to provide a dose of 33.3
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Jlem? (total energy of 1 J) at scalp level (Salehpour, et al., 2018a). The CoQ1q was
purchased from Sigma-Aldrich (USA). Mice in CoQ1 group received the treatment (500
mg/kg/day) via gavage (Schilling et al., 2001). Mice in the RS+PBM+CoQ1g group received
the same daily dose of CoQ1q and were treated with PBM one hour before the gavage. Both
PBM and/or CoQqq treatments were applied once a day (two hours after the end of
immobilization) for 5 consecutive days. The RS group received oral normal saline (in a
volume of 8 ml/kg body weight) and underwent identical NIR PBM therapy procedures
except that the laser device was kept off.

2.4. Behavioral Tests

2.4.1. Open field test—The open field test (OFT) procedure was similar to what already
described by our group (Salehpour et al., 2018b). Mice were gently placed individually in
the center of the open field arena (33x33%33 cm). The activity of mice during the 5 min of
the test was videotaped and behavioral parameters were extracted using a video tracking
program Etho Vision™ (Noldus, The Netherlands) (Salehpour, et al., 2017). After each trial,
the apparatus was cleaned with a 70% ethanol solution in order to remove any scent clues.
The total distance moved (cm) was the parameter of interest.

2.4.2. Forced swim test—The forced swim test (FST) procedure was similar to what
previously described by Porsolt et al. (Porsolt et al., 1977). Briefly, each mouse was
individually forced to swim in a vertical transparent cylinder (diameter 14 cm, height 20
cm), containing tap water at 25 + 2 °C and 10 cm in depth. The test duration was 6 min.
Periods of immobility ware digitally recorded during the last 4 min and then analyzed by the
Etho Vision™ (Noldus, The Netherlands) video tracking software (Juszczak et al., 2008).

2.4.3. Tail suspension test—The tail suspension test (TST) is a behavioral model and
one of the most frequently used tasks to evaluate depression-like behavior in mice
(Mahmoudi et al., 2015). The apparatus used in the present work consisted of a wooden box
(60 x30 x40 cm) with a metal hook positioned at the center of the top panel. Each mouse
was suspended about 40 cm above the floor by means of adhesive tape affixed to the tail.
The immobility time during the last 4 min of the 6-min test was digitally recorded and
scored using a video tracking program Etho Vision™ (Noldus, The Netherlands) (Juszczak
et al., 2006).

2.5. Biochemical assessment

2.5.1. Sampling—For biochemical analysis, mice were deeply anesthetized with
ketamine/xylazine (90/10 mg/kg, intraperitoneal, respectively) and blood samples were
collected from the heart and centrifuged at 1500 x g for 10 min at 4 °C to obtain serum.
Then, the animals were sacrificed and the brain tissues were removed from the skull. Then,
PFC and HIP were rapidly isolated on an ice-cold platform and stored at —70 °C.

2.5.2. Mitochondrial isolation—The PFC and HIP tissue samples were homogenized
in ice-cold isolation buffer with a tissue homogenizer and immediately centrifuged at 2000 g
for 3 min at 4°C. The supernatant was centrifuged again at 2000 g for 3 min at 4°C, and the
second supernatant was transferred into a new tube and then centrifuged once more at
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12,000 g for 10 min at 4°C. The supernatant was removed, and the precipitated pellet was
resuspended in isolation buffer (Salehpour, et al., 2017). Subsequently, the suspension was
centrifuged at 12,000 g for 10 min. The obtained dark brown mitochondrial pellets were then
suspended in storage buffer (Salehpour, et al., 2017). Both resulting cytosolic and
mitochondrial fractions were kept at —20 °C until future assessment.

2.5.3. Antioxidant and lipid peroxidation assays—To determine oxidative stress
status, PFC and HIP samples were homogenized in 1.15 % KCI solution and subsequently
centrifuged at 112 x g for 10 min at 4 °C to obtain the supernatant (Pourmemar et al., 2017).

The MDA levels, an index of lipid peroxidation, were measured using the thiobarbituric acid
reactive substances (TBARS) assay (Farajpour et al., 2017; Khorrami et al., 2014).

The activity of GPx in the PFC and HIP was assessed according to the method of Paglia and
Valentine using a spectrophotometric method by RANSEL (RANDOX Laboratories Ltd.,
UK) diagnostic kit. Results were expressed as units (U) per mg protein.

SOD activity was determined using a RANSOD kit (Randox Laboratories Ltd, Crumlin,
United Kingdom) based on the manufacturer’s instructions and the absorbance was
measured at 03BB=505 nm at 37 °C (Pourmematr, et al., 2017) and results were expressed as
U per mg protein.

Total antioxidant capacity (TAC) in the PFC and HIP homogenates was measured
colorimetrically according to the assay kit protocol (Randox Laboratories Ltd, Crumlin,
United Kingdom) and the results were expressed as nmol/l.

2.5.4. Reduced glutathione (GSH) levels—Reduced GSH levels in the HIP and PFC
lysates were also measured using the method of Ellman with 5,5’-dithiobis-(2-nitrobenzoic
acid) (DTNB) (Ellman, 1959). Briefly, 100ul. of brain homogenates were mixed with 12.5%
trichloroacetic acid, vortexed for 10 min and centrifuged at 900 x g for 15 min to remove
protein. Then, 0.1 ml of the acquired supernatant, 2 ml of phosphate buffer, 0.5 ml of
DNTB, and 0.4 ml of double distilled water was added and mixed. Absorbance of the
yielding yellow color was determined using spectrophotometry at 412 nm within 10 min
with a microplate reader and expressed as umol/mg protein.

2.5.5. Western Blotting—Cytosolic and mitochondrial protein expressions were
assessed by Western blot method as previously described (Sadigh-Eteghad et al., 2015).
Briefly, PFC and HIP frozen tissue samples were lysed and homogenized in 100 pl RIPA
lysis buffer supplemented with a protease inhibitor cocktail. The homogenate was
centrifuged at 12000 x g for 15 min at 4 °C. Total protein concentration in the supernatant
was assessed by the Bradford assay method using Bio-Rad reagent. Equal amount of protein
samples (20 ug) were separated using 12.5% SDS-polyacrylamide gel electrophoresis and
transferred onto a polyvinylidenedifluoride (PVDF) membrane (Roche, UK). In order to
block non-specific binding reactions, membranes were incubated with blocking solution
consisting of bovine serum albumin (BSA) 3% in Tris-buffered saline (pH 7.5) for 2 h with
rotation at room temperature. Subsequently, the membranes were incubated overnight with
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rabbit primary antibodies against anti-BAX (sc-70405), anti-Bcl-2 (sc-7382), anti-caspase-3
(sc-136219), anti-caspase-9 (sc-81663), anti-cytochrome ¢ (sc-13156), anti-VDAC
(sc-390996), anti-p-actin (sc-47778), anti-JNK (sc-7345), anti-p-JNK (sc-6254), anti-p38
(sc-535), anti-p-p38 (sc-17852), all purchased from Santa Cruz, and anti-NF-kB (ab16502),
obtained from Abcam, in 1:500 concentration. After washing three times with PBS, the
membrane was incubated with horseradish peroxidase-conjugated (HRP) goat anti-rabbit
IgG secondary antibody for 2 h at room temperature. Finally, an enhanced
chemiluminescence (ECL) detection kit (Pierce, Rockford, IL) was used to visualize the
protein bands (Amersham, UK). Anti B-Actin and anti-VDAC antibodies were used for
internal control of cytosolic and mitochondrial proteins, respectively. Images of the protein
bands were acquired and the relative optical density of each band was quantified using
Image J 1.62 software.

2.5.6. Serum pro-inflammatory cytokines and neuroendocrine hormones
assessments—The enzyme-linked immunosorbent assay (ELISA) method was used for
measurement of serum concentrations of 1L-6, TNF-a., corticosterone, and cortisol, based on
the manufacturers’ protocols.

2.5.7. Mitochondrial membrane potential assay—To determine mitochondrial
membrane potential (MMP), samples were incubated with 2.5 pg/ml JC-1 (5,5°,6,6’-
tetrachloro-1,1’,3,3’-tetraethylbenzimidazolyl-carbocyanine iodide) fluorescent probe
(Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 15 min. Fluorimetry was used to measure
fluorescence intensity of the samples. The MMP was calculated by the ratio of red
(aggregated) (Aex=490 nm, Aey,=590 nm) to green (monomer) (Agx=488 nm, Aoy,=530 nm)
fluorescence intensity in the mitochondrial suspension and normalized to mg protein of the
samples and presented as percentage of control.

2.6. Statistical analysis

Comparisons between experimental and control groups were performed by one-way
ANOVA followed by the Tukey post hoc test. All analyses were conducted using Graph Pad
Prism 6.01 (Graph Pad Software Inc., La Jolla, CA, USA). A p-value <0.05 was considered
statistically significant and descriptive data were expressed as mean + SEM.

3. Results

3.1. Behavioral assessments

3.1.1. Open field test—The results of OFT test showed no significant differences for
total traveled distance between groups (Fig. 1A).

3.1.2. TST and FST—The results of the TST and FST are shown in Figure 1B. Restraint
stress induced a marked increase in immobility time during the TST (Fig. 1B, right) and FST
(Fig. 1B, left) (p<0.05, p<0.01, respectively). However, PBM alone or CoQq alone
significantly decreased the immobility time in FST (for both treatments: p<0.05) compared
to the stress group. In addition, the combination therapy completely reversed the increase in
immobility time in FST (p<0.001) induced by restraint stress. For TST, both PBM and
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CoQ g treatments, alone or in combination, alleviated the restraint stress-induced increase in
immobility time (PBM: p<0.05; CoQ1g: p<0.01; PBM+Co19™: p<0.001).

3.2. Biochemical assessments

3.2.1. Brain MDA levels—As shown in Fig. 2A, sub-chronic restraint stress
significantly increased MDA levels in the PFC (p<0.001) and HIP (p<0.01). However, MDA
levels in the PFC and HIP were significantly decreased following PBM (for both areas:
p<0.05), CoQ1g (p<0.01 and p<0.05, respectively), and combination treatments (for both
areas: p<0.01).

3.2.2. Brain antioxidant enzyme activities—Our results (Fig. 2B) showed that the
stress group exhibited a decline in GPx activity in the PFC and HIP (for both areas: p<0.01).
The GPx activity in the PFC was markedly elevated by five days of PBM (p<0.01), CoQqq
(p<0.05), and the combination (p<0.01) compared to the untreated stress group. Although
hippocampal GPx activity in the PBM alone (p<0.05) and combination (p<0.01) treatment
groups were similar to those in the control group, CoQ1g alone treatment did not exhibit a
significant improvement in this index (£>0.05).

As shown in Fig. 2C, following sub-chronic restraint stress, a significant decrease in SOD
enzyme activity was also observed in the PFC and HIP of animals when compared with
control animals (for both areas: £<0.01). The SOD activity in the PFC was remarkably
elevated by five days of PBM (p<0.01), CoQqg (p<0.05), and combination treatment
(p<0.01) compared to untreated stress group. Although both PBM alone (p<0.05) and
combination (p<0.01) treatment significantly increased SOD activity in the HIP, CoQqq
alone treatment did not exhibit improvement (£>0.05).

3.2.3. Brain TAC levels—As shown in Fig. 2D, the TAC levels were decreased in the
PFC and HIP of mice subjected to restraint stress as compared to the control mice (for both
areas: p<0.01). The TAC levels in the PFC was noticeably increased by PBM (p<0.01),
CoQ19 (p<0.05), and combination treatment (p<0.01) compared to untreated stress group.
Although PBM alone and combination treatment significantly increased TAC levels in the
HIP (for both treatments: p<0.05), this increase was not significant for the CoQ1g alone

group (£>0.05).

3.2.4. Brain GSH levels—As shown in Fig. 2E, restraint stress significantly increased
GSH levels in the PFC (p<0.001) and HIP (p<0.01) samples when compared to the control
animals. Nevertheless, GSH levels were significantly increased in the PFC following
combination treatment (p<0.01). In addition, both PBM and CoQ1q treatments, alone or in
combination, markedly increased GSH levels in the HIP (for all treatments, p<0.01).

3.2.5. Brain NK-Kb, p38, and JNK levels—Figure 3A shows that the restraint stress
significantly up-regulated NF-kB protein levels in the PFC (p<0.001) and HIP (p<0.01).
Although NF-kB levels in the PFC in the PBM alone treatment group were significantly
decreased (p<0.05), CoQ1g alone and combination treatment did not exhibit any significant
change compared to the stress animals (for both treatments: £>0.05). Moreover, data from
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the HIP area showed a significant decrease in NF-kB levels in the PBM and CoQqq alone
(for both treatments: p<0.01) and combination (p<0.001) treatments groups.

As shown in Fig. 3B, a significant increase in p38 protein expression was observed in the
PFC and HIP of the stress group when compared to the control animals (for both areas:
p<0.001). The CoQqq alone (p<0.01) and combination (p<0.001) treatment noticeably
restored p38 levels in the PFC, whereas no significant difference was observed between the
PBM and stress groups (£>0.05). In addition, both PBM and CoQ1q treatments, alone or in
combination, significantly reduced p38 levels in the HIP (for all treatments, p<0.05).

As shown in Fig. 3C, sub-chronic restraint stress caused a significant increase in JNK levels
in the PFC and HIP (for both areas: p<0.001). On the other hand, JNK levels were
significantly reduced in the PFC following PBM alone, CoQ1q alone, and combination
treatments (p<0.001, p<0.01, and p<0.001, respectively). Although hippocampal JNK levels
were significantly decreased following CoQ1q alone (p<0.01) and combination treatment
(0<0.001), PBM alone treatment did not change JNK levels compared to the stress group

(p>0.05).

3.2.6. Serum TNF-a and IL-6 levels—Our results (Fig. 3E) showed that sub-chronic
restraint stress resulted in a significant increase in serum TNF-a levels (p<0.001). However,
all treatments significantly returned TNF-a levels to the control values (for all treatments:
p<0.001).

As shown in Fig. 3F, restraint stress group also exhibited a significant increase in serum IL-6
levels as compared to the control animals (p<0.01). On the other hand, serum IL-6 levels
were significantly reduced following 5 days of PBM alone, CoQ1g alone, and combination
treatments (for all treatments: p<0.001).

3.2.7. Brain MMP levels—As shown in Fig. 4, significant decreases were observed in
MMP levels in the PFC and HIP of stress group when compared to the control group (for
both areas: p<0.001). However, for both brain areas, PBM and CoQqq treatments, alone (for
both treatments: p<0.05) or in combination (p<0.01), remarkably increased MMP levels.

3.2.8. BAX/Bcl-2 ratio—Our results (Fig. 5A) also showed that sub-chronic restraint
stress considerably increased the BAX/Bcl-2 ratio in the PFC and HIP (for both areas:
p<0.001). Data from the HIP showed a significant decrease in the BAX/Bcl-2 ratio in the
PBM (p<0.001) and CoQ1g (p<0.01) alone and combination (p<0.01) treatment groups.
Although BAX/Bcl-2 ratio in the HIP was partially reversed following PBM or CoQ1q alone
treatments (for both treatments: £<0.05), this decrease was much more pronounced in the
combination treatment group (p<0.01).

3.2.9. Cytosolic/mitochondrial cytochrome ¢ ratio—Figure 5B shows that the
restraint stress significantly increased the cytosolic/mitochondrial cytochrome cratio in the
PFC and HIP (for both areas: p<0.001), which indicates higher release of cytochrome ¢ from
the membrane in this group. On the other hand, all treatments significantly decreased the
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cytosolic/mitochondrial cytochrome cratio to control values (for both areas and all
treatments: £<0.001).

3.2.10. Caspase-9 and caspase-3 levels—Our results (Fig. 5C) also showed that
sub-chronic restraint stress resulted in a significant increase in caspase-9 levels in the PFC
and HIP (for both areas: p<0.001). The PBM alone (p<0.01) and combination (p<0.001)
treatment partially restored caspase-9 levels in the PFC, whereas no significant difference
was observed between the CoQ1q and stress groups (£>0.05). In addition, data from the HIP
area showed that, although caspase-9 levels significantly decreased following CoQqg alone
and combination treatment (for both treatments: p<0.001), PBM alone treatment did not
change the levels compared to the stress group (£>0.05).

As shown in Fig. 5D, restraint stress animals also exhibited a significant increase in
caspase-3 levels in the PFC and HIP when compared to the control animals (for both areas:
p<0.001). Although caspase-3 levels in the PFC of PBM alone (p<0.05) and combination
(0<0.01) treatment groups were significantly decreased, CoQ1q alone treatment did not
exhibit any significant improvement in this index (£>0.05). Moreover, caspase-3 levels in the
HIP were somewhat decreased in CoQ1q alone (p<0.01) and combination treatment
(p<0.001) groups. However, PBM alone treatment did not show any improvement compared
to the restraint stress group (©>0.05).

3.2.11. Serum corticosterone and cortisol levels—Sub-chronic restraint stress
caused a significant increase in serum cortisol (Fig. 6A) and corticosterone (Fig. 6B) levels
(for both indexes: p<0.001). On the other hand, all treatments significantly restored cortisol
and corticosterone levels to the control values (for both indexes and all treatments: p<0.001).

4. Discussion

A large body of evidence indicates that stress plays a decisive role in the onset of many
neuropsychiatric disorders, including major depression (Maniji et al., 2001). Restraint stress
in mice has been proposed as a model of depression (induced by immobilization), which
includes both physical and mental aspects of stress. Restraint stress likely causes emotional
disturbances, as evidenced by depressive behaviors and by changes in locomotion
(Buynitsky and Mostofsky, 2009). As a result of immobilization, the incidence of some
neurochemical alterations in the brain can lead to neurobehavioral deficits such as
immobility in the FST and TST (Wang, et al., 2016; Xu et al., 2017). The latter behavioral
tests are widely employed to screen the efficiency of antidepressant drugs (Bettio et al.,
2014; Cryan et al., 2005; Porsolt, et al., 1977). In agreement with other reports (Bettio, et al.,
2014; Freitas et al., 2014), five days of sub-chronic restraint stress in our study resulted in an
increase in the immobility time as compared to the control animals. Recently, transcranial
NIR PBM therapy has been suggested as a non-invasive neurostimulation modality in the
central nervous system and is emerging as a novel promising treatment to defeat depression
(Caldieraro et al., 2018; Cassano et al., 2015; Cassano et al., 2016; Salehpour and Rasta,
2017). Previous reports from our laboratory and others have shown that repeated delivery of
NIR laser therapy produces an antidepressant-like effect in the FST (Mohammed, 2016;
Salehpour et al., 2016; Wu et al., 2012; Xu, et al., 2017) and TST (Xu, et al., 2017).
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Nevertheless, in the current study, we showed that transcranial NIR PBM therapy for 5 days
produced a notable antidepressant-like effect, as indicated by shorter immobility time in the
FST and TST. Moreover, sub-chronic administration of CoQ1q (500 mg/kg/day), alone or in
combination with PBM therapy markedly inhibited the prolonged immobility time. In
agreement with our results, Aboul-Fotouh found that intraperitoneal administration of 100 or
150 mg/kg/day CoQ1q for three-weeks significantly reduced restraint stress-induced
immobility in rats (Aboul-Fotouh, 2013).

The exposure to restraint stress and the subsequent increase in glucocorticoids levels impair
neuronal function in the HIP and PFC areas (Lowy et al., 1995; Musazzi et al., 2010). In this
respect, due to high levels of glucocorticoid receptors, the HIP is particularly sensitive to
stressful conditions, and hippocampal dysfunction has been reported to be deeply involved
in the pathophysiology of MDD (McEwen, 1999). In addition, the HIP is connected to the
PFC and amygdala, which their dysfunctions potentially are associated with depressive
disorders (Goshen et al., 2008; Shelton, et al., 2011). Given these connections, the HIP
dysfunction, induced by the restraint stress, could result in abnormal or decreased
neuroplasticity in the corticolimbic networks (Godsil et al., 2013). Precisely to assess the
impact on corticolimbic networks, we evaluated the biochemical changes in the HIP and
PFC areas, in addition to the neurobehavioral assessments. Our goal was also to explore the
mechanisms underlying the neuroprotective and anti-depressant effects of NIR PBM and
CoQg therapies.

From a neurobiological perspective, there is evidence that the restraint stress provokes
depression-like behavior through activation of oxidative stress, neuroinflammatory, and
apoptotic pathways (Freitas, et al., 2014; Kubera, et al., 2011). Stressful events trigger an
imbalance in oxidant/antioxidant levels in the brain and it is well established that increased
production of free radical is implicated in the pathogenesis of MDD (Bilici, et al., 2001).
Indeed, oxidative stress can damage neuronal components including lipids, proteins, and
nucleic acids, affecting several neuronal functions, which in turn can result in
psychopathological conditions (Moretti et al., 2012; Wang and Michaelis, 2010). It is
believed that such effects induced by external stress are in part mediated through an
imbalance between pro-oxidant (MDA content) and antioxidant (i.e., TAC and levels of
antioxidant enzymes including SOD, and GPx) parameters in the PFC (Li et al., 2016) and
HIP (Fontella et al., 2005). Our results showed that overall, transcranial NIR PBM therapy
mitigated oxidative damage-induced by restraint stress as evidenced by alterations in the
levels of brain oxidative stress parameters including MDA, TAC, SOD, and GPx, as well as
GSH levels. This result is consistent with previous studies on acute (Dong et al., 2015;
Salehpour, et al., 2018a) and chronic (Lu, et al., 2017) 810-nm transcranial PBM therapy
showing antioxidant effects in the HIP of mice with cognitive impairment. In addition, with
respect to CoQ1, it is believed that its effects hinges on its electron donating ability, which
neutralizes free radicals and preserves mitochondrial activity as well as the integrity of the
lipid membranes (Somayajulu, et al., 2005). CoQ1o administration has been demonstrated to
protect hippocampal cultured neurons against oxidative stress (Won, et al., 2011). Moreover,
a protective effect of CoQ1q against hippocampal oxidative stress and lipid peroxidation has
been shown in a rat restraint stress depression model (Aboul-Fotouh, 2013). In accordance
with these findings, in the present study CoQ1q supplementation —alone or in combination
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with PBM therapy— markedly increased reduced GSH levels in the PFC and HIP, the major
endogenous antioxidant, and increased cerebral antioxidant capacity.

It is accepted that oxidative stress accompanies inflammatory reactions; both
neuroinflammation and its associated oxidative stress are considered important determinants
of MDD (Maes, et al., 2009; Zhang et al., 2015). As a result of free radical production and
oxidative damage, the inhibitor of NF-xB is degraded, and active NF-xB undergoes
translocation into the nucleus, which in turn triggers expression of further pro-inflammatory
cytokines (Gloire et al., 2006). An excessive inflammatory response causes damage to
endothelial cells and microglia undergoes activation that can be detrimental to HIP and PFC
function. Due to the high expression of pro-inflammatory cytokine receptors in the HIP, this
limbic structure is more vulnerable to pro-inflammatory mediators (Rothwell and Hopkins,
1995). Previous studies showed that restraint stress up-regulates NF-xB in the cortex
(Madrigal et al., 2001) and increases JNK and p38MAPK in the PFC and HIP (Liu et al.,
2004). Likewise, reports have demonstrated that depression-like behavior induced by
immobilization stress is accompanied by increased blood levels of TNF-a and IL-6 (Kubera,
et al., 2011; Takaki et al., 1994). In the present study, we observed that serum levels of TNF-
a and IL-6 were markedly increased after restraint stress, while a 5-day application of NIR
laser effectively attenuated the elevation of these pro-inflammatory cytokines induced by
immobilization. However, data from Moreira et al. (Moreira et al., 2009) in a model of rat
traumatic brain injury (TBI) showed increased blood TNF-a and IL-6 levels at 24 hour
post-780 nm laser irradiation. It could be speculated that the beneficial anti-inflammatory
effects of PBM on the blood cytokines might be time-dependent. Moreover, in our study,
PBM suppressed restraint stress-induced activation of microglia and secretion of pro-
inflammatory signaling mediators, namely NF-kB, JNK, and p38, in the HIP and PFC areas.
Pre-clinical investigations also demonstrated that transcranial PBM exhibited strong anti-
neuroinflammatory actions via inhibition of NF-kB signaling pathways in stroke models
(Lee etal., 2017; Lee et al., 2016). Furthermore, in agreement with our results, these studies
reported that PBM therapy diminished neuroinflammation in the ischemic cortex of mice via
down-regulation of the expression of JINK and p38 (Lee, et al., 2017; Lee, et al., 2016). With
regard to CoQ1, our results also showed an anti-inflammatory effect produced by this agent,
which is in line with previous reports showing that CoQ1q suppressed neuroinflammation in
Parkinsonian mice via decrease of 1L-6, TNF-a, and NF-kB expressions (Ebadi et al., 2004;
Sharma et al., 2006).

Furthermore, increased pro-inflammatory cytokine expression following stress stimuli has
been linked with the activation of the HPA axis, which can stimulate the secretion of
corticosterone from the adrenal glands (Gadek-Michalska, et al., 2013). Evidence has also
shown that MDD is characterized by hyperactivity of the HPA axis accompanied by elevated
serum cortisol levels (Stokes, 1995). In the current study, we demonstrated that restraint
stress provoked HPA axis dysfunction, as reflected in the markedly elevated serum levels of
corticosterone and cortisol, and that PBM and/or CoQqq reversed these alterations. Taken
together, we propose that the depression-like behavioral alterations in the stressed animals
were partly dependent on the induction of cerebral pro-inflammatory cytokines, mediated by
oxidative stress, and that inhibition of these inflammatory processes by PBM and/or CoQqq
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and the consequent attenuation of the hyperactivity of the HPA axis could ameliorate the
depressive symptoms.

NF-kB is an important transcriptional regulator of apoptosis in neuronal cells (Panet et al.,
2001), and is responsible for elevated levels of the pro-inflammatory cytokine, TNF-a,
which is also considered an important factor for promotion of proapoptotic signals (Mogi et
al., 2000). In addition, it is well established that the mitochondrial apoptotic pathway is
linked to neuropsychological stress and depression, and boosting of mitochondrial function
has been suggested as a strategy for treating MDD (Shelton, et al., 2011). In response to
stress condition, pro-apoptotic (BAX) and anti-apoptotic (Bcl-2) proteins regulate the release
of cytochrome ¢ from the outer mitochondrial membrane, which activates caspases and thus
triggers apoptosis (Kubera, et al., 2011). It has been shown that restraint stress causes
cellular apoptosis through activation of caspases-9 and -3 and increase in the BAX/Bcl-2
ratio (Zhu et al., 2014). In our study, sub-chronic restraint stress for 5 days produced a pro-
apoptotic response, as evidenced by increased BAX/Bcl-2 ratio and elevated caspase-9 and
caspase-3 activities in the PFC and HIP. Interestingly, PBM therapy prevented stress-induced
alteration of the BAX/Bcl-2 ratio and avoided an increase in caspases activity most likely
through the preservation of MMP and a reduction of cytochrome ¢ leakage into the
cytoplasm. Our results are consistent with other studies showing anti-apoptotic effects of
red/NIR PBM therapy via inhibition of the intrinsic mitochondrial apoptosis pathway in
animal models of aging (Salehpour, et al., 2017), AD (Lu, et al., 2017), stroke (Lee, et al.,
2017), and TBI (Xuan et al., 2014). Although our findings suggest that the anti-apoptotic
activity may also contribute to the antidepressant-like effects of PBM therapy, the ability of
NIR light to inhibit stress-mediated cell apoptosis needs further investigation. Furthermore,
it has been suggested that CoQ1q supplementation could inhibit apoptosis by blocking Bax
translocation and by preventing activation of the mitochondrial permeability transition pore
(Naderi et al., 2006; Papucci et al., 2003). In the present study, we also showed that CoQqq is
able to ameliorate stress-induced apoptosis via mitochondrial signaling pathways.

5. Conclusion

Taken together, our data suggest that reversing oxidative stress, neuroinflammation, and
neuronal apoptosis in the PFC and HIP might be a possible mechanism for the observed
antidepressant-like effects of PBM and CoQ1q therapies in this study. Our data also showed
that the combined-modality therapy led to better behavioral and biochemical results than
either singlemodality treatment used alone. These findings underline the potential of the
combination of the NIR PBM therapy with CoQ1 as a treatment for stress-induced
depression.
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Highlights:

. Photobiomodulation and CoQ10 ameliorate depressive-like behaviors in a
mouse restraint stress model

. Photobiomodulation and CoQ10 improve brain antioxidant defense capacity
in a mouse restraint stress model

. Photobiomodulation and CoQ10 suppress neuroinflammation via reduction of
NF-kB, p38, and JNK levels in brain

. Photobiomodulation and CoQ10 reduce neuronal apoptosis via mitochondrial
apoptotic signaling pathways

. Photobiomodulation and CoQ10 decrease elevated serum levels of cortisol,
corticosterone, TNF-, and IL-6 induced by restraint stress
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Fig 1:

A)gEffects of PBM and/or CoQ1q therapies on the traveled distance in OFT and B)
immobility time in the FST (left) and TST (right) after the restraint stress paradigm. n = 13-
15. Data represent mean + S.E.M. **p< 0.01, ™" p <0.001 vs. control group. *p < 0.05, #p
<0.01, ¥ < 0.001 vs. RS group. (CoQ1q, coenzyme Qqo; FST, forced swimming test;
OFT, open field test; PBM, photobiomodulation; RS, restraint stress; TST, tail suspension
test).
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Effects of PBM and/or CoQqg therapies on the A) MDA, B) GPx, C) SOD, D) TAC, and E)

GSH levels in the PFC and HIP areas after the restraint stress paradigm. n = 6. Data
represent mean = S.E.M. “*p<0.01,

capacity).

*k*k

< 0.001 vs. control group. #p < 0.05, #p < 0.01,
### < 0,001 vs. RS group. (CoQ1q, coenzyme Q1q; GPx, glutathione peroxidase; GSH,
glutathione; HIP, hippocampus; MDA, malondialdehyde; PBM, photobiomodulation; PFC,
prefrontal cortex; RS, restraint stress; SOD, superoxide dismutase; TAC, total antioxidant
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Fig 3:

Effects of PBM and/or CoQ1 therapies on the A) NF-kB, B) p38, and C) JNK protein
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expressions in the PFC and HIP areas after the restraint stress paradigm. D) Representative
images of corresponding protein levels detected by Western blot (n = 3). Serum E) TNF-a
and F) IL-6 levels in different experimental groups (n = 8). Data represent mean + S.E.M.

E

p<0.01,

< 0.001 vs. control group. #p < 0.05, #p < 0.01, ##p < 0.001 vs. RS group.

(CoQ10, coenzyme Qqg; HIP, hippocampus; PBM, photobiomodulation; PFC, prefrontal

cortex; RS, restraint stress).
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Fig 4:

Ef?fects of PBM and/or CoQ1q therapies on the JC-1, as a mitochondrial membrane potential
index, in the PFC and HIP areas. n = 6. Data represent mean + S.E.M. *p < 0.001 vs.
control group. #p< 0.05, #p < 0.01 vs. RS group. (CoQ1, coenzyme Qyq; HIP,
hippocampus; PBM, photobiomodulation; PFC, prefrontal cortex; RS, restraint stress).
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and HIP areas after the restraint stress paradigm. E) Representative images of corresponding
protein levels detected by Western blot. The p-Actin, VDAC, and Cyt. ¢ were used as
cytosolic and mitochondrial internal controls, respectively. n = 3. Data represent mean +

S.EM.
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(CoQ10, coenzyme Qqg; HIP, hippocampus; PBM, photobiomodulation; PFC, prefrontal

cortex; RS, restraint stress).
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Fig 6:
Effects of PBM and/or CoQ1 therapies on the serum A) cortisol and B) corticosterone
levels after the restraint stress paradigm. n = 8. Data represent mean = S.E.M. ™ p < 0.001

vs. control group. ##p < 0.001 vs. RS group. (CoQ1, coenzyme Q;o; PBM,
photobiomodulation; RS, restraint stress).
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