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Melatonin is an indoleamine that has captured our attention since 1958 [1]. It was
discovered as one of the main regulators of circadian rhythms. At that time, it was simply
defined as the sleep-wake regulator hormone, as melatonin is mainly secreted by the pineal
gland during the night. Its role in seasonal reproductive functions was also found very
soon after. Later, the extra-pineal synthesis of melatonin was discovered (immune system,
retina, etc.), together with its production in other organisms, such as bacteria and plants.
This fact changed the idea that melatonin was just a hormone that synchronized processes
related with the circadian and seasonal rhythms, and brought up the role of melatonin as a
very potent antioxidant [2]. The use of oxygen by organisms entails an important cost due
to the consequent production of free radicals. To avoid or reduce the detrimental effects of
oxidative stress, cells developed specific antioxidant systems, for instance, enzymes such
as superoxide dismutase or catalase and, of course, melatonin. This hormone probably
appeared in photosynthetic bacteria to prevent oxygen toxicity around 3 billion years
ago [3]. Thus, melatonin’s first and more primitive function is protecting cells against toxic
products, and it was supplemented with a variety of other roles during evolution.

Melatonin’s main role as an antioxidant is the focus of many pathological studies, such
as in metabolic, degenerative, and cardiovascular disorders, as well as in cancer, where
there is impaired redox homeostasis. Melatonin’s antioxidant capacity is more effective
than that of vitamin E, and it shows intracellular and extracellular activity. It can scavenge
ROS directly due to its indole ring, and it can also stimulate the expression of antioxidant
enzymes. Furthermore, melatonin can improve mitochondrial homeostasis, which is the
main source of free radicals. Despite melatonin’s potential as a therapeutic approach for
many diseases linked to increased oxidative stress, more studies are required to establish
the putative clinical application of this indoleamine. For this reason and to understand the
role of melatonin as an antioxidant, we set up this Special Issue.

We have encountered a myriad of articles about the different uses of melatonin as
a therapeutic approach in metabolic diseases, cancer, and neurological afflictions. Some
authors explored the conserved role of melatonin as an ROS scavenger against sulfur- and
nitrogen-mustard-induced toxicity (Contribution 1) and found that melatonin could be
used as a medical countermeasure for blister agent poisoning. In line with the antioxidant
functions, one of our articles describes, for the first time, the presence of melatonin synthesis
in Archaea (Contribution 2), which not only informs us about the primitive origin of the
molecule, but also about its conservation and robust role as an antioxidant.

Obesity was an interesting target for our authors’ studies, particularly the prevention
of this medical condition through stimulating thermogenesis (Contribution 3). This implies
the use of fat through the mitochondria to produce heat instead of energy (a futile cycle).
The use of melatonin as a molecule to stimulate thermogenesis can be a suitable treatment
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for obesity. Our authors showed how melatonin can stimulate these processes to enhance
mitochondrial fusion, but in a dose-dependent manner.

Two biomedical fields very interested in melatonin as possible therapy are neuro-
science and cancer. Interestingly, the indoleamine seems to have opposing functions,
antioxidant and pro-oxidant, depending on the type of studied cell. In this editorial, we
provide a thorough review about sepsis-associated encephalopathy, which is a life-threating
disfunction caused by infection (Contribution 4). Melatonin was used as a therapeutic
substance in many studies, but most of the information came from preclinical studies with
animals. Thus, the authors claim the necessity to implement more studies in humans.
The manuscripts in our Special Issue differ in the melatonin capabilities in contexts that
have common aspects: neurodevelopment and the regeneration of the nervous system.
Establishing circadian rhythms is crucial for neurodevelopment. For instance, melatonin
enhances important clock proteins also known for their antioxidant capabilities. In partic-
ular, individuals with neurodevelopmental disorders such as autism spectrum disorder
(ASD), schizophrenia, and bipolar disorder showed lower levels of melatonin secretion and
disrupted circadian rhythms (Contribution 5).

Melatonin was used to decipher the relevance of free radicals during the regeneration
of optic nerves (Contribution 6). Reactive oxygen species are usually associated with
cellular damage, but, currently, they are acquiring more functional roles. When the optic
nerve becomes crushed, the regeneration process starts and oligodendrocytes need to
succumb and differentiate from new OPCs. Then, they can properly re-myelinate the
optic nerve. When melatonin reduces oxidative stress, the regenerative process becomes
impaired because damaged oligodendrocytes remain alive.

Melatonin’s antioxidant properties have been explored in many studies. However,
there are few clues about the pro-oxidant functions of melatonin functioning as an onco-
static. These are recapitulated in the review we present in our Special Issue (Contribution 7).
These mechanisms include different pathways that act through melatonin receptors, as well
as sirtuins and the anti-Warburg effect. Besides this, the synergy between melatonin and
other antitumoral treatments is explored in very aggressive cancers such as triple-negative
breast cancer (TNBC) (Contribution 8). New melatonin derivates such as agomelatine,
traditionally used as an antidepressant, are being tested as alternative tumoral treatments
(Contribution 9). Agomelatine was tested in in vitro colorectal cancer models, and it was
able to reduce the proliferation through NF-Kb inhibition. Thus, these new molecules show
a double function, antidepressant and antitumoral, which may be due to the modification
of the tumor environment or the alteration of the immune response.

This last function is also tackled in our Special Issue with a different approach. The
optimization of bird production has deep economic repercussions, as chickens are one of
the most consumed meats worldwide. Birds are very sensitive to light and their immune
system is very susceptible to different wavelengths, especially bursal B-lymphocytes,
which can undergo apoptosis depending on the type of light. This manuscript showed how
chickens exposed to a determined light had an increased melatonin level, which reduced
B-lymphocyte oxidative stress and prevented apoptosis (Contribution 10).

In summary, with this Special Issue, we try to explore the most recent roles of melatonin
as an antioxidant, and we provide a great deal of new information: from melatonin
synthesis in a new domain to recent uses of melatonin as a therapy and synergistic treatment
for cancer. Thus, we are sure that this indoleamine will be in the spotlight for much more
time to come.

Author Contributions: Conceptualization, A.S.-L. and M.G.-M.; Writing-original draft preparation,
review and editing, A.S.-L. and M.G.-M. All authors have read and agreed to the published version
of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Zebrafish (Danio rerio) present continuous growth and regenerate many parts of their body
after an injury. Fish oligodendrocytes, microglia and astrocytes support the formation of new connec-
tions producing effective regeneration of the central nervous system after a lesion. To understand the
role of oligodendrocytes and the signals that mediate regeneration, we use the well-established optic
nerve (ON) crush model. We also used sox10 fluorescent transgenic lines to label fully differentiated
oligodendrocytes. To quench the effect of reactive oxygen species (ROS), we used the endogenous
antioxidant melatonin. Using these tools, we measured ROS production by flow cytometry and
explored the regeneration of the optic tectum (OT), the response of oligodendrocytes and their
mitochondria by confocal microscopy and Western blot. ROS are produced by oligodendrocytes
3 h after injury and JNK activity is triggered. Concomitantly, there is a decrease in the number
of fully differentiated oligodendrocytes in the OT and in their mitochondrial population. By 24 h,
oligodendrocytes partially recover. Exposure to melatonin blocks the changes observed in these
oligodendrocytes at 3 h and increases their number and their mitochondrial populations after 24 h.
Melatonin also blocks JNK upregulation and induces aberrant neuronal differentiation in the OT. In
conclusion, a proper balance of ROS is necessary during visual system regeneration and exposure to

melatonin has a detrimental impact.

Keywords: melatonin; regeneration; ROS; zebrafish; visual system

1. Introduction

Regenerative medicine aims to regain the lost functionality of an organ due to trauma,
injury or disease using organ specific mechanisms. Unfortunately, in most cases, these
mechanisms are not properly elucidated [1]. In humans, some tissues, such as blood and
epithelia, regenerate efficiently; while others, such as the heart and nervous system, do not.
Many groups have devoted themselves to repairing injuries in the nervous system using
prosthetics [2], stem cells [3] and gene therapy [4]; their success has been very limited and,
so far, there is no efficient regenerative treatment. Unlike mammals, zebrafish (Danio rerio)
present a robust regenerative capacity, including of the nervous system [5,6]. Furthermore,
zebrafish are currently used to model a wide range of human diseases where regenerative
therapies could be applied, from heart diseases to Alzheimer’s [7,8]. Understanding
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the regenerative mechanisms in zebrafish would facilitate strategies for regeneration in
humans.

The zebrafish visual system resembles that of a human. It is formed by the retina, the
optic nerve (ON), formed by the axons of the ganglion cells, and the superior visual center,
that in fish is the optic tectum (OT). Gross injuries in the visual system, such as strong light,
cryoinjury of the retina and ON crush, cause the degeneration of the ON. Then, the retina
loses the connection with the OT, leading to partial and temporal blindness [9]. In zebrafish,
many retinal ganglion cells survive the injury and create new axons that are projected
contralaterally towards the OT and vision is restored [10]. Glial cells are very important
during regeneration and one key difference between mammals and zebrafish is that, in the
former, glia do not form a scar but create a regenerative-permissive environment [1,11,12].
Furthermore, in zebrafish during the degeneration and posterior regeneration of oligoden-
drocytes, the myelinating cells of the central nervous system (CNS) play a crucial role [5].
After injury, many oligodendrocytes die, and new ones arise from oligodendrocyte progeni-
tor cells. These newly formed oligodendrocytes create myelin as the axons regenerate [5].
Mature oligodendrocytes can also survive degeneration and contribute to myelination [13].
However, the role of these latter oligodendrocytes is more controversial, and they have been
described to produce aberrant myelination [14]. The role of the oligodendrocytes during
regeneration has been well explored in zebrafish larvae [14] and in the adult spinal cord [12]
but their exact role in the visual system remains more obscure.

Another open question relates to the cues that are needed for proper regeneration.
Certainly, communication between neurons, glia and other cells such as macrophages is
key [15]. Several extrinsic and intrinsic signals, such as synaptic sensing, vesicle release
and neurotransmitters, have been shown to contribute during regeneration [5,16]. Reactive
oxygen species (ROS) have also emerged as relatively new players in this context [17]. ROS
are highly reactive chemicals produced from O, as normal biproducts of the mitochondrial
metabolism and membrane NADPH oxidase. This includes the superoxide ion (O, ™) that
is the precursor of many others such as hydrogen peroxide (HyO;). ROS are short-lived but,
thanks to their small size, some of them can freely diffuse among cells, playing important
roles as signaling molecules [18]. ROS are involved in cell communication, proliferation,
cell death and can promote, among other processes, oligodendrogenesis [19]. In zebrafish,
ROS are produced after tail injury and promote its regeneration [20] and the presence
of antioxidants can be detrimental to an efficient regeneration [21]. CNS is no exception
to the production of ROS after injury, but its impact is less well understood [22]. For
example, in some contexts, such as demyelinating neurological diseases, excessive ROS
are detrimental [23]. Free radicals are a very interesting puzzle since they can exert both
beneficial and detrimental effects.

We explore the role of ROS during zebrafish visual system regeneration, using the ON
crush model, specifically in fully differentiated oligodendrocytes. To explore the beneficial
or detrimental role of oxidative stress, we treated the fish with melatonin, which is a
well-known endogenous antioxidant [24,25]. This molecule has been successfully used to
reverse cognitive and endocrine deficits produced by alterations of the zebrafish visual
system [26].

2. Methods
2.1. Animals

A total of 112 animals were used, half males and half females: 4 animals for each
group and treatment in every experiment. All fish used in this work were 12 months old
(adults). Fish were kept under a 14 h light-10 h dark cycle and fed twice a day. The water
temperature was maintained at 27.8 & 0.5 °C; pH 7.0 £ 0.2. Animals were fed before
surgery and before changing the melatonin solution. We employed two transgenic lines to
track mature oligodendrocytes: Tg(sox10:EGFP) [27] and Tg(sox10:tagRFP) [28]. These lines
carry either EGFP or tagRFP under the control of sox10. This transcription factor is involved
in the differentiation of oligodendrocytes, becoming active when they turn into myelinating
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cells [29-31]. For the cytometry flux experiments we used the EGFP line because it does
not cross with the probes’ fluorescence. For the immunohistochemistry experiments we
used the tagRFP line because it does not require amplification by immunohistochemistry.
All lines were kindly donated by Bruce Appel.

All protocols were performed according to the European Union Directive 86/609/EEC
and Recommendation 2007/526/EC, regarding the protection of animals used for experi-
mental and other scientific purposes, enforced in Spanish legislation under the law 6,/2013.
All protocols were approved by the Bioethics Committee of the University of Salamanca.

2.2. Optic Nerve Crush

ON crush was performed as previously described [32]. Briefly, fish were anesthetized
in tricaine methane sulfonate (MS-222) (Sigma-Aldrich, St. Louis, MO, USA) and positioned
under a stereomicroscope on an ice-cold surface. A fine forcep was used to partially pull
the temporal half of the right eye out of its orbit. Then, the lateral rectus eye muscle was
cut with a fine scissor and the eye was pulled out to further expose the ON. With another
fine forceps, we crushed the ON, avoiding the ophthalmic artery running along the ON.
The fish successfully operated on were return to a fish tank, and allowed to survive for 3,
24 and 72 h after the lesion. The same protocol without crushing was applied to control
animals.

2.3. Melatonin Treatment

Exposure to melatonin was performed by immersion, as previously described [26].
Melatonin (98%, Sigma-Aldrich, Saint Louis, MI, USA) was dissolved in ethanol, creating a
stock solution of 2.32 mg/mL. Stock solution was wrapped in foil and stored at —20 °C
in the dark until use. Melatonin solution at 0.232 mg/L was prepared fresh every time
in a 0.5 L tank with standard system water. Control and injured fish with no melatonin
were exposed to 0.01% ethanol as the vehicle. One animal was allocated per tank. Thus, the
experimental groups were set as control 3, 24 and 72 h (+0.01% ethanol for that period);
control melatonin 3, 24 and 72 h (+0.232 mg/L melatonin for that period), regeneration 3,
24 and 72 h (+0.01% ethanol for that period) and regeneration melatonin 3, 24 and 72 h
(+0.232 mg /L melatonin for that period).

Zebrafish are diurnal animals linked to circadian rhythms that are modulated by
melatonin, so we were careful with the timing of our experiments [25]. Lesion was always
performed at 9 am when melatonin production is lowest, followed by exposure to vehicle
or melatonin. A fresh solution containing either vehicle or melatonin was prepared every
time. In the case of the 3 h group, sacrificed was performed at 12 am. In the case of the 24 h
group, the solution was changed once at 9 pm and the fish were sacrificed the following
day at 9 am. In the case of the 72 h group, the solution was changed twice every day (9 am
and 9 pm) to ensure the stability of the melatonin [26,33], and the fish were sacrificed three
days later at 9 am.

2.4. Brain Dissection and Tissue Processing

At 3,24 and 72 h, fish were endpoint anesthetized in tricaine methane sulfonate before
sacrifice, according to Spanish and European laws (2010/63/EU; RD 53/2013; Ley 32/2007;
and Orden ECC/566/2015). The head was removed, and the entire brain, including the eyes
and ON, was carefully dissected manually with forceps in cold PBS under a microscope.

To prepare the brain for the histochemistry and the immunostaining techniques, the
tissue was fixed in paraformaldehyde 4% overnight at 4 °C. The sample was cryoprotected
in 10% sucrose in PBS and embedded in a solution containing 1.5% agar and 10% sucrose.
Finally, 12 mm horizontal sections, to observe ON and OT simultaneously, were obtained
in a cryostat. Sections were stored at —20 °C until use.

For flow cytometry we used a modified protocol [34]. Briefly, both ON, the ipsilateral
OT (I0T) and the contralateral OT (COT), were sectioned with surgical scissors and located
separately in solution A (EBBS, 2% BSA, 1.3% DNase) in ice. After collecting the tissue from
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all animals, tissue was transferred to solution B (EBBS medium, 2% BSA, 1.3 DNase, 1%
Trypsine). Tissue was incubated for 5 min at 37 °C, then disaggregated with a siliconized
pipette and then incubated for 10 more minutes. Samples were centrifuged for 5 min at
3000 g at 4 °C, supernatant was removed and 1 mL of solution A was added. Sample was
resuspended with a blue tip and centrifuged again. Finally, supernatant was removed and
1 mL of Hank’s solution plus 200 uL of KRPG buffer (145 mM NaCl, 5.7 mM, 566 Na,HPOy,
4.86 mM KCl, 0.54 mM CaCl,, 1.22 mM MgSOy, 5.5 mM glucose, pH 7.35) were added and
created a cell suspension.

2.5. Probes and Flow Cytometry

Mitochondrial ROS were determined with the fluorescent probe MitoSox® (Life Tech-
nologies, Carlsbad, CA, USA) [34]. Cell suspensions were incubated with 2 uM of MitoSox®
for 30 min at 37 °C in a 5% CO, atmosphere in KRPG buffer. MitoSox® fluorescence
intensity was assessed by flow cytometry (FACScalibur flow cytometer, BD Biosciences,
Franklin Lakes, NJ, USA) and expressed in arbitrary units.

The mitochondrial membrane potential (A{m) was assessed with MitoProbe DiIC1®
(Life Technologies) (50 nM) by flow cytometry (FACScalibur flow cytometer, BD Biosciences)
and expressed in arbitrary units [34]. For this purpose, cell suspensions were incubated
with a probe 30 min at 37 °C in PBS. Values of Alpm were obtained after subtraction of
the potential value determined in the presence of carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (CCCP) (10 pM, 15 min) for each sample.

2.6. Histochemistry

Acetylcholine esterase (AChE) histochemistry was performed as previously described [35].
Briefly, sections were rehydrated in 0.1 M maleate buffer pH 6.0, and then incubated
at room temperature for 30 min in a medium containing 65 mM maleate buffer pH 6.0,
0.5 mM sodium citrate, 0.47 mM cupric sulphate, 0.05 mM potassium ferricyanide, 0.37 mM
acetylthiocholine iodide and 0.06 mM ethopropazine as an inhibitor of non-specific es-
terases. AChE activity was enhanced using 0.0125% DAB and 0.0033% H;O, in 0.2 M
Tris-HCl buffer, pH 7.6. The reaction was monitored under the microscope and stopped by
washing the sections in the same Tris-HCl buffer (around 45 min). Finally, sections were
dehydrated in an ethanol series, cleared with xylene and cover slipped with Entellan.

2.7. Immunostaining

Sections were washed several times in PBS and then pre-incubated for 90 min in 5%
normal donkey (DK) serum in PBS with 0.2% Triton X-100 (PBSTx) at room temperature (RT).
After that, primary antibodies (Table 1) were incubated overnight in 5% normal DK serum
with 0.2% PBSTx at 4 °C. Sections were washed in PBS and then incubated for 90 min at RT in
darkness with a 1:400 dilution of Alexa 488 and Alexa 647 fluorescent secondary antibodies
(Table 2), in a buffer containing 5% normal DK serum in PBS. Next, sections were washed in
PBS and then incubated for 10 min in 1:10,000 4’,6-diamidino-2-fenilindol (DAPI) for nucleus
staining. Sections were washed thoroughly and mounted with Fluoromount-G® Mount-
ing Medium (Invitrogen, Waltham, MA, USA). The RFP fluorescence in the sox10:tagRFP
transgenic line was robust enough and we never used an antibody to reinforce it.
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Table 1. Primary antibodies.

Antigen Host Reference Dilution Observations
Catalyzes the reversible
Choline . - synthesis of
acetyltransferase Goat Slgrg;ii}lcri)rlch, 1:100 acetylcholine from
(ChAT) acetyl CoA and choline
at cholinergic synapses
Succinate Complex II of the
dehydrogenase Mouse ~ Abcam;abl4714  1:200 respiratory chain
complex subunit B involved in the
(SDHB) oxidation of succinate
Table 2. Secondary antibodies.
Antigen Host Reference Conjugated Dilution
Jackson
. ImmunoResearch
Anti-Goat Donkey (West Grove, PA, Alexa 488 1:400
USA)
Anti-Mouse Donkey Jackson Alexa 647 1:400
ImmunoResearch

2.8. Western Blot

OT cells were lysed in a commercial RIPA Lysis buffer (0.1% sodium dodecylsul-
fate, 1% NP-40, 150 mM NaCl, 1% sodium deoxycholate and 25 mM Tris-HCI, pH 7.6)
(G-Biosciences). ON cells were lysed in a noncommercial RIPA buffer (1% sodium do-
decylsulfate, 1% NP-40, 150 mM NacCl, 5% sodium deoxycholate and 25 mM Tris-HCI,
pH 8). Lysis buffers were supplemented with a protease and phosphatase inhibitor mix
(Sigma-Aldrich). Aliquots of cell lysates (10-20 pg of protein from ON or OT, respectively)
were subjected to SDS/PAGE 10-12% (vol/vol) acrylamide gel (MiniProtean; Bio-Rad, Her-
cules, CA, USA) including PageRuler Prestained Protein Ladder (Thermo Fisher Scientific,
Waltham, MA, USA). The resolved proteins were transferred electrophoretically to nitrocel-
lulose membranes (0.2 um, BioRad). Membranes were blocked with 5% (wt/vol) low-fat
milk in TTBS (20 mM Tris, 150 mM NaCl, and 0.1% (vol/vol) Tween 20 (pH 7.5) for 1 h.
After blocking, membranes were immunoblotted with primary antibodies, anti-p-JNK and
JNK (1/1000, Cell Signalling, Danvers, MA, USA) and MBP (Myelin basic protein, 1/500,
Abcam, Cambridge, United Kingdom) overnight at 4 °C. After incubation with horseradish
peroxidase conjugated anti-rabbit IgG (1/5000, Cell Signalling), membranes were immedi-
ately incubated with the Supersignal West Femto (Thermo Fisher Scientific) before exposure
using the Fusion FX transilluminator (Vilber GmbH, Eberhardzell, Germany).

2.9. Imaging and Quantification

AChE histochemistry was imaged in a light microscope (Leica Aristoplan; Leica,
Wetzlar, Germany) with an Olympus OP- 70 digital camera (Olympus Corporation, Shin-
juku City, Tokyo, Japan) coupled to an Olympus Provis AX70 photomicroscope using a
20 x objective. All sections were imaged in the same session to avoid variations. To quantify
the staining, FIJI 2.9.0 software and the threshold plugin were used. Images were turned
into black and white, inversed and turned into 8 bits. Then threshold was established
based on control animals to 110/200. Integrated density and area were measured for every
section. Three non-consecutive sections were quantified from four different fish and the
average is shown in the graphs.

ChAT and SDHB immunostainings were imaged in a Confocal microscope (Leica Stel-
laris inverted DMi8) using a 40 oil immersion objective for ChAT and 63 x oil immersion
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objective for SDHB. For ChAT, 6 tiles with z-stack (xyz scan) were acquired and automati-
cally assembled by the Leica LASX software. For SDHB, 4 tiles with z-stack were acquired
and automatically assembled by the LASX software. The number of z-stacks was deter-
mined by observing the limits of each section (14 pm). Images were obtained under constant
conditions to minimize image acquisition variation and stored as 1024 x 1024 pixels and
8-bit TIFF files.

Colocalization between SDHB and sox10:tagRFP oligodendrocytes was analyzed us-
ing FIJI, as previously described [36]. First, background from the sox10:tagRFP channel
and SDHB channel was subtract with the “subtract background” tool (rolling ball radius
100 pixels). Then, sox10:tagRFP oligodendrocytes were selected manually with the “poly-
gon selections” tool and added to ROI Manager. The SDHB threshold was established
based on control animals and added to ROI Manager. To analyze the colocalization between
the sox10:tagRFP and SDHB channels, each sox10:tagRFP oligodendrocyte selection was
merged with the SDHB threshold using the command “AND” from ROI Manager. Then,
merged selections were added to ROI Manager one by one. Finally, area, integrated density
and mean gray value were measured for every merged selection added to ROI Manager
using the command “Measure” from the ROI Manager. Eight cells (four from tectal OT and
four from the periventricular gray zone, PGZ) from three non-consecutive sections from
four different animals in each group were used.

Sox10:tagRFP oligodendrocytes were quantified manually using the Cell Counter
plugin from FIJI in the tectal OT and PGZ. Three non-consecutive sections from four
different animals in each group were used.

In case of ChAT immunohistochemistry, positive neurons were quantified manually
using the Cell Counter plugin from FIJI in the middle portion of the OT. Three non-
consecutive sections from four different animals in each group were used. The average of
these three sections is shown in the graphs.

The protein abundances of all Western blots per condition were measured by densito-
metry of the bands quantified with FIJI in the linear phase of the exposure without reaching
saturation. At least three biologically independent replicates were always performed,
although only one representative Western blot is usually shown in the main figures.

Figures were generated using Adobe Photoshop CS6.

2.10. Statistics

Graphs were generated using GraphPad Prism 5. Data are represented as mean =+ standard
error of mean (SEM). Student’s t-test was performed when comparing two groups (for
example regeneration vs. control). ANOVA with Tukey s Multiple Comparison Test
was performed to search for differences among all groups (for example, the number of
oligodendrocytes at any specific timepoint). The type of statistics and the significance are
included in the figure legends.

3. Results
3.1. ROS Are Produced by sox10:EGFP Oligodendrocytes after Optic Nerve Crushing

The role of ROS during regeneration has been shown in several scenarios [20,22]. To
understand whether they are also involved during zebrafish visual system regeneration,
we used the ON crush model [32]. The right ON was always injured. After letting the fish
survive for 3, 24 or 72 h, we extracted the whole brain together with the eyes and dissected
three different parts of the visual system: both ON together, the ipsilateral optic tectum
(IOT, right one) and the contralateral optic tectum (COT, left one). In zebrafish all fibers
from ON cross the midline and reach the opposite side [37]. Thus, COT is the side that lost
the projections. We disaggregated the cells and exposed them to Mitosox®, a probe that
responds to O, (Figure 1A). Then, we run the cells through flow cytometry, sorting the
s0x10:EGFP cells (fully differentiated oligodendrocytes).

In the three visual areas investigated, sox10:EGFP oligodendrocytes show a greatly
increased ROS production at 3 hpl (Figure 1B). The IOT presented the highest peak, with
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almost six times more ROS production than the control fish, followed by COT that tripled
ROS (Figure 1B). These changes were not due to differences in the mitochondrial population
state, as indicated by the lack of differences in the membrane potential when measured
with MitoProbe DilC1® (Figure S1A). At 24 hpl, the effect on ROS production passed in
the OT but it was maintained in the ON (Figure 1C). Non-GFP cells behaved differently
(Figure 1D). Non-GFP cells at 3 hpl showed a reduction in ROS production but only in the
10T, the side that is not injured and, thus, is responding to the healthy ON (Figure 1D).
At 24 hpl, non-GFP cells from the three areas showed a reduction in ROS. This analysis
shows that there is an important but small window of ROS production in sox10:EGFP
oligodendrocytes.

10
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Figure 1. ROS measurement after ON crush. (A) Experimental design; the arrow points to the
crushed ON from the ventral side. (B-E) Mitosox® fluorescence quantified by flow cytometry in
s0x10:EGFP cells at 3 hpl (B) and 24 hpl (C) or non-GFP cells at 3 hpl (D) and 24 hpl (E). Values are
relative to control mean. A: anterior; Con: control; COT: contralateral optic tectum; D: dorsal; hpl:
hours post-lesion; IOT: ipsilateral optic tectum; L: left; ON: optic nerve; P: posterior; R: right; Reg:
regeneration; r.u.: random units; V: ventral. Student’s t-test between Reg and Con for each timepoint
and region * p < 0.05; ** p < 0.01; *** p < 0.001. n = 4 for each group.

3.2. Melatonin Does Not Always Exert an Antioxidant Effect in sox10:EGFP Oligodendrocytes

To explore whether ROS played a positive or negative role during regeneration of
the visual system, we exposed the zebrafish to the natural antioxidant melatonin. Since
melatonin was dissolved in ethanol, control animals were also treated with this vehicle.
Therefore, for every timepoint we have four experimental groups (see Figure 1A for more
details). In the graphs, we show the change in ROS production after exposing the fish
to melatonin for all groups. The value shown in the graph (Figure 2) is the result of the

11
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ROS measurement in each animal treated with melatonin minus the average ROS value in
animals treated with vehicle in each respective group. Thus, positive values mean higher
production of ROS after melatonin treatment (pro-oxidative) and negative ones mean a
reduction (antioxidant).
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Figure 2. Melatonin impact on ROS production. (A-F) Mitosox® fluorescence quantified by flow
cytometry in the sox10:EGFP cells of ON (A), IOT (B) and COT (C) and in the non-GFP cells of ON
(D), IOT (E) and COT (F) at 3 and 24 hpl. The value shown in the graph is the result of the ROS
measurement in each animal treated with melatonin minus the average ROS value in animals treated
with vehicle in each respective group. Con: control; COT: contralateral optic tectum; hpl: hours
post-lesion; IOT: ipsilateral optic tectum; Mel: melatonin; ON: optic nerve; Reg: regeneration; r.u.:
random units. For (A-F), Student’s t-test was performed between Reg and Con for each timepoint
and region. * p < 0.05; ** p < 0.01. n = 4 for each group in all experiments.

Surprisingly, exposure to melatonin induced the production of mitochondrial ROS
(pro-oxidant) in sox10:EGFP oligodendrocytes at 3 hpl in the ON of both control and injured
fish, with more production in the latter. (Figure 2A). This effect was not observed at 24 h
(Figure 2A). In the IOT, melatonin had an antioxidant effect in the regenerating fish but
not in the control fish at 3 h, an effect that was absent at 24 h (Figure 2B). The opposite
happened in the COT, the side that is primary responding to the injury: at 3 h, melatonin
equally increased ROS production in the COT of the control and regenerating fish but we
observed an antioxidant effect in the COT of the regenerating fish at 24 h (Figure 2C).

In all three areas at both timepoints, non-GFP cells had a reduced production of ROS
after melatonin treatment in control animals (Figure 2D-F). In the regenerating fish, non-
GFP cells either did not respond (IOT and COT at 24 hpl, Figure 2E,F) or the production
was slightly increased (ON at 3 and 24 hpl, and IOT and COT at 3 hpl, Figure 2D-F).

3.3. Oligodendrocytes and Their Mitochondrial Population Are Altered during Regeneration

We observed important and unexpected changes in the ROS state in the OT. To further
characterize this aspect and investigate if the production of ROS occurred simultaneously
with changes in the mitochondria, first, we quantified the number of full oligodendrocytes
present in the horizontal section based on the presence of sox10:tagRFP and their morphol-
ogy. We also stained mitochondria using the SDHB antibody and quantified its fluorescence
specifically in these oligodendrocytes of the OT (Figure 3. for 3 hpl and Figure 4 for 24 hpl).

12
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Figure 3. Analysis of oligodendrocyte and the mitochondrial distribution at 3 hpl. Immunostaining for
SDHB (green) in a transgenic line carrying sox10:tagRFP reporter (magenta). Nuclei are counterstained
with DAPI (blue). (A-H) Control IOT (A), control COT (B), control exposed to melatonin IOT (C), control
exposed to melatonin COT (D), regenerating fish IOT (E), regenerating fish COT (F), regenerating fish
exposed to melatonin IOT (G), regenerating fish exposed to melatonin COT (H). (I-L) Quantification
of the number of oligodendrocytes per section in the IOT (I) and the COT (K); CTCF value of SHDB
in oligodendrocytes in the IOT (J) and the COT (L). A: anterior; Con: control; COT: contralateral optic
tectum; h: hours; hpl: hours post-lesion; IOT: ipsilateral optic tectum; L: left; Mel: melatonin; P: posterior;
R: right; Reg: regeneration; r.u.: random units. ANOVA with Tukey’s Multiple Comparison Test
*p <0.05; ** p < 0.01; ** p < 0.001. Scale bar: 100 mm; 10 mm in inset. n = 4 for each group.
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Figure 4. Analysis of oligodendrocyte and the mitochondrial distribution at 24 hpl. Immunostaining for
SDHB (green) in a transgenic line carrying sox10:tagRFP reporter (magenta). Nuclei are counterstained
with DAPI (blue). (A-H) Control IOT (A), control COT (B), control exposed to melatonin IOT (C), control
exposed to melatonin COT (D), regenerating fish IOT (E), regenerating fish COT (F), regenerating fish
exposed to melatonin IOT (G), regenerating fish exposed to melatonin COT (H). (I-L) Quantification
of the number of oligodendrocytes per section in the IOT (I) and the COT (K); CTCF value of SHDB
in oligodendrocytes in the IOT (J) and the COT (L). A: anterior; Con: control; COT: contralateral optic
tectum; h: hours; hpl: hours post-lesion; IOT: ipsilateral optic tectum; L: left; Mel: melatonin; P: posterior;
R: right; Reg: regeneration; r.u.: random units. ANOVA with Tukey’s Multiple Comparison Test
*p <0.05; *** p < 0.001. Scale bar: 100mm; 10mm in inset. n = 4 for each group.
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Oligodendrocytes were observed all over the horizontal section of the IOT (Fig-
ure 3A,C,E,G) and the COT (Figure 3B,D,F H) from the tectal superficial layers to the PGZ,
close to the ventricle. Mitochondria (SDHB staining) are shown in green and, as expected,
are present in every cell type (Figure 3). Insets allowed us to explore the mitochondrial
content of specific oligodendrocytes (insets in Figure 3).

At 3 hpl, we observed a reduction in the number of sox10:tagRFP oligodendrocytes in
the IOT and the COT (For IOT: Figure 3A vs. Figure 3E, quantified in Figure 3I; for COT:
Figure 3B vs. Figure 3F, quantified in Figure 3K). Melatonin blocked this phenotype in
the IOT (Figure 3G, quantified in Figure 3I), but not in the COT (Figure 3H, quantified
in Figure 3K). Exposure to melatonin produced an increase in SDHB fluoresce in control
animals (for IOT: Figure 3A vs. Figure 3C, quantified in Figure 3J; for COT: Figure 3B
vs. Figure 3D, quantified in Figure 3L). The oligodendrocytes of both OT hemispheres
in regenerating animals showed a decreased fluorescence for mitochondria, suggesting a
reduction in the population (for IOT: Figure 3E, quantified in Figure 3]; for COT: Figure 3F
quantified in Figure 3L). Interestingly, exposure to melatonin in the injured fish abolished
the decrease in SDHB fluorescence in both hemispheres of the OT (for IOT: Figure 3G,
quantified in Figure 3J; for COT: Figure 3H quantified in Figure 3L). We did not quantify
other cells of the OT due the lack of clear cellular landmarks, but a similar trend could be
observed: reduce fluorescence in injured fish, suppression of this phenotype by melatonin
and little or no changes in control animals (Figure 3A-H).

By 24 h (Figure 4) the number of oligodendrocytes in the IOT is almost the same in the
control and regenerating fish (Figure 4A vs. Figure 4E, quantified in Figure 4I). Melatonin
increased the number of oligodendrocytes just in the IOT of lesioned fish (Figure 4C vs.
Figure 4G, quantified in Figure 4I). However, regenerating fish presented more sox10:tagRFP
oligodendrocytes in the COT (Figure 4B vs. Figure 4F, quantified in Figure 4K), with no
further increased induced by melatonin (Figure 4F vs. Figure 4H, quantified in Figure 4K).
In terms of SDHB fluorescence, an indirect view of the mitochondrial population, we could
observe a similar effect. There was no difference within the control group or between the
control and regenerating fish (Figure 4A-F, quantified in Figure 4] for IOT and Figure 4L for
COT). However, the oligodendrocytes in the injured fish exposed to melatonin presented
higher SDHB fluorescence (Figure 4G,H, quantified in Figure 4] for IOT and Figure 4L for
COT). These data indicate changes in the oligodendrocytes concomitant to changes in their
mitochondrial population.

3.4. Exposure to Melatonin Induces Changes in the OT Undergoing Regeneration

We have described increased ROS production after ON crushing, together with a
decrease in the number of sox10:tagRFP oligodendrocytes and their mitochondria in the OT
at 3 hpl. Both effects were blocked by exposure to melatonin. Thus, we wanted to know
if melatonin had a short-term impact on the general regeneration of the visual system.
Acetylcholine is one of the most important neurotransmitters in the visual system [38]. The
activity of acetylcholine depends on two enzymes, one for its production: choline acetyl
transferase (ChAT); and another for its degradation: acetylcholine esterase (AChE). We
explored both at 72 hpl through immunohistochemistry and histochemistry, respectively.

ChAT neurons were present in the PGZ projecting towards more superficial areas of
the OT. We found around forty of these neurons per section of OT in both hemispheres in
control animals (Figure 5A,B, quantified in Figure 51 ]). As expected, exposure to melatonin
did not induce any changes in control animals (Figure 5C,D, quantified in Figure 5L]). At
this stage, fish undergoing regeneration did not show any differences either (Figure 5C,D,
quantified in Figure 51 ]). However, we found more ChAT neurons in the IOT of fish that
were injured and exposed to melatonin (Figure 5G, quantified in Figure 5I) but not in the
COT (Figure 5H, quantified in Figure 5]). The IOT is the only hemisphere receiving light
input at this timepoint.
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Figure 5. Quantification of ChAT neurons during regeneration at 72 hpl. (A-H) Immunohistochem-
istry against ChAT in the OT at 72 hpl in control (A,B), control exposed to melatonin (C,D), injured
(E/F) and injured treated with melatonin (G,H). (IJ) Quantification of ChAT neurons per section of
IOT (I) and COT (J). A: anterior; ChAT: choline acetyltransferase; Con: control; COT: contralateral
optic tectum; h: hours; hpl: hours post-lesion; IOT: ipsilateral optic tectum; L: left; Mel: melatonin; P:
posterior; R: right; Reg: regeneration; r.u.: random units. ANOVA with Tukey’s Multiple Comparison
Test * p < 0.05. Scale bar: 200 mm. n = 4 for each group.

To follow up on the impact of melatonin on the acetylcholine metabolism, we analyzed
the activity of the AChE through histochemistry (Figure 6). We did not find significant
differences in the staining between control, control exposed to melatonin and injured fish in
either side of the OT (Figure 6A-F, quantified in Figure 61 for IOT and in Figure 6] for COT).
However, we found a decreased activity of AChE in the COT of lesioned fish treated with
melatonin (Figure 6H, quantified in Figure 6]). This is the side that is responding to injury
and thus is not receiving light input. We did not find differences in the IOT of regenerating
fish treated with melatonin (Figure 6G, quantified in Figure 6I).

3.5. Melatonin Treatment Hinders Regeneration

We wondered if the increased ROS production in injured fish (Figure 1B,C) and the
exposure to melatonin (Figure 2A—C) had an impact on cell signaling. Thus, we investigated
the abundance of JNK, a MAP Kinase involved in stress response and its active form p-
JNK [39]. At 3 hp], regenerating fish had an increased p-JNK/JNK ratio in ON (Figure 7A,
quantified in Figure 7D) and the COT (Figure 7C, quantified in Figure 7F), the areas
affected by the injury. Melatonin treatment blocked this upregulation in both regions (ON:
Figure 7A, quantified in Figure 7D; COT: Figure 7C, quantified in Figure 7F). In the IOT we
did not observe a significant increase in p-JNK/JNK (Figure 7B, quantified in Figure 7E);
but this ratio was also reduced in this area after melatonin treatment (Figure 7B, quantified
in Figure 7E). IOT was the only visual area where melatonin had a clear antioxidant
effect at 3 hpl (Figure 2B). Melatonin did not alter the p-JNK/JNK ratio in control animals
(Figure 7A-C, quantified in Figure 7D-F). Thus, we observed an activation of the JNK
pathway after injury that was quenched by melatonin in all three areas.
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Figure 6. Quantification of AChE during regeneration at 72 hpl. (A-H) Histochemistry for AChE
in the OT at 72 hpl in control (A,B), control exposed to melatonin (C,D), injured (E,F) and injured
treated with melatonin (G,H). (I,J) Quantification of AChE staining in the IOT (I) and COT (J). A:
anterior; AChE: acetylcholine esterase; Con: control; COT: contralateral optic tectum; h: hours; hpl:
hours post-lesion; IOT: ipsilateral optic tectum; L: left; Mel: melatonin; P: posterior; R: right; Reg:
regeneration; r.u.: random units. ANOVA with Tukey’s Multiple Comparison Test * p < 0.05. Scale
bar: 200 mm. Scale bar: 200 mm. n = 4 for each group.

Exposure to melatonin impacts signaling, mitochondrial state and different cell popu-
lations. Therefore, we wondered if the general recovery of the injured fish was affected.
We then analyzed the presence of MBP in all three visual areas by Western blot at 72 hpl
(Figure 7G-L). Melatonin did not produce any impact on the abundance of MBP in control
animals (Figure 7G-I, quantified in Figure 7]-L). At this stage, we did not observe any
important changes in the abundance of MBP in the regenerating fish (Figure 7G-I, quan-
tified in Figure 7J-L). However, in all areas, injured fish exposed to melatonin presented
significantly less MBP (Figure 7G-1, quantified in Figure 7J-L). These results highlight the
detrimental impact of melatonin in injured fish.
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Figure 7. Quantification of MBP at 72 hpl. (A-F) Western blot for p-JNK and JNK in tissue from ON
(A), IOT (B), COT (C). Quantifications represent value of p-JNK relative to total JNK and relative
to total protein (Ponceau), quantified in ON (D), IOT (E), COT (F). (G-L) Western blot for MBP in
tissue from ON (G), IOT (H), COT (I). Quantifications represent value of MBP relative to total protein
(Ponceau) in ON (J), IOT (K), COT (L). Con: control; COT: contralateral optic tectum; hpl: hours
post-lesion; IOT: ipsilateral optic tectum; MBP: Myelin Basic Protein; Mel: melatonin; ON: optic
nerve; Reg: regeneration; r.u.: random units. ANOVA with Tukey’s Multiple Comparison Test was
performed to search for differences among all groups * p < 0.05; ** p < 0.01; *** p < 0.001. n = 4 for
each group.
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4. Discussion

Our results indicate that ROS are produced three hours after injury in different parts of
the visual system, with an important contribution from mature oligodendrocytes. Modulat-
ing oxidative stress with melatonin induces an aberrant regeneration including diminished
production of myelin and disrupted differentiation of the OT. Furthermore, we show that,
not only oligodendrocytes in the ON respond to injury, but also those located in the OT.
As described during tail regeneration [20], ROS seem to positively contribute to CNS
regeneration in zebrafish.

The role of ROS has been explored during the regeneration of open wounds. After
the amputation of part of the zebrafish tail, free radicals are produced for at least 24 h and
trigger JNK signaling and apoptosis. Blocking either process has detrimental effects and
delays regeneration [20,40]. Similar mechanisms have been also reported during wound
healing in Xenopus [41], Drosophila [42] and C. elegans [43], although the type of injury was
different. Cellular changes induced by ROS, such as recruitment of adherens junctions,
are also conserved in different models [42]. Our results show that ROS production by
oligodendrocytes peaks in the visual system early, at 3 hpl, including the OT. A previous
work also reported the relevance of ROS in the brain using a model of a stab wound in
the telencephalon, although they describe the importance of oxidative stress at 24 hpl [22].
In addition to these small timing differences, our results support the role of free radicals
as a fast regenerative signal also in the visual system. The source of these ROS has been
searched for by several groups. In open wound models, cells close to the wound produce
free radicals [42]. Other cells can also produce ROS, for example microglia, another type
of supporting glial cell in the nervous system, respond to the oxidative stress produced
by a stab at 6 hpl, and then produce ROS themselves [44]. We have shown that fully
differentiated oligodendrocytes (sox10:EGFP) become a source of ROS after injury at 3 hpl.
ROS can control oligodendrocyte differentiation and activity [23,45]. Thus, it is interesting
to hypothesize that oligodendrocytes might be the first responders to the injury in the
visual system and become a ROS hub that could attract other cells.

To delve into the role of the oligodendrocytes, we tried to cease the production of
free radicals with melatonin. However, a clear antioxidant effect was only observed in
non-GFP cells in controls, which proved the antioxidant of the melatonin treatment [24].
Fully differentiated oligodendrocytes (sox10:EGFP) seem to behave differently to melatonin,
as mitochondrial ROS rise. Concomitantly, melatonin produces an increase in mitochondria
per oligodendrocyte. This free radical increment in basal conditions may be due to mito-
chondrial fission [46]. Melatonin had an even more complex effect on the oligodendrocytes
under regenerative conditions since it had an antioxidant effect depending on the timepoint,
first in the IOT (3 hpl) and later in the COT (24 hpl). This time-dependent melatonin effect
has been previously described in other scenarios and reveals a complex interaction with
the oligodendrocyte’s biology [47]. It is not surprising that oligodendrocytes respond to
melatonin since they present both types of receptors [48]. In our scenario, the effect of
melatonin seems to depend on the cellular environment, which is very different between
both hemispheres, one responding directly to the ON injury (COT) and the other proba-
bly responding to excessive workload (IOT) since all eye projections are contralateral in
zebrafish [37]. It seems clear, however, that melatonin disrupts the normal process during
regeneration, for example delaying the loss of mitochondria in both hemispheres of the OT,
a phenotype that has been reported previously [49].

We were interested in evaluating the impact of melatonin on the general regenerative
process. Thus, we studied the functionality of the OT (acetylcholine pathway) and the
myelination. This neurotransmitter system plays important roles in visual processing and
perception in zebrafish [38] and mammals [50]. At the timepoints examined by us, there
were no changes in this system during regeneration, but melatonin produced profound
effects that were hemisphere specific. ChAT neurons were increased in the IOT, the side that
is still receiving light, and AChE activity was decreased in the COT, the side that lost the
connection to the eye. When ROS balance is altered, Morin, another antioxidant, has been

19



Antioxidants 2023, 12, 2026

also shown to decrease AChE activity [51]. More interestingly, melatonin has been described
to support survival of ChAT neurons [52,53] and to reduce AChE activity in different
rodent models [54,55]. The increased number of ChAT neurons could also be related
to the reduction of JNK signaling induced earlier, as shown in vitro [56,57]. So, during
regeneration there is a specific cellular environment, likely related to the REDOX misbalance
and the presence/absence of light input, where melatonin can push the differentiation of
ChAT neurons and block AChE activity.

We have reported the activation of JNK pathway in the ON but also far from the
wound, in both OT of injured fish. We have also described the negative impact of melatonin
in JNK activation during regeneration. It has been shown that ROS spike leads to JNK
and P38 Map Kinase activation [42,58]; and the JNK pathway through c-Jun activation is
necessary for normal regeneration [40]. Upregulation of the JNK pathway in our model may
be linked to the drop of fully differentiated oligodendrocytes observed in regeneration [59].
Melatonin also hindered the recovery of MBP, a protein involved in axon myelination [29].
As far as we know, there is no report linking melatonin and the myelination process itself,
but melatonin promotes oligodendrocytic survival and maturation in different pathological
scenarios [48,60]. We have also observed an increased number of oligodendrocytes that
survived the injury after exposure to melatonin. Thus, the disruption of JNK by melatonin
may lead to the accumulation of aberrant oligodendrocytes, as we observed in IOT, and/or
a global abnormal regeneration (OT and ON) [40,54]. Death of mature oligodendrocytes is
necessary for proper regeneration since surviving oligodendrocytes mistarget new axons
and produce aberrant myelination [14].

Several groups have reported the benefits of melatonin during regeneration, at least
in the rodent peripheral system [49,61] or during demyelinating diseases [62,63]. In fact,
melatonin may improve the function of Schwann cell (another type of myelinating cell)
through a mechanism related to mitochondrial biology and its antioxidant properties [61,64].
However, other authors have reported that ROS are beneficial for the repairment of the
peripheral nervous system [65] and during the regeneration of mammalian fat pads [66] and
liver [67], and blocking ROS during zebrafish tail regeneration is detrimental [20,21]. All of
them tissues with important regenerative capabilities. Then, there could exist a relationship
between tissues’ capacity to respond to ROS and their regenerative potential. Our results
support the beneficial effects of ROS during the regeneration of the zebrafish visual system
and the detrimental impact of melatonin. Caution might be advised with the therapeutic
potential of this molecule. In some scenarios, melatonin might be beneficial but its impact
on neural differentiation is not well understood in pathological conditions. For example,
it can exacerbate neurological disability scores in rodents with encephalomyelitis [68].
More experiments are necessary to understand the role of ROS during the regeneration
of different tissues and models, and to comprehend the precise mechanisms elicited by
melatonin.

5. Conclusions

Oligodendrocytes present important levels of ROS production. ROS are produced
during early regeneration in the oligodendrocytes of the ON and the OT. Deregulation of
the ROS production leads to aberrant regeneration. Exposure to melatonin is detrimental
to the regeneration of the zebrafish visual system.
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mdpi.com/article/10.3390/antiox12122026/s1, Figure S1: Analysis of the mitochondrial membrane
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Abstract: The article presents a review of the relationships between melatonin and neurodevelop-
mental disorders. First, the antioxidant properties of melatonin and its physiological effects are
considered to understand better the role of melatonin in typical and atypical neurodevelopment.
Then, several neurodevelopmental disorders occurring during infancy, such as autism spectrum
disorder or neurogenetic disorders associated with autism (including Smith-Magenis syndrome,
Angelman syndrome, Rett’s syndrome, Tuberous sclerosis, or Williams-Beuren syndrome) and neu-
rodevelopmental disorders occurring later in adulthood like bipolar disorder and schizophrenia,
are discussed with regard to impaired melatonin production and circadian rhythms, in particular,
sleep-wake rhythms. This article addresses the issue of overlapping symptoms that are commonly
observed within these different mental conditions and debates the role of abnormal melatonin pro-
duction and altered circadian rhythms in the pathophysiology and behavioral expression of these
neurodevelopmental disorders.

Keywords: neurodevelopmental disorders; brain development; melatonin; circadian rhythms;
sleep—wake rhythms; sleep disturbance; autism; schizophrenia

1. Introduction

Melatonin (5-Methoxy-N-acetyltryptamine, N-acetyl-5-methoxytryptamine, NSC-
113928) is a neurohormone synthesized in the pineal gland, and its secretion is enhanced
by darkness and inhibited by light (daylight or artificial light). Indeed, Melatonin is often
labeled as being the «darkness hormone» for having its peak secretion during the late
evening hours while its production is suppressed by light [1,2]. Melatonin is a pleiotropic
neuroendocrine molecule released in the brain at night and plays a crucial role in the syn-
chronization of circadian rhythms, including sleep-wake rhythms, and controlling seasonal
rhythms, including reproduction [3]. Melatonin is considered an endogenous synchro-
nizer located in the suprachiasmatic nuclei (SCN) of the hypothalamus, stabilizing bodily
rhythms and as a chronobiotic molecule that reinforces variations or adjusts the time period
of the central biological clock [4]. It derives from serotonin to form first N-acetylserotonin
(NAS) by acetylation through the enzyme arylalkylamine-N-acetyltransferase (AANAT,
EC: 2.3.1.87) and then forms melatonin by methylation through the enzyme acetylserotonin-
O-methyltransferase (ASMT, EC: 2.1.1.4). Serotonin also contributes to the development of
the brain before acting as a neurotransmitter on mature brain; in particular, serotonin has a
role on dendritic development and branching in the hippocampus and cortex [5]. Melatonin
synthesis is regulated periodically in the SCN. This clock determines the circadian rhythm
of melatonin secretion. Melatonin is a powerful natural antioxidant providing beneficial
and protective effects against oxidative stress [6]; melatonin is found in mitochondria
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at concentrations higher than the ones in the blood, suggesting that melatonin could be
viewed as a mitochondrial antioxidant [7]. A specific section on the antioxidant properties
of melatonin is developed in this article. In addition, melatonin receptors can be found in
the regions associated with the master circadian clock [8]. Melatonin has an important role
in the circadian cycle, which is the temporal organization of physiological, cellular, neural,
biochemical, and behavioral processes. It helps the body to anticipate the different phases
of the day in a proactive way [9]. Melatonin affects various temporal processes via mainly
high G protein-coupled melatonin receptors 1 and 2 (MT1, MT1) widely distributed across
brain and peripherical tissues (for a review on melatonin receptors, see Tordjman et al. [10]).
Many melatonin receptors are found in neuroendocrine and acoustic-vocal integration
areas [11]. Animal models with diurnal birds or breeding green treefrogs changed vocal
behaviors through melatonin interactions with receptors influencing both inhibitory and
excitatory signaling; melatonin mediates the regulation of neural excitability in vocal-motor
circuits. Scholars are now aware of the role melatonin can have on social communication
and its development [12]. In the same line, as discussed below, melatonin is important for
child development even before birth.

2. Melatonin and Typical Neurodevelopment

Since the beginning of the normal pregnancy process, melatonin secretion is involved
with the oocyte quality and the parturition course. The night-time concentrations start
increasing after 24 weeks of gestation and reach significantly higher levels by 32 weeks.
Melatonin receptors are widespread in the embryo and fetus since early stages. There is
solid evidence that this neurohormone has a role in fetal neuroprotection, as normal sleep
patterns are involved in human neurodevelopment even at this stage. It is noteworthy
that melatonin is the regulating factor of the fetal sleep patterns development set in late
pregnancy. Voiculescu et al. [13] found strong evidence that melatonin has a positive effect
on the outcome of compromised pregnancies. Melatonin concentrations progressively
increase in maternal blood during pregnancy, reaching their maximum at term. Researchers
have also found melatonin in amniotic fluid [14]. In addition, chronic disruption leads to
reproductive dysfunction and appears to be an important factor in the development of
offspring diseases in adulthood (this relates to the concept of fetal programming). Melatonin
decreases in conditions associated with serious outcomes for the fetus and appears to be
involved in preeclampsia and intrauterine growth restriction [15]. Animal models of fetal
growth restriction in newborn lambs showed that maternal administration of melatonin
reduced fetal hypoxia, improved neurodevelopment, and decreased brain injury and
oxidative stress [16]. Taken together, these studies suggest that the effects of melatonin on
the development of human fetuses appear to be not limited to circadian rhythmicity.

After birth, melatonin is secreted into the general circulation and in the cerebrospinal
fluid, allowing this neurohormone to circulate throughout the body and the brain [17]. In
the brain, extra-pineal melatonin behaves similarly to neurotrophic molecules [18,19] and is
capable of modulating cell survival, proliferation, and differentiation by signaling pathways
that can be triggered in response to stimulation of membrane and intracellular receptors.
Thus, melatonin plays a crucial role in brain neuroplasticity and neurodevelopment via
neurotrophic factors, promoting its growth and survival [20,21].

In addition, natural maternal melatonin is also a powerful free radical scavenger and
an antioxidant protecting the baby and fetus within the maternal-placental-fetal unit [22].
Indeed, maternal melatonin deprivation during gestation or lactation has been shown to
delay the infant’s physical maturation and neurobehavioral development. Melatonin found
in the gastrointestinal tract of newborns is of maternal origin knowing that melatonin easily
penetrates the placenta during the preterm period; melatonin is secreted into the mother’s
milk after birth and may be involved in the production of meconium [2,23-25]. Melatonin
also follows a circadian rhythm in human breast milk, and studies report undetectable
levels of melatonin during the day and high levels at night [22,26]. Several studies reporting
that melatonin rhythms set around 3 months of age in typical development allow us to
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understand better why infants begin at this period of life to have more regular sleep-wake
cycles combined with regular night-time sleep lasting 6 to 8 h [23,27]. Similarly, the infant’s
circadian cortisol rhythm is only set up at around 3 months of age [28]. The development of
circadian rhythms occurs fully between 49-and 52-weeks post-conception and corresponds
to the developmental phase when increased periods of deep sleep during the night are
consolidated as infants have fewer nocturnal awakenings [23]. Without maternal melatonin,
infants establish circadian rhythms mainly by neurological maturation [29]. Infants born
prematurely or facing circumstances related to normal intrauterine development show a
significant delay in pineal rhythmicity. In the life span, the highest melatonin levels are
found in children younger than 4 years [30]. Infants benefit from increased cell proliferation
differentiation and survival rates of novel neurons in the hippocampus when melatonin
is administrated after birth [31]. It also plays a role in terms of having effects on excita-
tion/inhibition balance by changes in neurotransmitter levels [32]. The balance between
excitation and inhibition in synaptic inputs of neural circuits must be tight to avoid the
pathogenesis of neurodevelopmental disorders [33]. Melatonin levels decline progressively
with age, although circadian rhythms tend to be highly consistent day to day at any age [30].
Biological aging is a natural process leading to the disruption of circadian rhythms; aging
is associated with the dampening of circadian gene expression, as aging is associated with
an increase in oxidative stress [34].

The antioxidant properties of melatonin and its physiological effects have first to be
considered in the next section to understand better the role of melatonin in typical and
atypical neurodevelopment, as discussed in the following sections.

3. Antioxidant Properties and Physiological Effects

The antioxidant action of melatonin involved in the cardiovascular, immune, gastroin-
testinal, oncostatic, and brain-protective effects of melatonin is presented in this section.
The protective effects of melatonin are summarized in Figure 1 and are developed below.
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Figure 1. Antioxidant action and protective effects of melatonin.
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Melatonin regulates blood pressure and autonomic cardiovascular and immune func-
tion, in addition to other physiological processes such as free radical detoxification and
antioxidant effects via MT3 receptors, protecting the brain from oxidative stress [35—43].

Also, the antioxidant action of melatonin protects the gastrointestinal tract from
ulcerations by (1) reducing hydrochloric acid secretion and oxidative effects of bile acids
on the intestinal epithelium; (2) increasing microcirculation and bicarbonate secretion from
duodenal mucosa via MT2 receptors (this alkaline secretion is an important mechanism for
duodenal protection against gastric acid); and (3) fostering epithelial regeneration [4,44].

Melatonin has direct immuno-enhancement effects in both humans and animals, which
is relevant to its function in immunological regulation [45,46]. The production of cytokines,
and more precisely, certain interleukins (IL-2, IL-6, and IL-12), is selectively stimulated by
melatonin [47]. Melatonin also improves T helper immune responses [46,48]. Additionally,
the antioxidant properties of melatonin contribute to its immunostimulatory effects [47]
and act indirectly by lowering the production of nitric oxide, which helps to reduce the
inflammatory response [49].

Furthermore, given that oxidative stress is implicated in the origin, promotion, and
development of carcinogenesis, the oncostatic protective effects of melatonin have been
documented and linked to its anti-oxidative action [50,51].

Regarding brain protection, there is growing experimental evidence showing thera-
peutic benefits of melatonin for prematurity as well as for neurodegenerative conditions
like Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis (for a review, see Polimeni et al. [52]). To determine the precise therapeutic
concentrations required according to the specific disease, age of individuals, and brain
lesion, as well as to examine the short- and long-term effects of melatonin on physiological,
functional, and cognitive outcomes, further studies and clinical trials are requested in
preterm neonates as well as aging adults. Finally, in addition to its therapeutic benefits
for sleep problems, melatonin is of major interest regarding its antioxidant action, increas-
ing brain protection against oxidative stress and inflammation, in general for atypical
development, and in particular for neurodevelopmental disorders.

4. Melatonin and Atypical Neurodevelopment

The establishment and maintenance of several circadian rhythms, such as the one in-
volved in the secretion of melatonin and sleep-wake rhythms, depend upon the interaction
of light perceived by the retina and the suprachiasmatic nucleus [23]. Some stressful and
traumatic situations experienced by pregnant women decrease maternal melatonin produc-
tion, and this can have an impact on the internal rhythms and post-natal development of
the fetus [24]. Brain anomalies such as the reduction of the hippocampus volume can occur
during early childhood or before birth due to the impact of stress in this brain region [25].
In the same way, children in their primary infancy who are coping with stressful situations
or traumas like insecure attachment, separation from the mother, or abuse can consequently
develop brain anomalies [25]. These traumas have long-term effects on cognitive function-
ing [22]. Among children diagnosed with developmental disabilities, many of them (the
frequencies range from 25% to 85%) also show sleep problems [26].

Tauman et al. [53] show relationships between low melatonin production in the first
weeks of life and impaired psychomotor development by measuring nocturnal urinary
excretion of 6-sulfatoxymelatonin. Melatonin production is related to brain functioning and
has effects on neurological development, given its impact on the onset of circadian rhythms,
as shown by a study on REM sleep (i.e., the rapid eye movement during sleep) [54]. The
relationships between low 6-sulfatoxymelatonin excretion and developmental delay appear
very early, including reports at 16 weeks of age [33].

5. Melatonin and Neurodevelopmental Disorders

Neurodevelopmental disorders encompass intellectual disability, autism spectrum
disorder (ASD), or neurogenetic disorders associated with ASD, as well as schizophre-
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nia or bipolar disorder occurring later in life, as these two last conditions are more and
more considered as neurodevelopmental disorders [55]. These different disorders can be
seen lying on a neurodevelopmental continuum and having considerable comorbidity,
as observed in patients showing an overall deficit of melatonin production [56]. A high
prevalence of altered circadian rhythms, including sleep-wake rhythms, was observed in
individuals with these neurodevelopmental disorders [57], strengthening the interest to
focus on melatonin metabolism in these disorders given the role of melatonin in sleep-wake
rhythms, synchronization of circadian rhythms, and neural development.

5.1. Relationships between Melatonin and Neurodevelopmental Disorders in Infancy

Melatonin production and circadian rhythms have been consistently associated with
mental disorders that occur in primary infancy. Early neurodevelopmental disorders,
such as autism spectrum disorder (ASD), have been associated with a dysregulation of
circadian cycles, especially the circadian cycle of melatonin production. It is notewor-
thy that alterations in circadian sleep—wake rhythms are frequently observed in these
neurodevelopmental disorders with abnormalities in melatonin secretion.

ASD is a behavioral syndrome with altered sensory motor development and sleep-
wake rhythms [58-60]. Key behavioral features of ASD are characterized by impairments in
social communication and restricted interests with repetitive patterns of behaviors [61-63].
This condition is often associated with common comorbidities such as intellectual disability,
epilepsy, and severe sleep disorders [64]. Family home movies of infants who were subse-
quently diagnosed with ASD showed motor and emotional asynchrony between infants
before 12 months of age and their parents [65,66]. These early signs are not specific to
autism but offer indicators of atypical development, which become more evident in the sec-
ond year of life [65]. In later stages of development, several signs were also reported, such
as abnormal eye contact and other social communication impairments in learning through
imitation (people’s faces, gestures, or vocal signals), social reciprocity, joint attention, and
orienting to name or body language [67,68].

Melatonin is a common pharmacologic treatment used to deal with sleep disturbance
due to circadian phase delay. The melatonin treatment provides a significant decrease in
sleep latency and night awakenings and an increase in sleep quality and sleep efficiency
(for a review, see Tordjman et al. [58,68]). However, Moon et al. [69] indicated that evidence
of the therapeutic benefits of melatonin on psychiatric disorders is robust only in autism,
attention deficit hyperactivity disorder (ADHD), and neurocognitive disorders. Sleep
disturbances, such as falling asleep or having night awakenings, are relatively common
among children with ASD, and their prevalence is higher when compared with children
with typical development. This contributes to a variety of disturbances in their daily lives,
such as behavioral problems, self-injurious behaviors, and other-injurious behaviors, and
emotional problems like depression or anxiety. Finally, sleep deprivation among children
with ASD also has negative ecological consequences since it affects parents’ or caregivers’
overall mental health. These difficulties can be related to odd bedtime routines and bedtime
resistance [70].

Several studies reported that individuals with ASD showed lower melatonin levels
in urine, plasma, and pineal gland than control groups [64]. Furthermore, several studies
provided evidence of relationships between melatonin deficit and social communication im-
pairments that are prevalent in neurodevelopmental disorders. In ASD, a lack of melatonin
production was associated with language impairments [71,72]. The Tordjman et al. studies
showed that abnormally low nocturnal melatonin excretion is significantly associated with
severe autistic social communication impairments, especially verbal communication and
social imitative play impairments in children and adolescents with ASD [73,74]. Moreover,
this deficit in melatonin may be involved in ASD development through desynchronized,
disrupted, and abnormal circadian rhythms but also through several physiological path-
ways, including a lack of antioxidant protective effects (as seen in Section 3 on antioxidant
properties and physiological effects, melatonin protects the brain from oxidative stress
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and its antioxidant action decreases the production of nitric oxide which helps in turn
to decrease the inflammatory response), and impairments in neurotransmission, synap-
tic plasticity and metabolic pathways [75]. It is noteworthy that nitro-oxidative stress,
immune-inflammatory, neurotransmission, synaptic plasticity, and metabolic pathways are
also under the control of the circadian clock [75]. In addition, researchers found metabolic
disorders and neurochemical imbalances in the melatonin/serotonin system of children
with ASD or Down syndrome [76]. It was suggested that the autistic, well-replicated hyper-
serotonemia [73] could cause a loss of serotonin terminals [77], possibly involved in autistic
behaviors, given that serotonin production was associated with poor social interaction,
emotional detachment, and aggression towards others [78]. Concerning Down syndrome,
associations were observed with a serotonin deficit in the postmortem brain, cerebrospinal
fluid, and blood [5].

Furthermore, altered melatonin circadian rhythms and impaired melatonin secre-
tion are also reported in several neurogenetic disorders associated with autism, such as
Smith-Magenis syndrome, Angelman syndrome, Rett’s syndrome, Tuberous sclerosis, or
Williams—Beuren syndrome. A summary concerning the melatonin abnormalities found in
these neurogenetic disorders associated with autism is presented in Table 1 and includes
particular sleep problems, melatonin impairments, and the response to melatonin therapy
observed in these developmental neurogenetic disorders.
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5.2. Association of Melatonin with Mental Disorders Emerging in Early Adulthood

Neuroscientists are trying to understand schizophrenia through a new approach
involving neurodevelopmental maturation. Schizophrenia onset usually occurs in adoles-
cence or early adulthood but might be related to vulnerability in infancy. Studies in indi-
viduals with a first episode of schizophrenia reported a decrease in grey matter volume for
most of the examined brain regions and cerebellar area [133]. This reduced volume of grey
matter can get even smaller and extend to other surrounding regions in chronic cases [134].
Individuals with schizophrenia suffer from changes in brain microstructure, physiology,
and connectivity of widely acting neurotransmitter systems, resulting in affective, cogni-
tive, and psychotic symptoms. Schizophrenia leads to major impairments regarding the
more complex cognitive performances, the so-called higher-order cognitive functions like,
for example, verbal episodic memory or executive functioning [135]. Individuals with
schizophrenia show errors in integrative information processing that are hypothesized to
result in mis-connectivity or dysconnectivity, leading to a dysfunction of multiple brain
circuits [134]. Melatonin is viewed as an important biological marker of the circadian cycle
and as a psychiatric therapeutic agent [136]. Individuals with schizophrenia show lower
levels of nocturnal melatonin secretion compared to a healthy control group, poor sleep
efficiency, and disrupted circadian rhythms [137,138]. The Galvan-Arrieta et al. study on
olfactory neuronal precursors in schizophrenia and typical development suggested that a
deficit in melatonin may lead to impaired neurodevelopment in schizophrenia [139]. Brain
autopsies revealed abnormal elevated HIOMT activity in schizophrenia due to abnormally
low activity of an enzyme prior to HIOMT involved in the biosynthesis of melatonin [140].
The decreased endogenous secretion of melatonin can persist even if there are improve-
ments in sleep and positive effects with psychotic agents [141]. Finally, the Beckmann
et al. study [142] showed no abnormal melatonin concentrations in the cerebrospinal fluid
of individuals with schizophrenia compared to healthy controls. However, the authors
conclude that other possibilities, such as changes in biological rhythms related to variations
in melatonin activity and its influence on other neuroendocrine functions, may have a role
in the pathophysiology of schizophrenia.

Similarly, bipolar disorder can exhibit prodromal manifestation prior to illness onset,
underlying eventual similarities of neurodevelopmental abnormalities possibly involved in
the pathogenesis of bipolar disorder [143]. Bipolar disorder is mainly associated with a shift
in mood, energy, and activity. Patients show sleep alteration, circadian cycle disturbances,
emotional deregulation, cognitive impairment, and increased risk for comorbidities [144].
The psychopathology of bipolar disorder (BD) is associated with altered sleep/wake
rhythms, thermoregulation, cortisol secretion, and melatonin secretion. BD patients show
abnormal rhythmic activity that is more functionally impacted during inter-episode periods
(the passage from a mania state to a depressive one) [145]. Circadian cycles are dysreg-
ulated regarding the sleep—wake rhythms, especially the number of hours of sleep [146].
Manic symptoms were associated with less robust circadian rhythms leading to a decreased
need for sleep, but also with other symptoms such as thought disorder, increased rate and
amount of speech, and increased motor activity and energy [147]. It is noteworthy that a
manic phase with a decreased need for sleep is considered a critical marker of the appear-
ance of a depressive phase [1]. During the depression phase, hypersomnia is prevalent in
100% of patients and is also followed by a delayed sleep onset with night-time awaken-
ings [148,149]. It has been highlighted that bipolar disorder treatments could benefit from a
better understanding of circadian cycles in bipolar disorder [1]. Therapeutic administration
of agomelatine (a selective agonist of MT1/MT2 receptors and a selective antagonist of
5-HT2C/5-HT2B receptors) is of special interest given that agomelatine is involved in
the resynchronization of interrupted circadian rhythms with therapeutic benefits on sleep
patterns, resynchronizing circadian rhythms in individuals with depression (a few studies
has also been published on ASD, ADHD, and anxiety) [150].
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6. Transnosographic Approach on the Role of Melatonin in Neurodevelopmental Disorders

Making an association between neurodevelopmental disorders and the pineal gland
became more significant since the discovery of melatonin in the 1950s [148]. First, impair-
ments in melatonin secretion have been associated with a significant decrease in sleep
efficiency, notably in elderly individuals with continuity at different ages [6,10]. Second,
melatonin seems to have a protective role in neurodevelopmental disorders with effects
on early synaptic plasticity and neurotransmitter levels [33]. As indicated previously, cir-
cadian cycles have an impact on our bodies, shaping the timing and rhythms of various
physiological and behavioral processes [1]. Children having an absence or alteration of
circadian rhythms may have difficulties adapting to changes in their internal or external
environment [151].

There is compelling evidence indicating that impairments in the endogenous circadian
system, and especially in the sleep-wake rhythms (e.g., a delayed excretion of melatonin
with a later onset of circadian rhythms), might precede the appearance of clinical symptoms
for a variety of psychiatric disorders such as major depressive disorder, anxiety disorders
or schizophrenia [152]. It suggests the existence of a biological dysfunction of rhythmicity
and synchrony of rhythms in neurodevelopmental disorders. Reduced melatonin activ-
ity would then create a timing dysfunction of biological clocks with physiological and
psychological disturbances leading to autistic social communication impairments. This
timing dysfunction of biological clocks in early infancy could then lead to clinical psy-
chopathological neurodevelopmental disorders later and even to psychotic or borderline
psychotic states when the individual is emerging into adulthood. A disrupted sleep—wake
cycle was associated as a major component for mood, anxiety, and psychotic disorders
in adolescence [153]. Even if neurodevelopmental disorders display considerable genetic
as well as environmental heterogeneity, severe mental conditions such as schizophrenia
or bipolar conditions have increasing support from neuroscientific disciplines as originat-
ing from their origins from disturbed development of the nervous system based on the
neurodevelopmental hypothesis [56,154,155]. New nosology conceptions should consider
the genetic overlap between schizophrenia and psychopathologies associated with neu-
rodevelopmental disorders that manifest in childhood [156]. Those conditions show some
similarities in their phenotypes. All of them present significant cognitive impairment, tend
to be more common among males, and are associated with developmental delay as well as
neurological and motor abnormalities [155]. Symptoms and behaviors observed in autism
are also found in adults with schizophrenia [157]. For example, autism and schizophrenia
share intellectual disability, social communication impairment, or social withdrawal. One
common factor that might be associated with these symptoms is a past or current deficiency
of melatonin production.

There is a higher risk for ASD in children when the parents have mood disorders.
The prevalence of ASD is higher in the offspring of parents with BD, then in the offspring
of mothers with affective disorders, and finally in the offspring of parents with depres-
sive disorders [158]. One possible explanation for these associations might be a possible
shared genetic etiology between BD, depressive disorders, and ASD [159]. Reported fam-
ily co-aggregation of BD and schizophrenia, as the common co-occurrence of ASD and
BD, indicates a potential neurodevelopmental pathway [143]. The appearance of these
neurodevelopmental disorders in families with ASD, BD, or schizophrenia was higher
than in control families [160]. Further evidence to link the role of neurodevelopment in
psychiatric disorders occurring later in life is the finding that neonatal lesions produce
schizophrenia-like behaviors that emerge in post-adolescence [161].

In the Singh et al. meta-analysis, genetic data regarding rare coding variants in whole-
exome sequences of 4133 schizophrenia cases and 9274 controls, de novo mutations in
1077 trios and copy number variants from 6882 cases and 11,255 controls, provided evidence
that individuals with schizophrenia share rare damaging variants. Cases of schizophrenia
with intellectual disability suggest that intellectual disability might be a dimension shared
by neurodevelopmental disorders. These results support an overlap of genetic risk between
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schizophrenia and other neurodevelopmental disorders [162,163]. Several studies have
concluded that schizophrenia is associated with cognitive impairments that probably result
from a long-term neurodevelopmental evolution, even if it might be etiologically variable
for each individual [135]. Risk factors associated with this disorder exert primarily their
effects during developmental periods, leading to a detrimental maturation of the brain.
The dysconnectivity in brain circuits found in schizophrenia is seen more and more as the
result of abnormal brain development [134].

7. Conclusions

Psychiatric nosography suggests possible links between the pathogenesis of neu-
rodevelopmental disorders and altered circadian rhythms. Altered circadian rhythms
may participate in the development of these neurodevelopmental disorders but can also
elicit and worsen psychopathological symptoms associated with this range of conditions.
Melatonin production would consequently play a considerable role in sleep disorders and
cognitive and social communication impairments. Neurodevelopmental disorders can
greatly benefit from melatonin therapeutic administration and developmental behavior
interventions that focus on rhythm synchronization [10,151]. Melatonin has been used with
therapeutic efficacy for its resynchronizing effects to treat free-running rhythm disorder
and delayed phase syndrome, among other circadian rhythm disorders [136]. Circadian
disruption is a common prodrome for schizophrenia and bipolar disorder, as they are also
for other mood disorders, but the nature of the relationships between melatonin, circadian
rhythms, and psychopathology is still poorly understood today [164]. Further research is
warranted to ascertain better the mechanisms underlying the effects of abnormal melatonin
production and altered circadian rhythms on the pathogenesis and behavioral expression of
neurodevelopmental disorders such as autism spectrum disorder or neurogenetic disorders
associated with autism, schizophrenia, and bipolar disorder. Finally, given the neuroprotec-
tive and neurotrophic role of melatonin, it is a major issue to understand the relationships
between the pathophysiology of melatonin metabolism and the development and severity
of certain mental disorders discussed in the present paper.
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Abstract: Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection. The brain is one of the organs involved in sepsis, and sepsis-induced brain
injury manifests as sepsis-associated encephalopathy (SAE). SAE may be present in up to 70% of
septic patients. SAE has a very wide spectrum of clinical symptoms, ranging from mild behavioral
changes through cognitive disorders to disorders of consciousness and coma. The presence of SAE
increases mortality in the population of septic patients and may lead to chronic cognitive dysfunction
in sepsis survivors. Therefore, therapeutic interventions with neuroprotective effects in sepsis are
needed. Melatonin, a neurohormone responsible for the control of circadian rhythms, exerts many
beneficial physiological effects. Its anti-inflammatory and antioxidant properties are well described.
It is considered a potential therapeutic factor in sepsis, with positive results from studies on animal
models and with encouraging results from the first human clinical trials. With its antioxidant and anti-
inflammatory potential, it may also exert a neuroprotective effect in sepsis-associated encephalopathy.
The review presents data on melatonin as a potential drug in SAE in the wider context of the
pathophysiology of SAE and the specific actions of the pineal neurohormone.

Keywords: melatonin; sepsis-associated encephalopathy; sepsis; antioxidant; neuroinflammation

1. Introduction—Sepsis and Sepsis-Associated Encephalopathy
1.1. Sepsis

Sepsis is a life-threatening complex of biochemical and clinical abnormalities caused by
infection. The actual definition of sepsis was devised in 2016 and describes this syndrome as
“life-threatening organ dysfunction caused by dysregulated host response to infection” [1].
The diagnostic workup should start with the clinical suspicion of infection (e.g., fever,
symptoms of upper respiratory airway infection, dysuria) followed by screening with the
Quick Sequential Organ Failure Assessment (qQSOFA) scale. In cases of positive screening, a
wider assessment of multi-organ failure should be performed with the Sequential Organ
Failure Assessment (SOFA) scale. A score of >2 points in the SOFA is equivalent to a
diagnosis of sepsis [1,2].

Sepsis is a severe problem for healthcare systems, with a global incidence of 189/100,000
person-years in the population of hospitalized adults and with mortality of 26.7% [3]. Rhee
et al. found that sepsis was diagnosed in 6% of patients admitted to hospitals in the USA,
with mortality of 15% and with 6% of patients requiring palliative care after discharge [4].
The survivors of sepsis frequently struggle with troublesome chronic consequences—in
74% of them, a new co-morbidity is diagnosed within the first year after hospital discharge,
and one third of them become dependent on nursing care after surviving sepsis [5]. It is
of special note that in 18.5% of sepsis survivors, a diagnosis of cognitive dysfunction was
made. These data show the importance of any intervention that potentially might reduce
mortality and post-septic disability and have a neuroprotective effect.
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1.2. Sepsis-Associated Encephalopathy

Sepsis is defined as the failure of organs resulting from a pathological inflammatory
reaction to infection. The central nervous system (CNS) is one of the most vulnerable organs
due to its circulatory and metabolic needs. The systemic inflammatory process causes
dysfunction of the blood-brain barrier, allowing the influx of proinflammatory mediators
to the CNS, resulting in the spreading of inflammation across the cerebral structure. Sepsis-
related hypotonia decreases cerebral perfusion, which leads to a deficiency of metabolic
substrates for neural tissue. Therefore, symptoms of involvement of the CNS develop
rapidly during sepsis, being the first clinical symptoms of sepsis in some cases. Sepsis-
associated encephalopathy (SAE) is a term describing brain failure caused by sepsis in
the absence of direct brain injury or infection of the central nervous system. It must
be remembered that there is no formal clinical definition of SAE or formal diagnostic
criteria. Biochemical, neurophysiological or radiological markers of SAE are lacking as well.
Therefore, the diagnosis of SAE is made on clinical grounds exclusively. The diagnosis
is based upon the clinical observation of cognitive deterioration temporarily related to
symptoms of sepsis, with the exclusion of direct brain injury and neuroinfection.

SAE is a diffuse cerebral dysfunction [6]. The clinical spectrum of SAE ranges from
discrete cognitive deficits, e.g., reduced attention or diminished readiness for social interac-
tions (so called sickness behavior) [7] through delirium to coma [8]. Most commonly, acute
SAE is observed, but its subacute (lasting for weeks) or chronic (lasting for months) forms
may be observed. The exact pathophysiological mechanism of SAE remains unknown, with
many potential pathways leading to this phenomenon. The most important pathways lead-
ing to the development of SAE are dysfunction of the BBB, neuroinflammation, oxidative
stress and cerebral ischemia. The development of SAE is a consequence of the dysfunction
of the brainstem, frontal cortex and amygdala, as well as of the failure of neuroendocrine
centers: the hypothalamus and pituitary gland [9]. Dysfunction of the CNS is reflected by
pathological patterns on an electroencephalogram (EEG), which is characterized by the
presence of triphasic waves, theta waves or burst suppression [10].

1.3. Clinical Picture of SAE

Sepsis-associated encephalopathy may be categorized as a cognitive and communica-
tive disorder, at least in its mild forms. Patients present problems with concentration,
reduced attention and problems with learning and remembering new facts [11]. These
cognitive deficits are accompanied by irritability, depressed mood, anxiety and withdrawal
from social activities—a spectrum of symptoms defined as sickness behavior [7]. The
clinical progression of SAE leads to the appearance of confusion and further features of
delirium with disorders of consciousness. These symptoms may develop acutely or sub-
acutely, with the patient being disoriented, agitated and aggressive, with hallucinations and
a tendency to wander and speak loudly [6,12], as occurs in hyperactive delirium. Patients
with SAE presenting as hypoactive delirium are less “visible”: they are quiet, apathetic
and pathologically somnolent and show problems with the perception of environmental
stimuli [12]. It is of note that this “silent” phenotype of delirium is more common in SAE,
which makes detection of the disorder more challenging [13]. Although SAE is defined by
a lack of focal brain lesions, the appearance of focal neurological deficits is described in
approximately one fifth of patients and seizures may be present in 10% of subjects [14]. The
progression of sepsis and development of septic shock with multi-organ failure increase
the severity of SAE, finally leading to a coma.

Disturbed functioning of the central nervous system is reflected with a variety of
changes in the EEG. Typical changes for septic encephalopathy are the domination of theta
or delta rhythms, the presence of triphasic waves and burst suppression [15,16]. Epileptic
discharges and pseudo-epileptic discharges are recorded in nearly 10-50% of patients with
sepsis, with most seizures being non-convulsive [10,13,17].

The clinical diagnosis of SAE is paralleled with various findings in neuroimaging stud-
ies. Volumetric analyses revealed that SAE leads to brain atrophy, with a visible reduction
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in the volume of the white matter, cortex hippocampus and amygdala [18]. Disturbances
of the cerebral blood flow have also been descried in septic patients [19]. Disseminated
ischemic lesions are most often found in septic patients [14]. A noticeable percentage of sep-
tic patients develop radiological features of posterior reversible encephalopathy syndrome
(PRES) [20].

1.4. Epidemiology of SAE

As was mentioned earlier, there are no strict, widely agreed and validated diagnostic
criteria for SAE. One of the consequences of this fact is the lack of precise data on the
incidence and prevalence of SAE in the population of septic patients. The results of
epidemiological studies significantly differ according to the definition of SAE used. The
most commonly cited figure of the 70% prevalence of SAE among septic patients comes
from a study by Young et al. published in 1990. This prospective study included 69 septic
patients and indeed the presence of encephalopathy was found in 70% of them [21]. It must
be noted that this study was performed before contemporary definitions of sepsis were
devised and therefore data from recent studies should be closer to the actual state. Chen
et al., in their retrospective analysis performed in one center (defining SAE as the presence
of cognitive and neuropsychiatric disorders in septic patients with no history or chronic
neurological disorders or features of metabolic encephalopathy), found a prevalence of
43.6% of SAE. Patients with encephalopathy were older, with no significant differences in
gender distribution, had higher scores on the APACHE II and SOFA scales and were at
higher risk of in-hospital death [22]. These results are in concordance with those reported by
Feng et al. These authors found an incidence of SAE of 42.3% septic patients, and subjects
with SAE had higher scores of APACHE II and SOFA and higher mortality rates [23].
Sonneville et al. performed a retrospective multi-center study and found a slightly higher
prevalence—53% of septic patients had SAE [24]. Therefore, it may be assumed that about
half of all septic patients suffer from encephalopathy and that this condition is related to a
more serious course of sepsis and higher mortality.

A frequently neglected fact is that acute sepsis-related brain injury may transform
into a chronic form, becoming a cause of neurological and cognitive decline. A prospective
study performed by Iwashyna et al. showed that in 10% of sepsis survivors, moderate
and severe cognitive deficits were diagnosed de novo [25]. Another study showed that in
a population of elderly subjects who survived 3 years after the diagnosis of sepsis, there
were approximately 15% of patients with moderate and severe cognitive deficits [26]. In
other studies, the prevalence of cognitive disorders reached over 20% [27]. Recently, it
was also observed that in a middle-aged population, sepsis increases the rate of cognitive
decline [28].

The high prevalence of sepsis-associated encephalopathy, its negative impact on
prognosis and its chronic cognitive consequences (especially in the context of an increasing
number of sepsis survivors) make disentangling the mechanisms of SAE and finding
therapies with the potential to reduce the consequences of SAE urgently needed.

1.5. Melatonin

Melatonin is a neurohormone widely spread in nature, found both in plant and animal
species. The most important source of melatonin in humans is the pineal gland, where
this neurohormone is produced with the circadian rhythm, but multiple local sources of
melatonin also exist, like the retina [29], immune cells [30], skin [31] or the epithelium of the
gastrointestinal tract [32]. The most noticeable physiological role of melatonin in humans is
the control of the circadian rhythm [33,34], but it exerts numerous other effects. Melatonin
is a potent antioxidant [35] and anti-inflammatory factor [36]. It also has an impact on
energy metabolism [37] and on the cardiovascular system [38].

The above-mentioned properties of melatonin make it an important factor influencing
the inflammatory response. This is why so much attention has been given recently to the
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role of melatonin in sepsis. The aim of our review is to analyze the available literature on the
potential neuroprotective effect of melatonin in sepsis-associated encephalopathy (SAE).

2. Mechanisms of Sepsis-Associated Encephalopathy
2.1. Pathomechanisms of SAE

The pathomechanism of SAE is not completely understood. It is certain that its etiology
is multifactorial, with blood—-brain barrier disruption, neuroinflammation, ischemia and
oxidative stress playing crucial roles.

Sepsis-associated encephalopathy is diagnosed only in situations where the central
nervous system is not infected. The systemic inflammatory response continues outside the
brain, being hidden behind the blood-brain barrier (BBB). The BBB is a highly integrated
“wall” built of endothelial cells, pericytes, astrocytes and microglial cells. Thanks to
the BBB, most molecules may pass into the brain only through controlled transcellular
transport—this also includes inflammatory mediators. The BBB also limits the migration
of peripheral cells of the immune system to the CNS [39]. Therefore, an increase in the
permeability of the BBB may be considered as the first step towards the involvement of the
brain in sepsis and the development of SAE. Indeed, it has been found in a post-mortem
study that proteins (occludin, claudin-5, ZO-1) forming so-called tight junctions between
endothelial cells within the BBB were practically absent in the brains of septic patients.
This means that during sepsis, the permeability of the BBB is significantly increased [40].
This allows the influx of proinflammatory cytokines into the central nervous system, which
is followed by leukocyte infiltration—the systemic inflammatory response invades the
brain. The next step is the activation of localized microglia within CNS immunocompetent
cells [41]. It has been shown in humans that the activation of microglial cells is related to
the development of delirium [42]. Microglial cells activated by proinflammatory cytokines
entering the CNS through the pathologically permeable BBB present a proinflammatory
phenotype [43] and start to produce their own proinflammatory cytokines—mainly tumor
necrosis factor alpha (TNF alfa), interleukin-1 beta (Il-1b) and interleukin-6. The presence
of these cytokines, along with the release of reactive oxygen species, nitric oxide and
glutamate, further stimulates the neuroinflammatory process, closing a vicious circle of
neuroinflammation, leading to the progressing damage of neural cells and to cell death
through a mechanism called pyroptosis [44,45]. This injury of neural tissue leads to clinical
symptoms of encephalopathy and delirium.

Parallel to the neuroinflammatory process, the septic brain struggles with acute dis-
turbances within the supply chain of metabolic substrates. Sepsis and septic shock are
characterized by perturbances in systemic circulation, hypotonia being the most prominent
of them [46]. Simultaneously, it was shown that the autoregulation of cerebral arteries is less
efficient in septic patients [47—49]. An active inflammatory process is also a pro-thrombotic
condition. Regardless of the dysregulated blood flow, the cerebral arteries are blocked with
clots in septic patients. Thus, another factor increasing the severity of sepsis-related brain
injury is disseminated focal ischemia of the brain, leading to cellular death or significant
metabolic perturbances, as the oxygenation of the brain tissue is significantly reduced in
sepsis [50]. Therefore, the features of brain ischemia were present in all septic patients in
one neuropathological study [51].

Neuroinflammation, BBB disruption and ischemia lead to the malfunction of neural
cells, which in turn is the cause of pathological neurotransmission. The most widely stud-
ied is the cholinergic pathway—its anti-inflammatory action is suppressed in sepsis [52].
Sepsis-related deficiency in dopaminergic transmission is also suggested by some pub-
lications [53,54]. Proinflammatory cytokines (II-1B) may increase the biological effect of
GABA-ergic transmission, leading to pathological somnolence or cognitive disorders [55].

Summing up, disruption of the BBB allows the influx of proinflammatory cytokines
into the CNS, which leads to microglial cells” activation and the initiation of a neuroinflam-
matory vicious cycle (activated cells produce more cytokines, which activate other cells,
etc.). The neuroinflammation causes damage and death in neural cells, which is one of the
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biological substrates in the symptomatology of SAE. Further dysfunction of the brain is
caused by sepsis-related hemodynamical instability and hypercoagulability, leading to is-
chemia. Neuroinflammation and ischemia disturb the normal balance of neurotransmitters,
which is another cause of disorders of cognition and consciousness typical of SAE. The
most important processes leading to SAE are presented in Figure 1.
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Figure 1. Processes leading to development of SAE.

2.2. The Role of Oxidative Stress and Free Radicals in Sepsis-Associated Encephalopathy

All the above-mentioned processes constitute a serious metabolic challenge to the cells
of the central nervous system. The mitochondria of neurons must work in circumstances
of increased energetic needs resulting from the high activity of the inflammatory process
and of a decreased supply of oxygen and glucose, resulting from ischemia of the CNS.
This leads to oxidative stress and mitochondrial dysfunction [56]. In vivo models of
lipopolysaccharide-evoked sepsis-associated encephalopathy show that neuroinflammation
leads to mitochondrial damage in endothelial cells through the pathological activation of
dynamic-related protein 1 (Drpl), which was correlated with increasing mitochondrial
oxidative stress and the loss of mitochondrial membrane potential. These phenomena
were correlated with the reduced expression of proteins responsible for the formation
of tight junctions between endothelial cells (ZO-1 and occludin) and thus leading to the
increased permeability of the BBB. Mitochondrial damage was also detected in neuronal
cells, with a decrease in oxidative phosphorylation, increased glycolysis and a reduction
in the mitochondrial membrane potential and production of ATP. The final consequence
of this process is the death of neurons [57]. Other animal studies have also shown the
increased production of reactive oxygen species (ROS), reduced production of ATP and
intense apoptosis [58]. Activated microglial cells also generate reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which finally leads to neuronal injury and
death [59]. Oxidative stress, mitochondrial dysfunction and the presence of ROS and
RNS trigger proapoptotic cellular caspase-dependent pathways, leading to the death of
cells, which is the histological substrate for the clinical symptoms of SAE and its chronic
consequences [60]. This is why any therapeutical intervention with the potential to reduce
oxidative stress and scavenge reactive species may be neuroprotective and limit the chronic
cognitive deficits in survivors of sepsis. This was already shown in animal models with
anti-oxidative therapies, e.g., with molecular hydrogen [61] or tetramethylpyrazine [58].
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3. Clinical Role of Melatonin

Melatonin is frequently mentioned as a potential drug in septic patients. The an-
tioxidant, anti-inflammatory and neuroprotective properties of this hormone, which are
described in detail below, make it a very interesting potential therapeutic factor in patients
with sepsis and SAE.

3.1. Melatonin

Melatonin is a neurohormone synthesized mainly in the pineal gland. It is a tryp-
tophan derivative, N-acetyl-5-methoxytryptamine. Apart from the pineal gland, it is
also produced in the retina, skin, gastrointestinal tract and in cells of the immunolog-
ical system [62]. It is produced and released in the circadian rhythm, with the lowest
concentrations during the day (<2 pg/mL) and highest during the night (approximately
100 pg/mL) [63]. It has been also discovered that in certain conditions, the local tissue
concentration of melatonin may be significantly higher than in plasma [64]. It acts
through two G-protein-coupled receptors, MT1 and MT2, most abundantly met in the
pars tubercles of the pineal gland, retina and hypothalamus [65]. Nevertheless, it must
be noted that most of the anti-inflammatory and antioxidant actions of melatonin are
independent of MT1 and MT2 and are exerted through the activation of NRF2-related
pathways, as was shown by Janjetovic et al. [66].

3.2. Main Clinical Roles of Melatonin

The main physiological role of melatonin is the regulation of the circadian rhythm.
In the case of humans, this means promoting sleep during the dark part of the day.
The production and secretion of melatonin is inhibited by light through the stimula-
tion of the retina and activation of the suprachiasmatic nucleus [67]. Its production is
increased in darkness, when melatonin may fully exert its physiological role, which is
switching the organism to “sleep mode” [68]. The localization of melatonin receptors
suggests that the neurohormone acts through the modulation of the function of neural
and neuroendocrine centers but also through direct impacts on the systems and organs
of the body [62,67]. The chronobiological role of melatonin is expressed through driv-
ing the rhythm of the functioning of peripheral tissues and organs, adjusting them to
the day—night cycle [69]. This role is crucial in terms of sepsis and the development
of SAE. Sleep/wake rhythm disorders are frequently reported in septic patients and
their presence negatively impacts prognosis [70]. On the other hand, a strong and
probably causal relation between disrupted circadian rhythms and the development
of delirium/encephalopathy in critically ill patients has been observed [71]. A low
concentration of melatonin was discovered in septic patients with disordered circadian
rhythms, which suggests a potential therapeutical role of this neurohormone at least
as a circadian rhythm keeper [72]. It must be noted that the usage of melatonin (as a
hypnotic drug) in intensive care units has increased in some countries [73]. As “switch-
ing to sleep mode” requires the modulation of the activity of the autonomic nervous
system, it was proven that melatonin has potential to reduce the sympathetic drive [74].
This potential to modulate the activity of the autonomic nervous system was elegantly
shown in patients who underwent pinealectomy—a therapy with exogenic melatonin
restored the sympathetic—parasympathetic balance in these subjects [75]. This ability to
harmonize both parts of the autonomic nervous system may be especially important in
septic patients, in which the disruption of sympathovagal modulation may even precede
the development of a systemic inflammatory response [76]. It can be speculated that the
use of melatonin may be parallel to the stimulation of the vagal nerve, as successfully
implemented in animal models of sepsis [77]. The impact of melatonin on the autonomic
nervous system manifests also through the influence of melatonin on the values of blood
pressure. Melatonin reduces vasoconstriction and blood pressure, and it is proposed as
an adjunct drug in the treatment of hypertension [78]. Melatonin has also a significant
impact on metabolism, being an important protective factor against obesity and the
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development of diabetes mellitus [37,79,80]. Melatonin also plays a role in modulating
the inflammatory response, having noticeable anti-inflammatory potential, as it can
prevent cell death caused by pyroptosis [81,82]. The above-listed functions of melatonin
(autonomic and blood pressure control, metabolism control, modulation of inflammatory
response) make it a very important neurohormone and potentially a therapeutic agent in
septic patients.

3.3. Scavenging and Antioxidant Potential of Melatonin

As mentioned above, sepsis and SAE are related to the increased production and
activity of free radicals. Neuroinflammation, being the most important putative factor of
SAE, leads to the very intense production of oxidants within the central nervous system,
with normal or decreased abilities for their consumption. This situation fulfills the definition
criteria for oxidative stress [83]. Oxidative stress and high concentrations and activity of free
radicals lead to the damage of vital molecules such as DNA, phospholipids and proteins,
which in turn exert pro-apoptotic action and cause damage to biological membranes, with
the fragmentation and death of cells. Cells and tissues can be protected from oxidative
stress by molecules called antioxidants (molecules promoting processes that diminish the
production of free radicals and intensify the consumption of oxidants) and scavengers
(molecules capable of trapping free radicals directly) [62].

Melatonin has significant antioxidant potential. First, it can scavenge some of the
free radicals directly. It has been shown that melatonin can react with hydroxyl (OH) radi-
cals [84,85]. Melatonin may also serve as a substrate of reaction, leading to the elimination
of peroxyl radicals [86,87] as well as nitric oxide [88].

Apart from the direct scavenging of free radicals, melatonin is capable of suppressing
their production through the chelation of metal ions (e.g., Cu, Fe) necessary for the synthesis
of oxidants. It was proven that melatonin chelates metal ions—melatonin was able to create
complexes with copper, iron, cadmium or aluminum, blocking the participation of these
ions in oxidant-producing reactions [89]. Therefore, melatonin is able to protect tissues
from oxidative, metal-catalyzed damage [90,91].

Moreover, melatonin may participate in the repair of oxidative molecular damage.
Colares et al. have recently proven that treatment with melatonin reduces the damage of
DNA in cirrhotic rats [92]. Therapy with melatonin also intensifies the repair of DNA in
neoplasmatic cells [83]. Melatonin was shown to reduce oxidative DNA damage in neural
tissue caused by ischemia or trauma [93,94].

Lastly, melatonin activates antioxidant enzymes and influences signaling pathways
involved in the generation of free radicals. Gou et al. described the protective effect
of melatonin on neural tissue in hypoxic-ischemic brain damage exerted through the
modulation of pathways leading to the activation of glutathione peroxidase—an antioxidant
enzyme [95]. The melatonin-driven activation of antioxidant enzymes is a well-established
fact [96].

It is also noteworthy that the metabolites of melatonin are potent antioxidants that
increase the therapeutical potential of the pineal neurohormone. These metabolites may
counteract environmental stresses, including oxidative stress, as was described in a review
by Slominski et al. [97]. The main metabolites of melatonin, like N'-acetyl-N2-formyl-5-
methoxykynuramine (AFMK), N-acethyl-5-methoxykynuramine (AMK), 6-hydroxymelatonin
and 4-hydroxymelatonin, act as direct scavengers, metal-chelating agents or molecules
capable of repairing oxidative damage, as was presented in a review by Galano and Re-
iter [98].

As this short summary shows, both endo- and exogenic melatonin may serve as a
potent antioxidant protectant, reducing the oxidative tissue damage evoked by sepsis and
neuroinflammation.
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4. Role of Melatonin in Sepsis and in Sepsis-Associated Encephalopathy
4.1. Therapeutic Potential of Melatonin in Sepsis

Sepsis is a dysregulated response to infection, resulting from the overproduction of
proinflammatory cytokines, extreme oxidative stress and the progressing failure of the
organs and systems of the organism. As was shown in numerous studies, melatonin has
the potential to exert a multidirectional therapeutical impact, protecting the tissues against
the consequences of sepsis.

As was discussed above, melatonin is a powerful antioxidant. Zhen et al., in a
recent study, found that melatonin could increase the activity of the antioxidant enzyme
superoxide dismutase in the myocardium of septic rats, which led to less oxidative tissue
damage [99]. Rahim et al. published similar results based upon an animal model of
sepsis, showing that melatonin increases antioxidative defense through NRF2 activa-
tion [100]. Melatonin is able to activate NRF2, which in turn increases the expression of
antioxidative enzymes (like SOD), which may prevent multiorgan failure in sepsis. Kang
et al. proved that melatonin may prevent the development of lung injury through this
pathway [101]. The melatonin-induced activation of the NRF2 signaling pathway was
also shown to exert neuroprotective action in a model of the lipopolysaccharide-induced
injury of neural tissue (analogous to models of septic encephalopathy) [102]. Melatonin
is also capable of upregulating the activity of sirtuins (especially SIRT1 and SIRT 3) and
thus leads to increased antioxidant activity of superoxide dismutase [103]. In this spe-
cific experiment, melatonin was shown to protect the small intestine from sepsis-evoked
oxidative injury.

One typical pathological phenomenon in sepsis is mitochondrial dysfunction leading
to energetic failure [104]. It was shown that melatonin may reverse sepsis-related patho-
logical changes within mitochondria. The infusion of melatonin was shown to improve
mitochondrial respiration and to reduce oxidative stress. This effect was paralleled with the
reduction of organ failure markers [105]. Escames et al. found that melatonin exerted a bidi-
rectional therapeutical effect upon mitochondria in septic mice: the pineal neurohormone
inhibited mitochondrial nitric oxide synthase, reducing oxidative stress and simultaneously
restoring the production of ATP [106].

Melatonin influences also the interplay between pro- and anti-inflammatory cytokines.
Carillo-Vico et al. found that in a rat model of septic shock, melatonin decreased the
concentration of the proinflammatory IL-10 and TNF-alpha, increasing simultaneously the
concentration of anti-inflammatory IL-12 [107]. Melatonin may also be a crucial player in
modulating the inflammatory response through the inhibition of the action of the inflam-
masome NLRP3 [108].

Promising results of studies performed on animal models and observations of a re-
lation between low concentrations of melatonin and sepsis-related mortality [109] led to
the first human trials. Alamili and colleagues induced endotoxemia in healthy human
volunteers who were pre-treated with melatonin or a placebo. The researchers observed
that melatonin (compared with placebo) led to a reduction in the concentration of some
proinflammatory cytokines (e.g., interleukin Il-1beta) during the day, with no statistically
significant effect during the night [110,111]. Galley et al. performed a study with a hu-
man whole blood model of sepsis, proving that melatonin reduced oxidative stress and
mitochondrial failure as well as the production of proinflammatory cytokines [112]. Aisa-
Alvares and co-workers performed a small, single-center clinical trial in septic patients,
assessing the impact of various antioxidant molecules. Melatonin appeared to reduce the
concentration of procalcitonin and lipid peroxidation [113]. Melatonin was also shown to
reduce the need for mechanical ventilation and for the use of a vasopressor in another small
(n = 40 patients), single-center clinical trial [114]. Mansilla-Rosell6 et al. published very
recently the results of a clinical study comparing the 5-day therapy of septic patients with
the i.v. infusion of 50 mg of melatonin versus a placebo. The authors observed that patients
treated with melatonin had significantly shorter hospital stays, lower values of the SOFA
score, lower concentrations of procalcitonin and more intense antioxidant activity [115].
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The clinical usefulness of the antioxidant properties of melatonin was also shown in a
recent clinical study focusing on septic patients, which compared the effectiveness of 50 mg
of orally given melatonin with other antioxidants. It was shown that melatonin reduced
the SOFA score and lipid peroxidation while increasing the total antioxidant capacity [116].
Details of all the above-mentioned clinical studies are presented in Table 1. Although the
results are very promising, the limitations of the studies must be noted. All of them were
single-center studies with a limited number of patients included. This does not allow the
generalization of the conclusions. Multi-center studies with the randomization of large
groups of patients are required.

Table 1. Clinical trials assessing usage of melatonin in sepsis.

Author of the Study
(Year of Publication)

Number of Participants

Study Design, Dose of
Melatonin Assessed

Assessed Outcome

Conclusions

Alamili et al.
(2014) [110]

12 healthy volunteers with
experimentally evoked
endotoxaemia

Randomized, placebo-controlled,
double-blinded cross-over trial,
comparing infusion of 100 mg i.v.
melatonin with placebo

Concentrations of pro-
and anti-inflammatory
markers in plasma of
participants during
night

Melatonin had no effect on
concentratons of markers
during the night

Alamili et al.
(2014) [111]

12 healthy volunteers with
experimentally evoked
endotoxaemia

Randomized, placebo-controlled,
double-blinded cross-over trial,
comparing infusion of 100 mg i.v.
melatonin with placebo

Concentrations of pro-
and anti-inflammatory
markers in plasma of
participants during day

Melatonin reduced
concentrations of
pro-inflammatory

biomarkers during the day

Aisa-Alvarez et. al.

97 subjects divided into

Randomized, controlled,
triple-masked, and with parallel
assignment clinical trial with a
control group without treatment.
Comparison of 4 molecules

Concentrations of
inflammation and

Reduction in
procalcitonine and lipid
peroxidation in subjects
treated with melatonin,

(2020) [113] 5 subgroups (vitamin C, vitamin E oxidative stress markers  paralleled with reduction
n—acetyl,c Jsteine ’ in plasma in sepsis severity
melatonin—50 mg p.o. daily) measuresclg\;;th SOFA
and no antioxidant treatment
Prospective, two-arm Insignificant reduction in
doubler-)blin d ,r an dOmiZ’e d Change in SOFA score, ~ SOFA score, percentage of
Taher et al. 40 patients with septic o : ’ . need for mechanical patients requiring
clinical trial; 50 mg melatonin
(2022) [114] shock ! ventilation, required ventilation and usage of

given p.o. through 5 days was
compared with placebo.

dosage of vasopressor

Vasopressors in
melatonin-treated group

Mansilla-Rosel6 et al.
(2023) [115]

29 patients (14 in placebo
group, 15 in melatonin
group)

Unicenter, randomized,
placebo-controlled, double-blind
trial; 60 mg of i.v. given
melatonin was compared to
placebo therapy

Change in SOFA score,
concentrations of
inflammatory markers,
oxidative stress status

Treatment with melatonin
led to decrease in SOFA
score and in
concentrations of
inflammatory markers
and improvement in
oxidative stress status

Aisa-Alvarez et al.
(2023) [116]

131 subjects divided into
5 subgroups

Randomized, controlled,
triple-masked, and with parallel
assignment clinical trial with a
control group without treatment.
Comparison of 4 molecules
(vitamin C, vitamin E,
n-acetylcysteine,
melatonin—50 mg p.o. daily)
and no antioxidant treatment

Change in SOFA score,
change in
concentrations of
inflammatory markers
and antioxidant activity

Therapy with melatonin
was related to decrease in
SOFA score, decrease in
inflammatory markers
and improvement in
antioxidant activity

Human studies on melatonin in sepsis were performed with a variety of dosages,
ranging from 50 mg p.o. daily to 100 mg i.v. daily. Establishing the proper dosage of a
neurohormone that is released in a specific circadian rhythm is challenging task. Galley
et al. undertook this and performed a clinical study aiming at assessing the clinical safety,
tolerance and optimal dosing of melatonin. There were 10 patients with sepsis resulting
from community-acquired pneumonia participating in the study. Five of them received
50 mg of melatonin p.o. daily and the other five were given 20 mg of the neurohormone
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daily. Clinical observation led to the conclusion that therapy with melatonin did not lead
to any adverse event and was well tolerated. Twenty mg daily was found to be the optimal
dose from a pharmacological point of view [117].

The implementation of melatonin in clinical practice must be performed cautiously
as little is known about its potential interactions with other drugs, especially the ones
used in critically ill subjects (e.g., sedatives, vasopressors, antibiotics or steroids). It is
a consequence of the sporadic use of melatonin in clinical practice. On the other hand,
the authors of clinical trials assessing melatonin in sepsis did not report any significant
interactions with routine therapy.

4.2. Neuroprotective Potential of Melatonin in Sepsis-Associated Encephalopathy

Ji et al. performed an interesting experiment with the immediate or delayed treat-
ment with melatonin for sepsis-related brain injury in a mouse model of sepsis. It was
shown that while immediate therapy with melatonin led to an increase in survival with
no positive neurobehavioral effect, the delayed therapy with melatonin caused a neu-
robehavioral improvement [118]. The potential (although speculative) explanation for
this finding may be that melatonin given immediately protects the integrity of the BBB
and thus prevents the development of further neuroinflammatory processes. Due to this,
sepsis-related brain injury is diminished and this decreases mortality with no visible
neurobehavioral effect. Meanwhile, melatonin given later may only have a neuroprotec-
tive effect in the already inflamed brain and this explains the neurobehavioral benefit.
This observation is very important in a human and clinical context as it suggests that
therapy with melatonin may be somewhat beneficial regardless of the moment at which
it is started. The beneficial and diverse neurologic effects of therapy with melatonin
are not surprising in the context of the multidirectional action of this neurohormone
in sepsis. This multipotency of melatonin is also visible in terms of its neuroprotective
effect in sepsis-associated encephalopathy. As was shown earlier in the paper, the first
event leading to SAE is blood-brain barrier (BBB) leakage. Wang et al. have shown that
pre-treatment with melatonin may sustain BBB integrity in lipopolysaccharide (LPS)-
evoked sepsis in mice. The main reason for BBB damage in sepsis is the degradation of
tight junction proteins (e.g., occluding or claudin-5), which was clearly stopped with
melatonin in Wang and colleagues’ experiment. This effect was achieved through the
antioxidant action of melatonin, which inhibited the expression of enzymes involved
in the production of free radicals (specifically, the gp91 phox subunit of NADPH oxi-
dase) [119]. The same group of authors suggested that the supplementation of melatonin
may protect BBB integrity in older patients suffering from sepsis [120].

As was mentioned earlier, melatonin exerts an anti-inflammatory effect, which also
includes the suppression of neuroinflammation. Zhou et al. analyzed the effects of therapy
with melatonin on neuroinflammation in an animal model of sepsis (lipopolysaccharide-
injected rats). The authors reported a significant reduction in the production of proin-
flammatory mediators by microglial cells and the upregulation of the expression of anti-
inflammatory factors in melatonin-treated animals. Moreover, a prominent shift towards
the anti-inflammatory phenotype M2 of microglial cells was observed. These changes
resulted in reduced white matter damage and demyelination in treated animals [121]. Mela-
tonin reduces the LPS-evoked increase in the production of proinflammatory cytokines
in the brain (e.g., IL-6, TNF-alpha) and simultaneously normalizes the expression and
activity of redox signaling molecules (e.g., SOD2) [122]. Interestingly, the simultaneity of
the anti-inflammatory and antioxidant action of melatonin in models of sepsis-associated
encephalopathy is repeatedly described. Zhao et al. observed that in septic animals,
therapy with melatonin led to a reduction in cerebral concentrations of proinflammatory
cytokines (e.g., TNF-alpha, IN-1beta) and at the same time to a reduction in oxidative
stress (confirmed by observations of the activation of SOD and diminished production of
malondialdehyde) [123].
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Apart from blood-brain barrier damage, neuroinflammation and oxidative stress, the
septic brain is also injured due to multifocal ischemia resulting from decreased cerebral
perfusion and inflammation-evoked thrombotic events. According to the results of a re-
cently published, placebo-controlled, double-blind clinical trial, therapy with melatonin
may intensify the neurologic improvement in patients after ischemic stroke [124]. This
finding is not surprising as the neuroprotective action of melatonin in ischemic brain injury
was proven in animal models. This neuroprotective effect is exerted through intensive
antioxidant action (e.g., through an increase in the expression of glutathione peroxidase or
through the attenuation of endoplasmic reticulum stress) [95,125] and the suppression of
inflammatory processes (e.g., through promoting the anti-inflammatory phenotype of mi-
croglia and through a reduction in the expression of proinflammatory cytokines) [126,127].
It was also observed that in models of ischemic brain injury, melatonin could improve the
integrity of the blood-brain barrier, similarly to what was observed in sepsis [128].

The result of the mechanisms described above is the suppression of apoptotic processes
and reduction in brain injury during sepsis, which suggests potential for melatonin-driven
better neurological outcomes of sepsis-associated encephalopathy.

The facts collected in the previous paragraphs suggest that melatonin may be a
potent therapeutical agent in patient in sepsis and with SAE. This is strongly supported
by the results of pre-clinical studies on animal models, which have found initial clinical
confirmation in the human studies performed so far. The collected data allow us to plan
more efficient protocols for clinical trials with melatonin in the upcoming future. Potential
mechanisms through which melatonin may exert its effect in SAE are shown in Figure 2.

Increzsed integrity
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Figure 2. Potential therapeutical mechanisms of melatonin in sepsis and sepsis-associated
encephalopathy.
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5. Conclusions and Future Perspectives

Melatonin is a fascinating neurohormone with a surprisingly wide range of poten-
tial actions. Some of them, like antioxidant potential, anti-inflammatory properties, a
beneficiary impact on blood-brain barrier integrity or an ability to restore mitochondrial
equilibrium, make this molecule a natural ally in the fight against sepsis and its complica-
tions and consequences. It must be remembered that the brain is the most vulnerable organ
to circulatory, inflammatory and metabolic disorders caused by uncontrolled inflammation
during sepsis. Sepsis-associated encephalopathy, being a consequence of blood-brain
barrier leakage, neuroinflammatory processes, the injury of neural tissue caused by free
radicals and multifocal ischemia of the brain, increases the mortality of septic patients and
leads to chronic cognitive decline in a significant proportion of sepsis survivors. There is a
significant group of molecules that may be potentially neuroprotective in SAE [129]. The
data collected in this review suggest that melatonin may potentially act as a preventive
or therapeutic substance in septic patients. On the other hand, we must be aware that
regardless of the large amount of data coming from animal studies, clinical information
on the therapeutic effectiveness of melatonin in humans is scarce. This constitutes the
most important challenge for the future—implementing actual knowledge of melatonin in
clinical trials in sepsis.
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Abstract: The potential use of agomelatine as an alternative treatment for colorectal cancer is eval-
uated in this work. The effect of agomelatine was studied in an in vitro model using two cell lines
with different p53 statuses (HCT-116, wild-type p53, and HCT-116 p53 null) and an in vivo xenograft
model. The inhibitory effects of agomelatine and melatonin were stronger in the cells harboring
the wild-type p53, although in both cell lines, the effect of agomelatine was greater than that of the
melatonin. In vivo, only agomelatine was able to reduce the volumes of tumors generated by the
HCT-116-p53-null cells. Both treatments induced changes in the rhythmicity of the circadian-clock
genes in vitro, albeit with some differences. Agomelatine and melatonin regulated the rhythmicity
of Per1-3, Cryl, Sirtl, and Prx1 in the HCT-116 cells. In these cells, agomelatine also regulated
Bmall and Nr1d2, while melatonin changed the rhythmicity of Clock. In the HCT-116-p53-null cells,
agomelatine regulated Per1-3, Cry1, Clock, Nr1d2, Sirtl, and Prx1; however, melatonin only induced
changes in Clock, Bmall, and Sirtl. The differences found in the regulation of the clock genes may
explain the greater oncostatic effect of agomelatine in CRC.

Keywords: agomelatine; melatonin; p53; circadian clock; colorectal cancer; SIRT1

1. Introduction

Colorectal cancer (CRC) is the third most common type of cancer and the second in
terms of mortality worldwide [1]. The current treatments for CRC include 5-fluorouracil
(5-FU) as a standard agent for chemotherapy, either as a single agent or in combination with
other drugs, such as oxaliplatin or irinotecan [2]. However, these treatments have several
limitations, such as severe side effects and the development of chemoresistance, which lead
to unsatisfactory results [3]. These limitations have encouraged the development of the
so-called targeted therapies, which are based on targeting concrete pathways according
to each patient’s characteristics. However, the clinical application of these therapies is
far from being established because they do not provide an improvement in cost-benefit
terms, they still possess adverse effects, they differ in efficacy between patients with similar
characteristics, and resistance has been shown to arise [2,3]. Therefore, there is a necessity
to develop new approaches to improve or replace the current treatments.

Circadian rhythms are cyclic biological processes with a duration of close to 24 h,
which are implicated in the regulation of major physiological events, such as the sleep
-wake cycle, reproduction, and inflammatory and immune responses, among others. At
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the molecular level, the circadian rhythm consists of transcription—translation feedback
loops (TTFL). The transcription-factor brain and muscle ARNT-like (BMAL-1) dimerizes
circadian locomotor cycles kaput (CLOCK) and stimulates the transcription of Period 1-3
(Per1-3), Cryptocrome 1-2 (Cry1-2), the nuclear receptor subfamily 1 group D member 2
(Nr1d2), and RAR-related orphan receptor alpha (ROR«x) genes. In turn, the PER1-3 and
CRY1-2 proteins form complexes in the cytoplasm and, when their concentration reaches
a certain level, they translocate to the nucleus, where they inhibit the action of BMAL-1
and CLOCK and, thus, the transcription of their own genes. The PER/CRY complex is
degraded, allowing the cycle to be restored every 24 h [4].

The circadian clock is not only based on transcriptional mechanisms; post-translational
modifications of core circadian genes have also been described. Sirtuin 1 (SIRT1) is a
nicotinamide adenine dinucleotide (NAD+)-dependent class III histone deacetylase, which
is involved in cellular redox control [5]. It regulates the circadian clock at the central-
nervous-system level by activating BMAL1 and CLOCK transcription [6]. At the peripheral
level, it deacetylates BMALL, affecting its activity [7], and PER2, preventing its dimerization
with CRY [8]. It can also bind to CLOCK/BMAL1 complexes, which alters the expression
of other associated genes, such as PER, in a manner that is probably related to the variable
concentration of its co-enzyme, NAD+ [9]. In addition, the existence of circadian rhythms
independent of the canonical molecular clock has been demonstrated. Specifically, there
is a circadian rhythm of oxidation-reduction of peroxiredoxin-1 (PRX1), an antioxidant
protein that scavenges hydrogen peroxide. This cycle is interconnected with the TTFL
cycle, and both are individually necessary for the maintenance of rhythms at the cellular
level [10]. In fact, it has been demonstrated that SIRT1 can activate PRX1 transcription [11].
The human PRX1 gene is a target of nuclear factor erythroid 2 related factor-2 (Nrf2) [12],
a transcription factor shared by several antioxidant enzymes [13]. Furthermore, SIRT1
increases Nrf2 activation and decreases its polyubiquitination by decreasing the expression
of Kelch-like ECH-associated protein 1 (Keapl)/Cullin 3 (Cul3) and by increasing Nrf2’s
binding ability to anti-oxidant response element (ARE) [14].

Alterations in circadian rhythmicity have been linked to the onset and development of
cancer [15]. Furthermore, the tolerability and efficacy of radiotherapy and chemotherapy
also depend on circadian rhythms [16]. These experimental findings have raised interest in
manipulating rhythms to prevent malignant transformation, to develop novel treatment
strategies, and ultimately improve the outcomes of cancer patients [17]. In this sense,
melatonin is an indolic compound secreted mainly by the pineal gland, although it can also
be found in extrapineal tissues; it plays a key role in the control of circadian rhythms [18].
Melatonin exerts oncotastic properties in several cancer types. Regarding CRC, melatonin
reduces tumour growth and proliferation and induced apoptosis in in vitro [19,20] and
in vivo models [21]. Some of melatonin’s functions are mediated by the melatonin receptors
MT1 and MT2. In fact, in CRC patients showed decreased levels of MT1 and MT2, without
changes in melatonin levels, compared to their paired mucosa, in association with gender
and invasion [22]. In addition, MT1 and MT2 levels are negatively correlated with cancer-
stem-cell markers (CSCs), considered as the origins and major contributors to cancer
progression, metastasis, and therapy resistance [23]. Taken together, these reports suggest
that the use of non-selective MT1/MT2 agonists may be an interesting new approach for
the treatment of CRC.

Agomelatine is a naphthalene analogue of melatonin, which shows agonist activities
toward MT1/MT2 receptors, as well as greater affinity with them than melatonin, and
antagonist activity toward the serotonin 5-HT2c receptor, and its use as an antidepressant
drug has been approved [24]. Different in vivo models have proven that agomelatine
synchronizes circadian rhythms, probably through MT1/MT2-receptor interaction [25].
The activation of MT1/MT2 synergically works with the blockage of the 5-HT2c receptor,
resulting in neurogenesis induction, synaptic remodeling, and glutamate signaling, which
explains agomelatine’s antidepressant role [24]. Curiously, serotonin has been associated
with the progression of several cancer types, including CRC, and serotonin-receptor in-
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hibitors may be used as therapy [26]. Along with the aforementioned influence of circadian
rhythms and MT1/MT2 on cancer development and progression, this suggests that agome-
latine could be used as a treatment for CRC. However, to date, no studies exploiting this
alternative function have been reported.

An interconnected pathway of regulation exists between melatonin, circadian clocks,
and SIRT1 [27]. Agomelatine also regulates SIRT1 in several models of disease [28,29].
In this study, we evaluate the use of agomelatine as an antitumor therapy in established
colorectal cell lines in vitro and in vivo in nude mice. We also analyze the implication
of the SIRT1/PRX1 pathway in the regulation of the rhythmicity of core clock genes
by agomelatine.

2. Materials and Methods
2.1. Cell Culture and Reagents

The colorectal adenocarcinoma cell lines HCT-116 (p53 wild type) and HCT-116 p53
null (Horizon Discovery Ltd., Cambridge, UK) were grown under standard conditions
(37 °C and 5% CO, in a humid atmosphere) using RPMI 1640 medium supplemented with
10% FBS and 1% penicillin-streptomycin (Gibco; Invitrogen, Carlsbad, CA, USA). For the
experiments that required cell synchronization, cells were cultured in serum-free medium
for 6 h prior to the initiation of the experiment [1]. Next, the cells were cultured in media
with serum in the conditions required for the experiments carried out.

Melatonin, agomelatine, fluorouracil (5-FU), and the remaining reagents employed in
this study were obtained from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO, USA).

2.2. Cell Viability Assay

Cell viability was analyzed with 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Briefly, 4000 cells were seeded per well in a 96-well plate in a final
volume of 100 pL. Twenty-four hours later, the cells were treated with different drugs
and concentrations for 24, 48, and 72 h. Once the treatment was stopped, 10 uL of MTT
(5 mg/mL) was added and the plate was incubated for 4 h at 37 °C and 5% CO,. Subse-
quently, 100 pL of lysis buffer (20% SDS in 50% formamide, pH 4.7) was added, and the
plate was kept at 37 °C and 5% CO2 overnight. Optical density was measured with a Triad
Multimode Microplate reader (Cultek SL, Madrid, Spain) at 570 nm.

2.3. Sphere-Formation Assay

Three-dimensional spheroids were generated and cultured in the InSphero
GravityPLUS™ Hanging Drop System (PerkinElmer), according to the manufacturer’s
instructions. Briefly, cells were seeded at a density of 2500 cells per well in a 96-well
GravityPLUS™ Plate and placed in a 5% humidified CO, incubator at 37 °C. After 3 days
in culture, cells formed visible spheroids that were transferred to the GravityTRAP™
Plate and allowed to grow for 4 more days. Every 2 days, the medium was changed.
Subsequently, spheroids were treated with different doses of melatonin and agomelatine
for 3 more days. Spheroids were imaged using a 4 x objective on the image module of
an EnSight™ plate reader (PerkinElmer, Waltham, MA, USA). Acquired Images were
automatically analyzed by the Kaleido 2.0 software.

2.4. Clonogenic Assay

Cells were seeded in 6-well plates at a concentration of 10° cells/well and left to grow
72 h. Next, cells were treated for 72 h. Subsequently, the medium was changed, and cells
were allowed to grow under standard conditions for 10 more days. To perform fixation
and staining of colonies, the medium was removed, and the cells were incubated for 5 min
with 0.5% crystal-violet-oxalate solution in 50% methanol. Colonies with more than 50 cells
were counted.
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2.5. Cell-Cycle Analysis

The percentage of cells in each cell-cycle phase was determined based on the cellu-
lar DNA content in at least 20,000 nuclei. Cells were seeded in 6-well plates and after
treatments, they were harvested, washed with PBS, and fixed with 200 pL of 70% ice-cold
ethanol at 4 °C for 30 min. Next, cells were washed with a solution of PBS containing 2%
BSA and incubated in 500 uL of PI/RNase solution (Immunostep SL; Salamanca, Spain) at
room temperature in darkness for 15 min. The percentages of cells in G0/G1, S, and G2/M
phases were determined using a BD FACSAria IIIu flow cytometer (Becton Dickinson,
BD Biosciences; Franklin Lakes, NJ, USA) from the Cytometry and Microscopy Research
Service of the Biosanitary Research Institute of Granada. Experiments were performed at
least three times and three samples per group were analyzed in each case.

2.6. Apoptosis Assay

The percentages of apoptotic cells in response to the different treatments were ana-
lyzed using a FITC Annexin V Apoptosis Detection Kit (BD Biosciences, Franklin Lakes,
NJ, USA). Briefly, the cells were seeded in 6-well plates, and after treatments they were
harvested and washed with PBS and concentrated at 1 x 10° cells/mL. About 10° cells
(100 pL) were incubated with Annexin V-FITC and propidium iodide at room tempera-
ture and in darkness for 15 min. The samples were immediately analyzed using a BD
FACSAria IIIu flow cytometer (Becton Dickinson, BD Biosciences; Franklin Lakes, NJ,
USA) from the Cytometry and Microscopy Research Service of the Biosanitary Research
Institute of Granada. The percentage of apoptosis was calculated by taking into account
the sum of percentages of apoptotic cells (Annexin-FITC+/PI—) and late apoptotic cells
(Annexin-FITC+/PI+).

2.7. Real-Time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
The RNA was reverse-transcribed by RT-PCR into cDNA using the commercial kit, Ac-
cuScriptTM High Fidelity 1st Strand cDNA Synthesis Kit (Stratagene, Austin, TX, USA),
according to the manufacturer’s instructions.

About 5 pL of the cDNA was amplified with specific primers for Perl, Per2, Per3,
Cry1, Clock, Bmall, Nr1d2, SIRT1, PRX1, and UBC (Table S1). Furthermore, PCR reactions
with SYBER-green were performed using the Mx3000P qPCR System (Stratagene, Austin,
TX, USA). Relative expression was calculated using UBC as a reference gene. Standard
curves for each gene were made by plotting C; values versus log cDNA dilution.

2.8. Immunoblot

Proteins were isolated from the lysed cells in RIPA buffer supplemented with protease
inhibitors) for 30 min at 4 °C. The amount of proteins was quantified through Bradford
assay, and samples were loaded in equal amounts (50 pg) into 12% SDS-polyacrylamide
gels. The proteins resolved were transferred into PVDF-transfer membranes using a Bio-
Rad Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
blots were probed with the appropriate antibodies for caspase-3 (Santa Cruz Biotechnol-
ogy, dilution 1:200), p53 (Santa Cruz Biotechnology, dilution 1:200), and (3-Actin (Santa
Cruz Biotechnology, dilution 1:200). As secondary antibody, HRP-conjugated anti-mouse
antibody (Santa Cruz Biotechnology, dilution 1:50.000) was used. Amersham ECL Select
Western Blotting Detection Reagent (GE Healthcare, Chicago, II, USA) was applied before
luminography for protein detection in a ChemiDoc MP System (Bio-Rad Inc., Hercules,
CA, USA).

2.9. In Vivo Anti-Tumor Xenograft Studies

Female athymic Balb/c (nu/nu) mice (Charles Rivers Laboratory, Wilmington, MA,
USA) housed in a regular 12:12 light-dark (LD) cycle (lights on at 08:00 h) were used
for the in vivo studies. The mice were maintained in quarantine for a week before the
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subcutaneous injection of 2.5 x 10° HCT-116 and HCT-116-p53-null cells suspended in
100 uL of RPMI 1640 medium into the right and left sides, respectively. Once the tumor size
reached about 50-100 mm?, the animals were randomly divided into 4 groups (n = 8) and
intraperitoneally treated for 2 weeks. Groups were as follows: (1) control (vehicle, three
times per week); (2) melatonin (5 mg/kg, three times per week); (3) agomelatine (5 mg/kg,
three times [er week); (4) 5-fluorouracil (50 mg/kg, two times per week). The agomelatine
and melatonin groups were treated two hours before lights off, whereas the 5-fluorouracil
group was treated 2 h after lights on. The tumor growth was measured three times per
week and calculated by the formula V = (47t/3) x (width/2)2 x (length/2). Blood of each
animal was extracted to analyze different biochemical parameters (glucose, urea, uric acid,
AST, ALT, and amylase) by a Cobas ¢311 analyzer (Roche Diagnostics, Basel, Switzerland).
Two weeks after the initiation of the treatments, the animals were sacrificed, and the tumors
were extracted.

2.10. Statistical Analysis

All the experiments were performed at least in triplicate and data were expressed as
mean + SEM. To obtain circadian parameters, we determined the correct distribution (data
interdependency and normal distribution) for each set of time-series data by lag plots/Q-
test and normal probability plots/K-S test and, next, we calculated the acrophase and
amplitude through the cosinor method using the TSA (Time Series Analysis—Cosinor 8.0
Lab View January 2020) software (http://www.euroestech.com/, accessed on 21 January
2020). Detection of rhythm was achieved by rejection of the zero-amplitude hypothesis
with 95% certainty, as reflected by the p value. The amplitude (i.e., the difference between
the peak or trough and the mean value of a cosine curve), acrophase (i.e., the phase angle
of the peak of a cosine curve), and midline estimating statistic of rhythm (MESOR) (i.e., the
average value of cosine curve fitted to the data) were compared where applicable using
48-h trial period, since, in some cases, the oscillation period of the genes studied was close
to this time. Nevertheless, comparisons were also performed using a 24-h test period
(Tables 52-55), with similar results obtained at both periods. Data from fitted curves were
transferred to GraphPad Prism (GraphPad, La Jolla, SD, USA). Rhythm characteristics
(MESOR, amplitude, acrophase) for each variable were compared by a non-parametric
test [30,31].

3. Results
3.1. Agomelatine Inibits the Growth of Human CRC Cells in a p53-Dependent Manner

Two established CRC cell lines, HCT-116 (wild-type p53) and HCT-116 p53 null, were
used to evaluate the antiproliferative effects of agomelatine in vitro. Cells were cultured
in the presence of increasing concentrations of agomelatine (0-1 mM) for 24, 48, and 72 h.
Treatment of both cell lines with agomelatine led to a dose-dependent inhibitory effect
on cell growth at all times studied (Figure Sla,b). Similarly, the effect of melatonin was
dose-dependent in both cell lines, although in HCT-116-p53-null cells, the indoleamine
reduced cell growth significantly after 48 h treatment and at the highest dose studied (1 mM)
(Figure Slc,d). We next compared the effects of both drugs regarding the p53 status of
the cells at 72 h. Treatment of both cells lines with agomelatine inhibited cell growth
significantly from the lowest dose used (0.1 mM), although the effect was higher in the
HCT-116 than in the HCT-116 p53 null (Figure 1a). As we expected, melatonin was more
effective on the HCT-116 than on the HCT-116 p53 null. As shown in Figure 1b, melatonin
significantly inhibited the HCT-116’s growth from 0.25 mM, whereas in the HCT-116
p53 null, the effect was statistically significant from 0.5 mM. These results indicate that
agomelatine is more potent than melatonin in inhibiting CRC growth in vitro.
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Figure 1. Inhibition of viability on HCT-116 and HCT-116-p53-null cells by (a) agomelatine and
(b) melatonin. The results represent the mean £ SD of three experiments performed in quadruplicate.
*p<0.05vs. C;** p<0.01 vs. C;***p <0.001 vs. C;# p <0.01 vs. the same concentration of agomelatine
(Ago) or melatonin (Mel); # p < 0.05 vs. the same concentration of melatonin (Mel) or agomelatine
(Ago). (c) Representative example of colony-formation assay and (d) graphical representation of
three experiments in HCT-116 and HCT-116-p53-null cells after treatment with agomelatine (Ago)
(0.5 mM) and melatonin (Mel) (1 mM) versus control (C) cells. Results are presented as means =+ SD.
*** Values of p < 0.001 versus C; * p < 0.01 vs. agomelatine; #* p < 0.001 vs. agomelatine. In other
experiments, (e) HTC-116 and HCT-116-p53-null cells were cultured in a 3D model and (f) the size of
the spheroids was measured in control and after agomelatine (Ago) (0.5 mM) and melatonin (Mel)
(1 mM) treatments during 72 h. ** Values of p < 0.01 vs. C; *** p < 0.001 vs. C; # p < 0.01 vs. melatonin;
### p < 0.001 vs. melatonin.

We also conducted a clonogenic assay for up to 10 days after treatment to evaluate
the long-term effects of agomelatine and melatonin on the cancer-cell survival (Figure 1c).
Notably, the number of colonies in the HCT-116 cells reduced after the treatments with
agomelatine (0.5 mM) and melatonin (1 mM), although the effect of agomelatine was
significantly higher (p < 0.01) (Figure 1d). Only agomelatine (0.5 mM) was able to reduce
the number of colonies in the HCT-116-p53-null cells (Figure 1d).

To corroborate these results, we also performed a 3D-culture model. To identify the
sizes of the spheroids formed (Figure le), images were obtained and, subsequently, the
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perimeter was calculated (Figure 1f). According to the results described in the 2D model,
both agomelatine (0.5 mM) and the melatonin (1 mM) reduced the sizes of the spheroids
in the HCT-116, and agomelatine was more potent than melatonin (p < 0.001) at the doses
used. In the HCT-116-p53-null cells, only agomelatine was able to reduce the sizes of the
spheroids formed.

3.2. Agomelatine Induces Cell-Cycle Arrest and Caspase-Dependent Apoptosis in CRC Cells

The cell-cycle distribution after agomelatine and melatonin treatments was assessed
by flow cytometry (Figures S2 and S3). The treatment with 0.5 mM of agomelatine for 72 h
induced accumulation in the G2/M phase of the cycle in the HCT-116 (33.25 = 1.91% of
agomelatine-treated cells in the G2/M vs. 23.35 &+ 1.42% of control cells in the same phase)
and the HCT-116 p53 null (35.50 + 1.13% of agomelatine-treated cells in the G2/M vs.
19.90 £ 1.42% of control cells in the same phase). Agomelatine treatment also resulted in
a decrease in the number of cells in the G1 phase in the HCT-116 (33.25 £ 5.24% in the
agomelatine-treated group vs. 69.47 £ 1.72% in the control cells) and HCT-116 p53 null
(54.90 £ 2.07% in the agomelatine-treated group vs. 73.00 £ 2.68% in the control cells). The
treatment of the cells with 0.25 mM agomelatine produced similar variations in cell-cycle
distribution in the HCT-116-p53-null cells (Figure 2a,b).
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Figure 2. Percentage distribution in the different stages of the cell-cycle after treatment of HCT-116
and HCT-116-p53-null cells with agomelatine (Ago) (a,b) and melatonin (Mel) (c,d). Data represent
the mean =+ SD of three experiments performed in triplicate. ** Values of p < 0.01 vs. C; *** p < 0.001
vs. C. # p < 0.01 vs. lower doses of treatment; ## p < 0.001 vs. lower doses of treatment.

The treatment with 1 mM melatonin for 72 h induced accumulation in the G1 phase
of the cycle in the HCT-116 (78.70 £ 3.33% of melatonin-treated cells versus 68.5 £ 1.83%
of control cells). This was associated with a decrease in the number of cells in the G2/M
(17.70 £ 1.91% in the melatonin-treated group vs. 25.60 & 1.42% in control cells). In the HCT-
116-p53-null cells, we found an accumulation of cells in the G2/M phase (28.10 £ 1.91%
of melatonin-treated cells versus 19.00 & 2.73% of control cells) and a decrease in the G1
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phase (64.00 & 4.33% in the melatonin-treated group vs. 73.00 £ 4.59% in the control cells).
The treatment with 0.5 mM melatonin did not produce any significant variations in the
cell-cycle distribution in either of the two lines tested (Figure 2c,d).

In addition to the effects on the cell growth and cell cycle in vitro, we studied
whether agomelatine and melatonin induced cell death through apoptosis using annexin
V and propidium iodide and analyzing cell populations stained by flow cytometry
(Figures S4 and S5).

The treatment with agomelatine induced a high percentage of apoptosis in both cell
lines after 72 h at the doses studied (Figure 3a). Differences were found in the number of
apoptotic cells in the two lines, although they were only observed at the lowest dose of
agomelatine used (0.25 mM), and were greater in the HCT-116 cells (Figure 3a). When we
used melatonin as a treatment for 72 h, we found increased apoptosis in the two cell lines
tested only at 1 mM, while a smaller concentration of the indolamine (0.5 mM) did not
produce cytotoxicity in either of the two lines analyzed. As expected, the percentage of cell
death by apoptosis was higher in both cell lines treated with agomelatine.
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Figure 3. Percentage of apoptosis in HCT-116 and HCT-116-p53-null cells after agomelatine (a) and
melatonin (b) treatments. Data represent the mean =+ SD of three experiments performed in duplicate.
* Values of p < 0.05 vs. C; ** p < 0.01 vs. C; *** p < 0.001 vs. C; # p < 0.01 vs. HCT-116. (c) Expression
of cleaved caspase-3 after treatment for 72 h with different doses of melatonin (Mel) and agomelatine
(Ago) on HCT-116 and HCT-116 p53 null.

As shown in Figure 3¢, the cell death induced by agomelatine was caspase-dependent,
since this treatment induced increased the expression of active caspase-3 (cleaved caspase-3),
at least at the higher doses used (0.5 mM), in the HCT-116 and HCT-116-null cells.

3.3. Regulation of Tumor Growth In Vivo by Agomelatine

To study their effect on tumor growth in vivo and to analyze possible side effects after
treatment with both drugs, the HCT-116 and HCT-116-p53-null cell lines were injected
into the right and left flanks of the immunosuppressed Balb/c nu/nu mice, respectively.
Agomelatine and melatonin were injected at a dose of 5 mg/kg of body weight three
times per week. A group of animals injected with 5-fluorouracil (5-FU) at a dose of
50 mg/kg twice per week was also used. This treatment was chosen to compare the effects
of both agomelatine and melatonin, since it remains the first-line treatment for CRC, both
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alone (capecitabine) or in combination with other drugs (oxaliplatin and irinotecan, among
others). The protein p53 serves as the major route for the anti-cancer effect of 5-FU and
determines the cellular sensitivity to cytotoxic 5-FU [32] In fact, the absence of an active
p53 drastically reduces its effectiveness [33].

At the doses used, all the drugs reduced the sizes of the tumors generated by the
HCT-116 cells. In this case, agomelatine and 5-FU showed similar levels of potency
(p < 0.05 vs. non-treated mice). Melatonin showed an almost statistically significant
effect (p = 0.076) (Figure 4a). In the tumors generated by the HCT-116-p53-null cells, only
agomelatine was able to reduce their size (p < 0.05), and its effect was significantly differ-
ent from that of the 5-FU (p < 0.01) (Figure 4b). At the systemic level, agomelatine and
melatonin led to an increase in blood glucose and alanine transaminase (ALT), whereas the
treatment with 5-FU induced an increase in ALT levels (Figure 56).
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Figure 4. Tumor growth in the four groups of nude mice (controls and those treated with agomelatine,

melatonin, or 5-FU, as described in Materials and Methods) in cell-line-derived xenografts in either
(a) HCT-116 or (b) HCT-116 p53 null. Data represent mean £ SEM. * p < 0.05 vs. control mice;
## p < 0.01 vs. 5-FU group. (c) Representative images of tumors in control and treated mice in
cell-line-derived xenografts. C: control; Mel: melatonin; Ago: agomelatine; 5-FU: 5-fluorouracil.

3.4. Agomelatine Regulates p53-Protein Levels in In Vitro and In Vivo Models of CRC

Melatonin and 5-FU regulate the expression of p53 protein levels and, as mentioned
above, the presence of p53 is crucial for 5-FU’s effectiveness [32-34]. As an analogue of
melatonin, we analyzed whether agomelatine also regulated the levels of p53 in our in vitro
and in vivo models. As shown in Figure 5a, agomelatine induced a small increase in the
expression of the p53 protein after 72 h of treatment in the HCT-116 cells, although no
effect was found after melatonin treatment at this point. Similar results were found in the
in vivo model, in which the 5-FU displayed the highest effect (Figure 5b). As expected, the
expression of the p53 protein was absent in the in vitro and in vivo models derived from
the HCT-116-p53-null line (Figure 5).
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Figure 5. Expression levels of p53-protein in response to the treatments (a) with 0.5 mM agomelatine
(Ago) and 1 mM melatonin (Mel) in the in vitro model, and (b) with agomelatine (Ago), melatonin
(Mel), and 5-5-fluorouracil (FU) in tumors derived from HCT-116 and HCT-116-p53-null cell lines.

3.5. Agomelatine Regulates Circadian-Clock Genes” Rhythmicity in CRC Cell Lines In Vitro

Next, we analyzed the involvement of circadian-clock genes in the effects on the cell
growth and viability induced by agomelatine and melatonin in both cell lines. Given that
the effect of 0.5 mM agomelatine on cell growth was significant from 24 h in both cell lines,
after cell-culture synchronization by serum shock for 6 h, the cells were cultured in the
presence of 10% FBS and treated with vehicle, 0.5 mM agomelatine, or 1 mM melatonin for
48 h. The expressions of Per1-3, Cry1, Clock, Bmall, and Nr1d2 were analyzed every 4 h
(Figure 6).

We found a statistically significant rhythmicity in all the genes studied in the HCT-116
and HCT-116-p53-null cells (Tables 1 and 2). However, these cells showed some differences
in the characteristics of their rhythmicity (Table 2). The acrophase of the Per2, Cry1, Bmall,
and Nr1d2 showed an advance in phase in the HCT-116-p53-null cells versus their isogenic
HCT-116 cells. The MESOR levels of the Perl and Per3 were lower in the HCT-116-p53-null
cells than in the HCT-116 cells, but this parameter of Bmall was higher in the cell line
HCT-116 p53 null. There were also differences in the amplitudes of some of the genes
between these cells, although these were smaller than those found for the acrophase and
the MESOR. The Per2 and Nr1d2 showed lower amplitudes in the HCT-116-p53-null cells
than in the HCT-116, while this parameter was higher for the Bmall.

The treatments with agomelatine and melatonin in the HCT-116 control cells main-
tained the rhythmicity of the genes studied, albeit with some differences (Table 1). Both
drugs induced an advance in phase in the acrophase of the Perl, Per2, Per3, and Cry1;
however, the effect of agomelatine was significantly higher in all these genes, except in the
case of the Per3, in which both treatments had a similar effect. Only agomelatine induced a
delay in the acrophase of the Nr1d2. No significant effects were found on the acrophase
in the Clock or Bmall. Agomelatine increased the MESOR in the Bmall and decreased
it in the Nr1d2, while melatonin increased this parameter in the Clock. Both treatments
increased the amplitude in the Per3. Agomelatine increased the amplitude in the Per2 and
decreased it in the Nr1d2. Melatonin treatment decreased the amplitude in Perl compared
with the agomelatine treatment, while increased it in the Clock.
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Similar to the results found in the HCT-116 cells, both treatments maintained the
rhythmicity of the genes analyzed in the HCT-116-p53-null cells (Table 2). In these cells,
only agomelatine was able to induce an advance in phase in the acrophase of the Perl,
Per3, and Cryl compared with the non-treated cells, whereas Per2 and Clock acrophase
showed a delay in phase. Agomelatine also increased the MESOR in the Per1, Clock, and
Nr1d2, while it decreased the MESOR in the Cryl. Melatonin also enhanced the MESOR in
the Clock and reduced it in the Bmall. Agomelatine increased the amplitude in the Per3
and Nrl1d2. Melatonin did not change this parameter in any of the genes studied in this
cell line.

We also analyzed the rhythmicity of the Sirtl in the non-treated cells and after the
agomelatine and melatonin treatments in both cell lines (Figure 7). The HCT-116 cells
showed a delay in phase in the acrophase and lower MESOR levels than the HCT-116-p53-
null cells (Table 3). Agomelatine and melatonin changed the acrophase of the genes in
both types of cell, but while agomelatine induced an advance in phase of this parameter,
melatonin delayed it. Melatonin also increased the amplitude of the SIRT1 rhythmicity.
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cell lines. Curve fittings under the different conditions were performed using a 48-h test period.
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Table 1. Results of the cosinor analysis of the clock genes’ expression after agomelatine or melatonin
treatment in the HCT-116 cell line.

Gene Treatment PR! p-Value 2 Amplitude (A.U.) 3 Acrophase (h) 4 MESOR (A.U.)
Control 29.41 0.03 517 +1.45 3.06 £1.91 9.77 + 0.99
Perl Ago 0.5 42.85 0.003 6.06 £ 1.22 45.30 4+ 1.53 *** 10.40 £ 0.86
Mel 1 34.77 0.008 224 4+053% 32.83 4 2.00 *** 8.25 4+ 0.39
Control 31.66 0.006 0.076 £+ 0.018 2.76 £ 1.19 0.28 + 0.01
Per2 Ago 0.5 42.02 0.001 0.140 £+ 0.003 * 9.35 £ 0.08 *** 0.25 £+ 0.02
Mel 1 27.81 0.003 0.088 + 0.024 6.58 4 2.09 **+HH 0.26 & 0.02
Control 25.36 0.008 0.33 £ 0.09 17.47 £ 1.15 0.72 £ 0.07
Per3 Ago 0.5 60.62 0.0001 091 £0.14 * 6.06 £ 0.68 *** 0.94 + 0.09
Mel 1 31.33 0.002 0.96 +0.25* 5.55 4+ 1.44 *** 0.83 +0.18
Control 63.01 <0.0001 1.62 +0.22 1.79 +£1.02 3.81 £0.15
Cryl Ago 0.5 73.64 <0.0001 219 £0.21 9.47 £ 0.48 *** 3.48 £0.16
Mel 1 37.72 0.0004 1.79 £ 0.42 455 4 1.3] »H# 3.90 +£0.29
Control 57.99 <0.0001 0.101 £+ 0.015 13.14 £ 1.13 0.18 £ 0.01
Clock Ago 0.5 56.69 0.001 0.111 4+ 0.019 11.76 + 2.97 0.16 + 0.01
Mel 1 56.75 <0.0001 0.189 =4 0.029 **### 10.77 + 1.16 0.26 =+ 0.02 **+###
Control 61.01 <0.0001 0.0088 + 0.0012 12.99 + 1.06 0.014 4+ 0.001
Bmall Ago 0.5 71.30 <0.0001 0.0138 + 0.0015 10.47 + 0.84 0.025 £ 0.001 ***
Mel 1 38.63 0.0003 0.0092 + 0.0020 10.85 £+ 1.67 0.016 = 0.001 ##
Control 48.84 <0.0001 1.73 +£0.32 12.19 + 0.63 3.79 £0.22
Nr1d2 Ago 0.5 55.56 <0.0001 0.94 +£0.15** 3.32 £ 0.55 *** 2.86 £+ 0.11 ***
Mel 1 57.84 <0.0001 1.89 4 0.28 ## 11.55 + 0.56 ### 3.74 + 0.20 ###
1 PR: percentage of rhythm; ? p-value: zero-amplitude test; > A.U.: arbitrary units; * h: hours. Comparisons of
parameters under the different conditions were performed using a 48-h test period. * Values of p < 0.05 vs. control,
** p < 0.01 vs. control, ** p < 0.001 vs. control; # p < 0.05 vs. agomelatine, *# p < 0.01 vs. agomelatine, #* p < 0.001
vs. agomelatine.
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Figure 7. Characteristics of each of the rhythms obtained for sirtuin 1 (SIRT1) gene after agomelatine
(Ago) and melatonin (Mel) treatments in the HCT-116 (a) and HCT-116-p53-null (b) cell lines. Curve
fittings under the different conditions were performed using a 48-h test period.

In order to find differences between the mechanisms of action of agomelatine and
melatonin that could explain the differences in rhythmicity found between the genes
studied in the two cell lines, we also analyzed the PRX1 in the non-treated cells and after
the agomelatine and melatonin treatments (Figure 8). The PRX1 acrophase in the HCT-116
cells showed an advance in phase but lower MESOR than in the HCT-116-p53-null cells
(Table 4). Agomelatine and melatonin induced changes in different parameters in the
HCT-116 cells (Figure 8a). Melatonin induced an advance in phase in the acrophase and the
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MESOR of the gene, while agomelatine delayed this parameter. By contrast, agomelatine
induced an advance in phase in the acrophase and decreased the MESOR of the PRX1 in
the HCT-116-p53-null cells (Figure 8b), while melatonin did not induce changes in any of
the rhythmic parameters in this gene (Table 4).

Table 2. Results of the cosinor analysis of the clock genes’ expression after agomelatine or melatonin
treatment in the HCT-116-p53-null cell line.

Gene Treatment PR! p-Value 2 Amplitude (A.U.) 3 Acrophase (h) 4 MESOR (A.U.)
Control 47.47 0.0001 2.42 + 0.45 3.01 + 0.65 611+ 0331
Perl Ago 0.5 51.58 0.003 254 4+1.22 4.80 + 3.68 *** 8.36 & 0.86 **
Mell 68.24 <0.0001 224026 2.61 + 0.41 ### 6.13 + 0.19 ##
Control 61.90 <0.0001 0.22 + 0.03* 4.89 +0.48 Tt 0.34 + 0.02
Per2 Ago 0.5 44.57 0.0001 0.19 + 0.04 1.29 &+ 1.16 *** 0.29 + 0.03
Mel 1 56.40 <0.0001 0.25 + 0.04 5.44 + 0.56 ### 0.32 £+ 0.03
Control 40.65 0.0002 0.13 £+ 0.03 6.02 + 0.71 0.37 +0.02 1t
Per3 Ago 0.5 65.87 <0.0001 0.21 +0.03 * 4248 + (.95 =+ 0.37 &+ 0.02
Mel 1 56.89 <0.0001 0.17 £ 0.02 6.41 + 1.16 *## 0.34 £+ 0.02
Control 78.47 <0.0001 2.19 +0.20 5.73 + 0.34 t1* 416 +0.14
Cryl Ago 0.5 79.43 <0.0001 213 £0.17 9.11 £ 042 * 3.25 £ 0.13 ***
Mel 1 67.89 <0.0001 1.88 4+ 0.22 6.51 + 0.44 3.82 + 0.16 **
Control 41.13 0.0002 0.05+001"1 11.99 + 1.59 0.16 £ 0.01
Clock Ago 0.5 73.01 0.0001 0.04 + 0.01 457 +0.76 *** 0.19 4 0.01 **
Mel 1 56.47 <0.0001 0.06 £ 0.01 8.86 + 1.17 ## 0.19 £ 0.01 **
Control 58.43 <0.0001 0.018 £ 0.003 tt* 35.12 + 1.09 tf 0.025 =+ 0.002 tt*
Bmall Ago 0.5 50.78 <0.0001 0.011 =+ 0.002 39.95 + 1.31 0.022 + 0.001
Mel 1 37.40 0.0004 0.010 + 0.002 37.92 +1.56 0.020 + 0.002 *
Control 45.84 <0.0001 1.41 + 027 t* 35.29 + 1.44 ttt 3.25+0.19
Nrld2 Ago 0.5 71.46 <0.0001 3.78 £ 0.41 ** 37.66 + 0.84 5.54 4 0.29 ***
Mel 1 44.92 0.0001 2.08 + 0.40 36.94 + 1.47 4.07 + 0.28 ###
LPR: percentage of rhythm; 2 p-value: zero-amplitude test; 3AU.: arbitrary units; 4 h: hours. Comparisons of
parameters at the different conditions were performed using a 48-h test period. * Values of p < 0.05 vs. control,
** p < 0.01 vs. control, *** p < 0.001 vs. control; # p < 0.01 vs. agomelatine, #* p < 0.001 vs. agomelatine. * p < 0.05
vs. HCT-116, ¥ p < 0.01 vs. HCT-116, ™! p < 0.001 vs. HCT-116.
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Figure 8. Circadian rhythms obtained for peroxiredoxin 1 (PRX1) gene after agomelatine (Ago) and

melatonin (Mel) treatments in the HCT-116 (a) and HCT-116-p53-null (b) cell lines. Curve fittings
under the different conditions were performed using a 48-h test period.
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Table 3. Results of the cosinor analysis of Sirtl-gene expression after agomelatine or melatonin

treatment in the HCT-116 and HCT-116-p53-null cell lines.

Cell Line  Treatment PR! p-Value 2 Amplitude (A.U.) 3 Acrophase (h) 4 MESOR (A.U.)
Control 47.58 <0.0001 0.367 & 0.071 2.80 £0.92 1.37 £0.15
HCT-116 Ago 0.5 47.05 <0.0001 0.456 + 0.084 22.31 £ 1.41 *+* 1.23 £ 0.16
Mel 1 80.65 <0.0001 0.483 + 0.042 0.52 == 0.24 %+ H# 1.96 +0.13
HCT11e  Control 34.8 0.0009 0.392 + 0.093 16.42 +1.82 Tt 3.48 +0.17 H1F
53 null Ago 0.5 35.92 0.0006 0.518 £0.114 2548 £ 1.12 **+* 3.91+0.18
P Mel 1 62.29 <0.0001 0.766 4= 0.102 ** 4.59 4 0.34 *xHi 414 +£0.17
L PR: percentage of rhythm; 2 p-value: zero-amplitude test; SAU.: arbitrary units; 4 h: hours. Comparisons of
parameters at the different conditions were performed using a 48-h test period. ** p < 0.01 vs. control, ** p < 0.001
vs. control; ## p < 0,001 vs. agomelatine. 't p < 0.001 vs. HCT-116.
Table 4. Results of the cosinor analysis of PEX1-gene expression after agomelatine or melatonin
treatment in the HCT-116 and HCT-116-p53-null cell lines.
Cell Line  Treatment PR1 p-Value 2 Amplitude (A.U) 3 Acrophase (h) 4 MESOR (A.U.)
Control 38.04 0.0004 457 £10.2 3.38 £ 0.56 329+7
HCT-116 Ago 0.5 74.50 <0.0001 704 +£74 327 +0.31 232 £ 5%+
Mel 1 67.01 <0.0001 71.6 8.7 32.54 = (.93 *** 368 + 6 *xx A
HCT116  Control 38.90 0.0003 54 +12 0.63 +0.79 ™ 591 + 8 1*
53 null Ago 0.5 64.23 <0.0001 81 £10 3.83 4= 0.39 *** 447 £ 8 ***
P Mel 1 46.83 <0.0001 65+ 12 1.71 +0.62 583 4 9 ##

1 PR: percentage of thythm; 2 p-value: zero-amplitude test; 3 A.U.: arbitrary units; * h: hours. Comparisons of
parameters at the different conditions were performed using a 48-h test period *** p < 0.001 vs. control; # p < 0.01
vs. agomelatine, #* p < 0.001 vs. agomelatine. 1 p < 0.01 vs. HCT-116, "t p < 0.001 vs. HCT-116.

4. Discussion

This study describes, for the first time, the potential use of agomelatine as a treatment
for CRC. Agomelatine inhibited cell growth in our in vitro and in vivo models of this
disease and induced cell-cycle arrest and caspase-dependent apoptotic cell death. We
propose that agomelatine exerted these effects through the regulation of the rhythmicity of
several core Clock genes. The effect of agomelatine was independent of the p53, although
this treatment decreased the cell growth more efficiently in the in vitro models of cells
harboring the wild-type p53.

Similarly, melatonin induced cell-growth inhibition in vitro and in vivo and cell-cycle
arrest. However, it was not able to increase apoptosis, as expected. These effects were
only observed in the presence of the wild-type p53, since p53 activation is critical for the
oncostatic effect of melatonin, encouraging p53 accumulation at the cellular level [34].
However, the expression of the protein increases transiently, displaying a maximum at
three hours after the treatment of with melatonin cells [34]. This could explain the lack
of effect found in our study, in which the effect on the p53-protein levels was assessed
after 72 h of melatonin treatment. The inhibition of tumor growth after the treatment with
melatonin was related to the inhibition of cell progression from the G0/G1 phase to the S
phase. This effect was dependent on the p53 status, since melatonin induces the activation
of p53 and p21. The observed increase in the percentage of apoptosis after the treatment
with the indoleamine may have been due to the blockade of the Akt/MDM2 pathway, an
effect that was previously observed in gastric cancer cells [35]. Increased apoptosis and
cell-cycle arrest should trigger the activation of the caspase-3 pathway, as described for
hepatocarcinoma cells [36]. Considering these observations, in our model, the fact that we
did not observe an increase in caspase-3 expression after melatonin treatment may have
been due to the small increase in apoptosis we obtained.

Intracellular melatonin signaling through its receptors can also be affected by the
status of p53. It has been reported that the expression of the membrane (MT1 and MT2)
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receptors of melatonin decreases in patients with colon cancer [22], but mainly in those with
mutations in the p53 gene [23], although melatonin levels and the expression of nuclear
(RORo) receptors do not change [22]. On the other hand, several works previously showed
the implication of melatonin receptors in its oncostatic actions in this disease [37,38]. This
could indicate that non-selective MT1/MT2 agonists with a higher affinity with these
receptors than melatonin itself could be of interest in the treatment of CRC [22]. In line
with this observation, we found that agomelatine was more potent than melatonin, at
least in the in vitro and in vivo models in which the tumor-suppressor gene p53 was in its
wild form. In this case, agomelatine seemed to induce a slight increase in the p53 protein
levels at the time at which it was analyzed. In addition, agomelatine was more potent than
the indoleamine in inhibiting cell growth in the in vitro models with the non-active p53.
Interestingly, unlike melatonin, as described above, agomelatine inhibited tumor growth
in vivo in the cases with the non-functional p53, indicating that mechanisms other than
p53 regulation may be involved in its mechanism of action, at least under these conditions.
Agomelatine has been shown to be more effective than melatonin when used as a treatment
for insomnia, depression, or obesity-associated comorbidities [39—41]. Agomelatine is a
non-selective agonist of MT1 and MT2 receptors, with a higher affinity with these receptors
than melatonin itself [42]. In addition, agomelatine has a longer half-life and better oral
absorption [43]. On the other hand, agomelatine is a serotonin-HT-2c- and -HT-2b-receptor
antagonist. The involvement of serotonin in tumor growth, differentiation, and gene
expression has long been known. In fact, its mitogenic effect has been demonstrated in
various types of cancer, including prostate, bladder, breast, and colon cancer [44]. In the
specific case of colon cancer, selective serotonin reuptake inhibitors (SSRIs), which increase
its concentration in nerve terminals both centrally and peripherally, have been shown to
have preventive effects [45].

In our in vitro model, we found the resynchronization of circadian rhythmicity by
agomelatine and melatonin in vitro. Both drugs regulated Perl, Per2, Per3, Cryl, and
Clock in cells harboring the wild-type p53. The change induced in the characteristics of the
rhythms analyzed (i.e., amplitude, acrophase, and/or MESOR) was always higher after the
treatment with agomelatine. In these cells, agomelatine also regulated Bmall and Nr1d2.
The deletion of p53 induced a loss of effect in both drugs, although agomelatine was also
found to be more potent than melatonin. In this type of cell, we also found a decrease
in the number of circadian genes regulated by both drugs, indicating the influence of the
circadian clock on the antiproliferative effect of these treatments. Previous reports showed
that melatonin regulates the circadian clock after the activation of MT1 and MT2 receptors
at the central level [39] and in cancer [46], whereas agomelatine acts at the central level
in a complementary and possibly synergistic manner on the MT1 and MT2 receptors of
melatonin and the HT2c receptor of serotonin to resynchronize circadian rhythms [47,48],
which could explain the greater effect found after the treatment with agomelatine.

The SIRT1 is a NAD+ dependent class III histone deacetylase, which is involved in
the control of cellular redox homeostasis [6]. It regulates the circadian clock by activating
the transcription of BMALL1 and Clock [6], and the intracellular levels of SIRT1 and NAD+
oscillate with a circadian pattern [7]. Although the exact role of SIRT1 is not well understood,
it has been implicated in tumor growth and resistance to therapy in several types of cancer,
including CRC [49,50]. An important relationship between melatonin, the circadian clock,
and SIRT1 has been described, although it remains unclear whether SIRT1 is a key mediator
of circadian-clock regulation by melatonin or whether melatonin acts through circadian
genes to regulate SIRT1 [51]. Peroxiredoxins (PRX) are a family of conserved enzymes
involved in the regulation of peroxide levels. The oxidation-reduction states of PRX1
proteins exhibit self-sustained oscillation in the absence of TTFL mechanisms. In addition,
the knockdown of PRX1 proteins affects circadian rhythms in nucleated cells, indicating
that the oxidation-reduction cycle of PRX1 is interconnected with the main circadian-clock
cycle [52]. Furthermore, Tp53 and SIRT1 are mediators of these connections [52], which
are important regulators of circadian-clock-gene expression [8,53,54]. In fact, in the present
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study, we found that agomelatine and melatonin can regulate the rhythmicity of SIRT1,
regardless of p53, although they differ in the characteristics of the rhythmicity affected.
Interestingly, only agomelatine was able to regulate the oscillations of the PRX1 in both
the wild-type p53 and p53 null cells, whereas melatonin only affected it in the wild-type
p53 cells. Further research is warranted to determine the mechanism underlying these
differences. The antioxidant ability of melatonin is extended to the regulation of the
expression and activity of PRX1 [55], although there are no available data regarding the
role of p53 in this action of the indoleamine.

The antitumor efficacy of 5-FU is due to its ability to induce cell-cycle arrest and p53-
dependent apoptosis [56]. Similarly to melatonin, several lines of research demonstrated
that this chemotherapeutic agent has a reduced ability to inhibit cell growth in CRC with
mutated or inactive p53 [57]. In this study, we used the treatment with 5-FU as a control
for the in vivo model carrying p53 null tumors, and only agomelatine was able to reduce
tumor growth in these animals. Although the side effects found at the systemic level
were similar after the three treatments, the 5-FU induced the greatest increase in AST
activity. At the metabolic level, melatonin treatment produced an increase in glucose and
alanine-aminotransferase levels, probably due to the role of melatonin in processes such as
glycogenesis or glycolysis [36].

5. Conclusions

Recent studies have shown that some anti-depressant treatments also exert an anti-
tumor effect, which is due to the modification of the tumor environment or the alteration
of the immune response. This is the case in colon-cancer , in which the use of fluoxetine
inhibits the transcriptional activity of NF-kappa B, and the proliferation of cells [58]. In
addition, in general, the use of these drugs does not present a large number of side effects in
the organism [59]. Therefore, taking into account the fact that treatment with antidepressant
drugs after a cancer diagnosis is quite frequent, if it is possible to perform both treatments
with the same drug, as is the case with agomelatine, conferring a double benefit. In
addition, the presence of a non-functional p53 has been implicated in 5-FU resistance in
CRC patients [57]. This barrier could be overcome with treatment with agomelatine, since
it has similar effectiveness regardless of p53 status, at least in the xenograft model used in
this study.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox12040926 /s1. Figure S1: Growth inhibition of HCT-116
and HCT-116-p53-null cells after treatment with (a) (c) agomelatine (0-1 mM) and (b) (d) melatonin
(0-1 mM) for 24, 48, and 72 h; Figure S2: Raw data of cell-cycle analysis by flow cytometry in HCT-116
cell line after treatment with agomelatine or melatonin; Figure S3: Raw data of cell-cycle analysis by
flow cytometry in HCT-116-p53-null cell line after treatment with agomelatine or melatonin; Figure S4:
Raw data of apoptosis analysis by flow cytometry in HCT-116 cell line after treatment with agome-
latine or melatonin; Figure S5: Raw data of apoptosis analysis by flow cytometry in HCT-116 cell
line after treatment with agomelatine or melatonin; Figure S6: Levels of glucose (a), alanine amino-
transferase (ALT) (b), amylase (c), urea (d), aspartame aminotransferase (e), and uric acid (f) in
sera of nude mice (controls and those treated with agomelatine, melatonin, or 5-FU, as described in
Materials and Methods); Table S1: Primers used in the real-time PCR assay; Table S2: Results at 24 h
of the cosinor analysis of the Clock genes’ expression after agomelatine or melatonin treatment in
the HCT-116 cell line; Table S3: Results at 24 h of the cosinor analysis of the Clock genes’ expression
after agomelatine or melatonin treatment in the HCT-116-p53-null cell line; Table S4: Results at 24 h
of the cosinor analysis of SIRT1 gene’s expression after agomelatine or melatonin treatment in the
HCT-116 and HCT-116-p53-null cell lines; Table S5: Results at 24 h of the cosinor analysis of PRX1
gene expression after agomelatine or melatonin treatment in the HCT-116 and HCT-116-p53-null
cell line; Table S6: Median Ct values obtained in the circadian rhythmicity analysis for each gene
under all conditions included in the study in HCT-116 cells; Table S7: Median Ct values obtained
in the circadian rhythmicity analysis for each gene under all conditions included in the study in
HCT-116-p53-null cells.
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Abbreviations

5-FU 5-fluorouracil

Ago agomelatine

ALT alanine transaminase

ARE anti-oxidant-response element
BMAL  brain and muscle ARNT-like
Clock circadian locomotor cycles kaput
CRC colorectal cancer

Cry cryptocrome

CSCs cancer stem cells

Cul3 cullin 3
Keapl kelch-like ECH-associated protein 1

Mel melatonin

MESOR  midline estimating statistic of rhythm

MT melatonin receptor

NAD nicotinamide adenine dinucleotide

Nr1d2 nuclear receptor subfamily 1 group D member 2
Nrf2 nuclear factor erythroid 2 related factor-2

Per period

PR percentage of rhythm

Prx-1 peroxiredoxin-1

ROR«x RAR-related orphan receptor alpha
SIRT1 sirtuin 1

TTFL transcription—translation feedback loops.
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Abstract: Sulfur and nitrogen mustards, bis(2-chloroethyl)sulfide and tertiary bis(2-chloroethyl) amines,
respectively, are vesicant warfare agents with alkylating activity. Moreover, oxidative/nitrosative stress,
inflammatory response induction, metalloproteinases activation, DNA damage or calcium disruption
are some of the toxicological mechanisms of sulfur and nitrogen mustard-induced injury that affects
the cell integrity and function. In this review, we not only propose melatonin as a therapeutic option
in order to counteract and modulate several pathways involved in physiopathological mechanisms
activated after exposure to mustards, but also for the first time, we predict whether metabolites of
melatonin, cyclic-3-hydroxymelatonin, N1-acetyl-N2-formyl-5-methoxykynuramine, and N1-acetyl-5-
methoxykynuramine could be capable of exerting a scavenger action and neutralize the toxic damage
induced by these blister agents. NLRP3 inflammasome is activated in response to a wide variety
of infectious stimuli or cellular stressors, however, although the precise mechanisms leading to
activation are not known, mustards are postulated as activators. In this regard, melatonin, through
its anti-inflammatory action and NLRP3 inflammasome modulation could exert a protective effect in
the pathophysiology and management of sulfur and nitrogen mustard-induced injury. The ability
of melatonin to attenuate sulfur and nitrogen mustard-induced toxicity and its high safety profile
make melatonin a suitable molecule to be a part of medical countermeasures against blister agents

poisoning in the near future.

Keywords: sulfur and nitrogen mustard; melatonin; oxidative stress; melatonin metabolites; NLRP3
inflammasome; DNA damage

1. Introduction

Sulfur mustards, especially bis(2-chloroethyl) sulfide, known as yperite or mustard
gas, and nitrogen mustards, with similar properties to those of their sulfur analogues,
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being bis(2-chloroethyl)methylamine (HN2) the best known, are the most important blister
agents, but not because they are considered a chemical weapon, but because of their use
in cancer treatment. These substances are included in the lists of substances subject to
CWC verification inspections [1]. In reference to the molecular mechanisms of toxicity
induced by blister agents, the following have been reported: the formation of DNA double-
strand breaks [2], alkylation of cellular macromolecules [3], activation of Poly ADP ribose
polymerase-1 (PARP-1) [4], oxidative stress and generation of reactive oxygen and nitrogen
species (RONS) [5], dysregulation of intracellular Ca*? [6], inflammation [7], proteolytic
activation [8], and epigenetic modifications [9] have been reported. Unfortunately, imme-
diate total decontamination after mustards exposure is difficult to achieve, and there are
not any completely effective and /or efficient antidotes and treatments do not exist. In this
complex scenario, the use of a broad-spectrum agent, with a high safety profile and the
ability to act on multiple intracellular signaling pathways favoring cell survival, would be a
good therapeutic strategy to counteract vesicant agents-induced damage. In this regard, we
proposed that melatonin, due to its wide range of biological actions, serving as an indirect
antioxidant and free radical scavenger, anti-inflammatory and immunomodulatory agent,
or as an epigenetic modulator, and taking into account its low toxicity and high efficacy in
reducing oxidative damage and improving human health, should be considered as a strong
candidate against exposure and toxicity caused by the most widely used blister agents.

Melatonin and its metabolites, such as [cyclic-3-hydroxymelatonin (c30HM), N1-
acetyl-N2-formyl-5-methoxykynuramine (AFMK), and N1-acetyl-5-methoxykynuramine
(AMK)] exert cell protection against oxidative stress, scavenging and inhibiting the genera-
tion of free radicals. Therefore, in this review, we propose mechanisms by which some of
these metabolites could mitigate the toxic events elicited by blister agents. Consequently,
this protection would further enhance the therapeutic profile of melatonin.

Another important target activated in response to vesicants is the NLRP3 inflamma-
some [10], which is associated with a large number of diseases, including inflammatory
diseases, metabolic pathologies and carcinogenesis. In this context, melatonin inhibits the
NLRP3 inflammasome activity [11] suggesting a new strategy for protecting against blister
agents-induced cell death.

Current understanding of the toxicology associated with exposure to vesicant agents
is insufficient to explain, in mechanistic terms, their long-term pathology. In this sense,
the effects of variable severity that can occur in the long term after acute intoxication by
blister agents, makes us think, once again, on the use of melatonin to modulate epigenetic
mechanisms in the clinical treatment of exposed patients.

The purpose of this review article is to highlight the protective role of melatonin and
its metabolites in counteracting sulfur and nitrogen mustard-induced damage.

2. Molecular Toxicity Mechanisms of Sulfur and Nitrogen Mustards

The toxicological mechanism of action of vesicants (blistering agents), including the
cytotoxic vesicating sulfur and nitrogen mustards, is related to their high reactivity with
proteins, DNA, and other cellular components. However, oxidative stress induction (glu-
tathione depletion, lipid peroxidation and reactive oxygen and nitrogen species generation),
the activation of poly (ADP-ribose) polymerases (PARPs) (NAD+ depletion and decrease of
ATP production), mitochondrial disruption, changes in matrix metalloproteinase-9 (MMP-
9) expression, intracellular Ca*? overload, epigenetic mechanisms (long-term toxicity), and
programmed cell death, are significant events involved in the molecular toxicity of these
vesicating agents [12].

The disturbances between reactive oxygen and nitrogen species (RONS) generation
and antioxidant defense mechanisms balance, after acute toxicity of sulfur and nitrogen
mustards, lead to oxidative stress [13], which is a crucial event of the pathological pro-
cess causing oxidation of macromolecules, including proteins, nucleic acids and lipids.
Currently, all efforts in drug development are directed towards the attenuation of DNA
alkylating capacity. However, the generation of RONS and establishment of a scenario
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of oxidative stress after vesicants exposure, is a more immediate event (hours) than the
formation of guanine adducts in contaminated individuals (weeks) [14]. Therefore, in a
first approach to reduce sulfur and nitrogen mustards-induced toxicity, the main target
would be to counteract oxidative stress.

Production and accumulation of mitochondrial RONS induced by blister agents lead
to mitochondrial disruption, mtDNA damage and inhibition of mitochondrial oxidative
phosphorylation (OXPHOS) complex inhibition [15]. Recently, Meng et al. [16] have evi-
denced the presence of a sulfur mustard in the mitochondpria of living cells, which indicates
that mustards can exert toxicity in cytoplasmic organelles, particularly, dysfunction of
mitochondrial dynamics [17]. This increases RONS producing-related enzymes, such as
aldehyde oxidase-1 (AOX1), dual oxidases (DUOXs), inducible nitric oxide synthase (iNOS)
and thyroid peroxidase (TPO) by reducing both activities of the cytosolic antioxidant en-
zymes superoxide dismutase (SOD), catalase (CAT) and intercellular glutathione (GSH) [18].
Furthermore, the thioredoxin system and NADPH, critical elements in the protection of all
living cells, are necessary for controlling the antioxidant defense system against oxidative
stress and protein folding through thiol redox control. In this regard, the nitrogen mustard-
derivative mechlorethamine (HN2) inhibits the thioredoxin system inducing overload of
RONS and, subsequently, oxidative stress and cellular damage [19]. In addition, RONS
can also induce lipid peroxidation (LPO), which leads to LPO-DNA adducts in targeted
tissues exposed to mustards [20]. Moreover, an increase in the production of superoxide
anions (O,°7) from mitochondria associated with an uncoupler in the mitochondrial respi-
ratory chain has been observed after mustards exposure [21]. These events compromise the
activity of antioxidant defense systems and, therefore, cellular survival.

The most significant effect of mustards in a low dose of exposure is DNA alkylation
and cross-linking. PARP-1, in response to DNA damage, uses NAD+ as a substrate to
catalyze the covalent binding of poly-ADP-ribose (PAR) and some other nuclear proteins
involved in DNA repair. Subsequently, overactivation of PARP-1 and depletion of NAD+-
dependent nuclear enzymes by the complex mustards—DNA adducts, without recruitment
of the repair system, triggers cell death via necrosis/apoptosis and autophagy [22]. PARP-1
activation is involved in DNA repair; however, overactivation by mustards-induced DNA
damage coupled with fast consumption of the NAD+ leads to ATP depletion and cell
death [4]. In this respect, intracellular ATP levels act as a cellular sensor to switch the
apoptotic or necrotic pathways in response to mustard injury, which may affect the micro-
filament architecture. In this line, the cytoskeleton organization disruption by exposure
to bifunctional alkylating agents sulfur [23] and nitrogen mustards [24], interfere with the
mechanisms required for homeostasis maintenance and actin filament cell morphology. It
has been proposed that after mustard exposure, PARP-1 is activated and mediates ONOO™
induced necrosis; under conditions of low level cell damage, PARP-1 allows DNA repair
and cell recovery [25]. This may lead to the delayed toxicity of mustards since cells are able
to divide but not be free of damage.

Matrix metalloproteinases (MMPs) are a family of calcium-dependent zinc-binding
proteolytic enzymes essential for the remodeling of extracellular matrix (ECM). Gelatinase
MMP-9, which promotes proinflammatory pathways and degrades ECM constituents,
is up-regulated in lung tissue following sulfur mustard exposure and aggravates the
pathogenesis during the progression of a disease [8]. More recently, sulfur mustard was
reported to induce corneal structural damage through changes in gene expression of
MMPs [26]. Therefore, extracellular matrix proteins and matrix metalloproteinases could
be a goal of strategy as a direct therapeutic target against vesicant injury in the ocular tissue.
In this context, topical exposure to nitrogen mustard significantly up-regulates MMP9 via
MAPK/ Akt-AP1 pathway, increasing vesicant-induced skin damage [27].
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Intracellular calcium [CaZ*]; overload is another molecular toxicity mechanism by
which vesicants produce cell damage at the acute phase [5]. Ca*? is an essential second
messenger for cell homeostasis maintenance and its disturbance provokes triggering cellular
pathways that contribute to cytotoxicity. Thus, intracellular [Ca®*]; overload after nitrogen
mustard exposure triggers autophagy through the TRPV1-Ca?*-CaMKKB-AMPK-ULK1
signaling pathway [28]. Likewise, sulfur mustard is able to increase [Ca*]; mediated by
transient receptor potential ankyrin 1 (TRPA1) ion channel/ heat shock 70 kDa protein 6
(HSPA®6)-induction [29], which leads to oxidative stress and stimulates cell death.

Long-term toxicity of mustards affects the quality of life of patients leading to neu-
robehavioral impairment, cognitive disorders, and severe depression, among others [30].
Furthermore, mustards induce epigenetic modifications without altering the primary DNA
nucleotide sequence in cells and tissues exerted by modulators such as histone acetyltrans-
ferases (HATs), histone deacetylases (HDACs) and DNA methyltransferases (DNMTs),
which play crucial roles in histone acetylation and deacetylation, modulation of chromatin
and DNA expression, and cytosine methylation, respectively. Regarding this issue, sulfur
mustard induces epigenetic disturbances through DNA methylation and acetylation both
in endothelial cells and in vivo skin samples [31]. Dysregulation of HATs and HDACs was
also observed after 24 h at low and high dose of sulfur mustard exposure [32]. Regarding
the post-transcriptional epigenetic modifications, increasing in serum levels, non-coding
microRNAs (miRNAs) were found in humans [33,34] and in rats [35] after sulfur and
nitrogen mustard exposure. In this sense, we believe that further clarification of epigenetic
mechanisms of mustards may be useful in the development of new therapeutic options.

3. Protective Cellular and Molecular Mechanisms of Melatonin against Sulfur and
Nitrogen Mustard-Induced Oxidative Stress

As mentioned above, oxidative stress (OS) events have been proposed to play a major
role after sulfur and nitrogen mustard exposure. Indeed, after mustard exposure, the in-
duced oxidative environment (ROS, NO and ONOO™), including GSH depletion, triggers
its detrimental effects cascade [25]. Consequently, a molecule with an effective antioxidant
activity would be of therapeutic interest to counteract mustard effects against this key toxic
event [36]. Noteworthy, conventional antioxidants cannot remove ONOO™. In this regard,
melatonin emerges as a promising candidate for a medical countermeasure, with unique fea-
tures and pleiotropic activities including its well-known antioxidant properties and RONS
scavenging potential. Melatonin exerts these effects through several mechanisms [37,38].
Antioxidant therapy is intimately related to inflammation modulation, as NOS inhibitors
effectively counteract OS and OS seems to trigger an inflammatory cascade [39].

As a consequence of the described protective effects of melatonin, several authors
have studied its antioxidant potency versus mustards, its capacity to detoxify free radicals,
as well as other antioxidant properties in rats (Table 1).

The exposure to mustards reduces glutathione peroxidase (GPx) activity which leads
to an OS environment. A pre-administration of melatonin in nitrogen mustard-exposed
animals protected from GPx loss in a dose-dependent manner [40]. This is quite relevant
because while mustards did not diminish significantly SOD levels, other OS markers were
altered, i.e., MDA or GPx, which denotes that an OS environment is present in exposed
animals. Remarkably, melatonin enhanced SOD activity despite it not previously dimin-
ished by mustards [40]. Melatonin showed significant protection for increased oxidized
glutathione (GSSG) levels in addition to counteracting the decrease of GSH after nitrogen
mustard administration [41]. These results reveal that melatonin’s capacity to neutralize
RONS is extensive and complex and, in particular, can directly and immediately combat the
short-term damage caused by acute exposure to mustards, as previously reported [14,18].
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After nitrogen mustard exposure, RONS overload induces LPO, which is estimated
by measuring Malondialdehyde (MDA) or Thiobarbituric acid reactive substance (TBARS)
levels, as LPO markers. A study determined that mustard-exposed animals developed
strong oxidative stress increasing MDA levels, and melatonin administration significantly
diminished MDA levels [40,41], which contributed to membrane protection from LPO.
Whereas Pohanka et al. [42] observed that, despite sulfur mustard not seeming to signifi-
cantly induce changes in plasma levels of LPO compared to the control, when melatonin
was previously administered to animals, the LPO marker TBARS was approximately three
folds lower, indicating the significative antioxidant activity exerted by melatonin, reducing
LPO (Table 1).

Nitrosative stress markers are just as relevant as oxidative markers. In this regard,
there is a large body of evidence that melatonin has an important role in counteracting
an increased activity of reactive nitrogen species (RNS) producing related enzymes, as
well as selectively inhibiting iNOS [43-45]. There is a strong nitrosative stress induction
after nitrogen mustard exposure, the expression of iNOS increases generating nitric oxide
(NO), which is an unstable nitrogen radical related to ONOO™ formation by reacting with
superoxide anion (O,° 7). Both NO and ONOO™ induce cytotoxicity, modifying membrane
lipids, proteins, and DNA covalently [40,44,46,47]; the protection of melatonin at this stage
will be extensively discussed in Section 5. Nevertheless, the administration of melatonin
seems to reduce nitrosative stress markers (Table 1), measured as the urinary excretion of
NO metabolites, nitrite-nitrate (NOx), which is in accordance with the observed inhibition
of iNOS activity suppression in treated animals [40,47,48]. Similarly, mice administered
intraperitoneally with a single toxic dose of alkylating cyclophosphamide (CP; 200 mg/kg)
developed intense oxidative stress in lung homogenates (reducing GSH levels and SOD and
CAT antioxidant enzymes), while pre-treatment for seven consecutive days with melatonin
(2.5-20 mg/kg) quenched lipid peroxidation and restored normal oxidative parameters [49].

Table 1. In vitro and in vivo studies about the protective actions of melatonin against sulfur and
nitrogen mustard-induced damage.

Model Blister Agent (Dose) Melatonin Dose Results Reference
Wistar Rats M‘zcﬂf“éoéf;}fg“)me z?pigijftgf r{ tl;g } LPO (MDA) [40]
Wistar Rats Me(%}.lfl)olilegﬂ;ir;ine (pi?tz;stﬁ(egn H 1 SOD activity [40]
Wistar Rats Me(((:)l"glorfgt};irgn)ine 2(();2(31‘32’(;251{’(1; & 1 GPx [40]
Wistar Rats Mezcoli\éoli‘legtl/iirgn)ine (p;}(?tlzftl/ii(egn 9 4 NOx [40]
Wistar Rats (Z(S)lfrfllérg%ﬁ;a/rgg) Zipizifgtﬂfr{; 8 Tantioxidant power (FRAP) [42]

Sprague-Dawley rats Mezélr‘\éo;fgﬂr/lirgn)ine © dlcggsn;%)/slt(—gei;igure) 1 NOx [47,48]
Swiss mice Me(cl}‘g(;;;tﬁﬁgme 250 mg/kg 1 GSSG [41]
Swiss mice ?giﬂ"fgﬁ?ﬁ; 250 mg/kg | LPO (MDA) [41]
Swiss mice Mec(?lr(;fgt/lrllagr?ine 250 mg/kg 1 GSH [41]

Malondialdehyde (MDA), Superoxide dismutase (SOD), Glutathione peroxidase (GPX), Lipid peroxidation (LPO),
Nitrosative stress markers nitrite-nitrate (NOx), Thiobarbituric acid reactive substance (TBARS), Ferric-reducing
antioxidant power (FRAP), reduced and oxidized glutathione (GSSG), glutathione (GSH), 1 increase, | decrease.

85



Antioxidants 2023, 12, 397

The studies mentioned in this section treated animals with doses of melatonin from
20 mg/kg to 250 mg/kg (Table 1). Undoubtedly, further investigations are needed to
establish the effective dose for each of the wide variety of possible treatments as a preventive
measure, and for acute or delayed mustard toxicity.

When melatonin antioxidant power has been studied (Table 1), with the ferric-reducing
antioxidant power (FRAP) assay in plasma, a significant situation has been found. While
untreated melatonin rats did not present changes, the FRAP for Sulfur mustard + melatonin
animals were significantly improved, and this increment was significantly higher compared
to only melatonin-treated rats. This leads the authors to think that melatonin’s antioxidant
power involves other factors and does not only respond to concentration [42].

Therefore, the described free radical scavenging capacity of melatonin would facilitate
the neutralization of sulfur and nitrogen mustards-induced oxidative damage. In this
regard, we have previously proposed three mechanisms to achieve melatonin’s protective
action: hydrogen-atom transfer (HAT), single electron transfer (SET) and radical adduct
formation (RAF) [50,51]. Moreover, melatonin metabolites, c3OHM, AFMK and AMK are
also capable of exerting a scavenger action [52]. Therefore, and considering the ability of
melatonin metabolites to quench free radicals and thus protect against oxidative damage,
we herein propose the possible mechanisms by which some of them could mitigate the
toxic events elicited by blister agents such as the nitrogen mustard-2 (HN2) (Figure 1).
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Figure 1. Two proposed mechanisms that may explain the quenching ability of c30HM on HN2.

The melatonin metabolite c30HM may trap HN2 by nucleophilic substitution, re-
leasing a chloride ion. Otherwise, this chloride ion could leave previously due to an
intramolecular nucleophilic attack of the tertiary amine, being then the target for the nu-
cleophilic substitution of the N-methylaziridinium cation. In both cases, the pending
alkylating agent may decompose to form ethylene and the less toxic N-methylaziridine,
while the chlorine radical is captured by the c30HM (purple mechanism, Figure 1). Alter-
natively, this metabolite of melatonin would furnish radical substitution over HN2, taking
chlorine radical and provoking the rapid decomposition of this blistering agent to form
similar products (Figure 1, blue mechanism). On the other hand, the AFMK metabolite of
melatonin does not seem to have a chemical nature to quench this blistering agent. Con-
versely, the metabolite AMK, despite its soft nucleophilic nature, would develop radical
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substitution over HN2 to bind chlorine in that step, and thus, inducing the decomposition
of this blistering agent in a similar fashion to the c30HM (Figure 2).

NH
c v( HCI
|
N
VAN

Figure 2. Proposed mechanism of HN2 quenching by the melatonin metabolite AMK.

Similar behavior may be displayed by melatonin metabolites quenching other blister-
ing agents, such as sulfur mustards, which have similar toxic actions. For these mustards, a
relevant toxicity mechanism is the formation of alkylthiiranium (namely cyclic alkylsulfo-
nium), which rapidly reacts with water producing thiodiglycol. Consequently, it is essential
that these active metabolites of melatonin, c30OHM or AMK, dissipate the sulfur mustard
before the alkylthiiranium generation avoiding, thus, this toxic mechanism (Figure 3).

Subsequently, and taking into account the review by Tan et al. [53], the capacity of
melatonin to counteract the oxidative environment induced by mustards does not only lie
in melatonin as the parent compound, but also in the endless fashion due to the action of
many melatonin metabolites, i.e., the antioxidant cascade. Together with its unique features,
its metabolite activities may reinforce the potency of melatonin reverting a mustard’s toxic
actions compared to other classical antioxidants.
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Figure 3. Proposed scavenging actions and mechanisms of breakdown of sulfur mustard by
melatonin metabolites.

4. Sulfur and Nitrogen Mustard-Induced Inflammation: Therapeutic Regulation of the
NLRP3 Inflammasome by Melatonin

As previously mentioned, sulfur and nitrogen mustards are bifunctional lipophilic
alkylating agents that rapidly penetrate tissues and cells and react with sulfhydryl, car-
boxyl, and aliphatic amino groups to form stable adducts [54]. This causes oxidative
and nitrosative stress, impairs cell function, causes DNA damage, and triggers cell death,
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apoptosis and autophagy [55,56]. In experimental models and humans, mustard-induced
acute and long-term injury is associated with RONS, which are closely associated with
mustard-induced inflammation. DNA-damaged cells undergo activation of various sig-
naling pathways, such as PARP, p53 and NF-«B, which play an important role in DNA
damage repair, cell cycle arrest and/or inflammation [57]. It has been shown that exposure
to mustards increases p53 levels and p53 phosphorylation, mediating early apoptosis and
inflammation [58,59]. Apoptotic cell death itself can activate innate immune responses
and increase inflammation [60]. Indeed, cell death induced by mustard exposure pro-
duces the release of various pro-inflammatory mediators, such as TNF-o, IL-1 or IL-1f3,
and stimulates the activation of resident macrophages and mast cells, hence activating
an immune response. These inflammatory cells also release inflammatory mediators that
activate neutrophil extravasation and accumulation at the injured area [61]. After tissue
infiltration, neutrophils generate chemotactic signals to attract monocytes and macrophages
to the injured area. Depending on the stage of injury, these cells may exhibit a proinflam-
matory phenotype or aid in wound healing. Tissue repair involves the phagocytosis of
apoptotic neutrophils, dead cells and debris at the site of injury and the release of various
growth factors that may help promote cell proliferation and extracellular matrix synthe-
sis [62]. However, during prolonged tissue stress, these cells may serve as a source of
inflammatory mediators and cytokines that may support further neutrophil infiltration
into the injury site [62]. Exposure of rats to vesicants results in marked increases in iNOS,
COX-2 and TNF« positive-macrophages in the lung [63]. Moreover, mustards induce the
increase of pro-inflammatory cytokines such as IL-6, IL-8, IL-12, and the fibrogenic cytokine
transforming growth factor (TGF) 3 [64].

NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome is
the most widely characterized inflammasome that activates caspase-1 and induces IL-
1B release. NLRP3 inflammasome is an important step in innate immune responses.
Recently, the NLRP3 inflammasome was shown to play an important role in vesicant-
induced cutaneous inflammation [10]. The authors describe that nitrogen mustard activates
NLRP3 inflammasome through the SIRT3-SOD2-mtROS signaling pathway. The NLPR3
inflammasome has recently been implicated in the immune pathogenesis of several diseases
including cardiac, gastrointestinal, pulmonary, metabolic and neurodegenerative diseases.
In this regard, inhibition of NLRP3 inflammasome activation has been proposed as a
promising novel therapeutic target for inflammation-related disorders. Therefore, mtROS-
dependent activation of the NLRP3 inflammasome may be an excellent target to counteract
vesicant exposure-induced damage.

Melatonin pleiotropy effects (free-radical scavenger, antioxidant, cytoprotective, anti-
inflammatory, oncostatic, anti-aging, immunomodulatory), includes inhibition of NLRP3
inflammasome. ROS is a main trigger of NLRP3 inflammasome activation [65]. Melatonin
reduces ROS production in various in vitro models through its antioxidant effect modifying
several antioxidant proteins or its ability to scavenge free radicals. In this sense, melatonin
reduces NLRP3 inflammasome activation through Nrf2-mediated ROS scavenging [66,67].
Moreover, melatonin diminishes the levels of TXNIP, suppressing ROS production and
NLRP3 activity [68]. NF-«B is a key regulator of the first phase (priming phase) of NLRP3
inflammasome activation. Melatonin prevents NLRP3 inflammasome activation by inhibit-
ing NF-kB signaling induced by LPS administration [69]. It is well-known that autophagy
is a negative regulator for NLRP3 activation. Recently, our research group showed that
LPS inhibits autophagy and increases NLRP3 protein levels and NLRP3 inflammasome
activation. Melatonin reversed LPS-induced cognitive decline, decreased NLRP3 levels
and promoted autophagic flux in mice [67]. Additionally, melatonin increased of LC3-
II/LC3-1, Atg 5 expression and suppressed NLRP3 inflammasome activation in a model
of subarachnoid hemorrhage [70]. Furthermore, the regulatory function of melatonin in
NLRP3 inflammasome activation in part occurs through post-transcriptional mechanisms,
by altering the expression of miRNAs and long noncoding RNAs [71]. In recent years,
different groups have proven the modulatory effect of melatonin on the inflammatory
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response. Hence, on the one hand the NLRP3 inflammasome plays an important role in
vesicant-induced inflammation and, on the other hand, melatonin exerts a strong regulatory
effect on NLRP3 inflammasome activation. In view of these evidences, this indoleamine
may serve as a good therapeutic candidate against vesicant-induced inflammation.

5. Role of Melatonin in Counteracting Sulfur and Nitrogen Mustard-Induced
DNA Damage

The poisoning by mustards and the subsequent casualties and incapacitating toxicity
produced are dire since none of their principal acute effects, including skin blistering, eye
disease and acute respiratory distress [72], has a palliative agent [73]. Furthermore, the
prolongation of sequelae over time in a pathological network of systemic involvement [74]
puts us in the position of finding antidote-based pleiotropic remedies that address the
multiplicity of actions gathered by vesicants. In this regard, the spectrum of signaling
deployed by melatonin and its metabolites [75,76], as well as their wide distribution
in nuclei and organelles [77,78], are consistent with the countermeasures demanded by
mustard-induced dysfunctionalities [79]. Specifically, this indoleamine appears to directly
remove DNA damage from physical and chemical aggressors [76]. The melatonin cascade
also enables extremely efficient electron transfer [80] to scavenge most RONS [25,53,81,82]
and the ONOO™ [83,84]. In addition, genomic regulation exerted by melatonin modulates
pro-oxidant and antioxidant mechanisms and mitochondrial metabolism [85,86], therefore
enhancing cellular responses against DNA alteration and chemical damage [51,87-89].
This multidimensional response of melatonin towards the repair of modified sites, the
elimination of macromolecule damaging agents and the activation of antioxidative defense
gives it proficiency to neutralize mustard pathology.

Along with lung, eye and skin damage [90], sleep disorders are very common in
mustard victims [91] and, in this regard, a cross-sectional study conducted with 100 sul-
fur mustard-injured Iranians from one-third of victims still suffering from poor sleep,
respiratory malfunction and other delayed illness from the Iran-Iraq war (1980-1988),
showed reduced nocturnal serum melatonin [92]. Moreover, a randomized, double-blind
and placebo-controlled trial study in another cohort of 30 Iranian veterans showed the
efficiency of melatonin in improving sleep quality [93]. Consequently, the current state of
knowledge nurtured from clinical evidence and the functional biology of this indoleamine
suggests that replacement therapy with melatonin is a plausible alternative to manage
mustard toxicity.

Early pharmacological cytotoxicity of mustard exposure involves chromosomal DNA-
damage by readily direct alkylation of purines (in addition to RNA and other macro-
molecules) and subsequent cross-linking and single or double DNA-strand breaks [22].
In the case that alkylating positions are found on the same strand, the so-called “limpet
junction” hinders the access of vital DNA processing enzymes [94]. Otherwise, interstrand
DNA cross-linking prevents the uncoiling and strand separation during replication and
transcription and therefore, poses serious side effects when cells activate the genome or
undergo division [94]. Either way, extensive DNA and/or protein damage exceeds the
cell’s clearance capacity, and the resulting processes activate repair mechanisms, oxidative
stress and inflammation pathways [22,95,96]. Eventually, this response to genotoxicity can
alert the checkpoint machinery to arrest cell cycle progression and activate apoptosis or
necrosis [97-99]. In this last respect, cellular destruction accounted after extensive chem-
ical damage and DNA fragmentation drives the clinical expression of mustard toxicity.
So, skin samples of old male SKH-1 hairless mice treated with 3.2 mg/mouse nitrogen
mustard for 30 min resulted in direct DNA damage, as suggested by both increased
phosphorylation at Ser 139 of the histone variant H2A X (called YH2A.X), which signals
double-stranded breaks in DNA, and elevation of the oxidative damage marker 8-oxo-7,8-
dihydro-2’-deoxyguanosine [100]. Oxidative stress, inflammation, dead epidermis and
keratinization disorders were also observed [27,100]. Noteworthy, genome and expressed
RNA comprehensive analyses have revealed that melatonin and its two indolic metabolites
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modulate multiple signaling pathways in cultured human epidermal keratinocytes, includ-
ing cell differentiation and other relevant activities (antioxidative, antiaging, antiprolifera-
tive, etc) for cell homeostasis [101]. Similar to skin-induced injury, human corneal epithelial
cells derived from the outermost and highly vesicant-susceptible ocular layer, once exposed
to 100 uM nitrogen mustard for 12 to 48 h showed, among other expressions of cell failure,
a dose-dependent increase of YH2A.X, proving the damage inflicted to DNA [102]. In
view of the pathological expression described, it should be mentioned that at micromolar
concentration, melatonin-receptor signaling activated the p38-dependent phosphorylation
of p53 and histone H2AX at Ser139, thus gathering DNA-repairing cascades to prevent
accumulation of DNA lesions in normal and cancer cells [103,104]. With regard to lung
disease, the human bronchial epithelium line 16HBE exposed up to 24 h to yperite (0.25 and
0.5 mM) or its structural and functional analog mechlorethamine (0.1 and 0.25 mM) suffered
from both cell detachment and DNA fragmentation in a time/concentration-dependent
manner [105]. Regarding the remediation of this harmful, 100 tM melatonin reduced cell
detachment by about half, as well as mustard’s interference with cell proliferation, viability
and apoptosis by one third [105].

Other evidence supporting the role of melatonin in maintaining molecular machin-
ery and restoring cellular biosystems, is the reported ability to reduce the incidence of
spontaneous and chemically induced carcinogenesis, which also invokes upregulation and
activation of DNA repair mechanisms [106,107]. It is important to note in this context that
DNA maintenance and tumor suppressors appear to be under circadian control [108-110],
and also, alterations of melatonin regulators affect circadian genes, cancer etiology and
patient survival [111]. Indeed, the reduction in breast cancer incidence among blind women
has been linked to improved endogenous melatonin and rhythmicity synchronization
compared to light-perceptive counterparts [112]. In keeping with melatonin’s capacity to
counteract potentially cancerous lesions, the comet assay and wide-genome gene expres-
sion screening have shown that pre-treatment with the indoleamine (1 nM) stimulated a
functional response in breast and colon cancer cells to repair DNA strand breaks caused
by the carcinogen methyl methanesulfonate [113]. Likewise, melatonin (100 and 400 uM)
inhibited the induction of sister chromatid exchange by the antineoplastic and potent
alkylating nitrogen mustard-derived melphalan [114]. In the same way, low (0.2 mg/kg)
and high (0.4 mg/kg) doses of melatonin reduced the accumulation of DNA adducts
instilled by the carcinogen safrole [115,116]. Likewise, the radioprotective potential of mela-
tonin has shown to preclude double-stranded breaks in peripheral lymphocytes caused
by 1311 [117] and overall DNA damage in spleen/cerebral [118], hematopoietic [119] and
intestinal cells [120] of irradiated mice. Within the scope of genome protection, melatonin
also assists reproductive technology to enhance cell homeostasis and functionality. At
micromolar or millimolar concentrations, melatonin durably protected the DNA integrity
and biochemical functionality of ram [121,122] and rabbit [123] sperm during cryopreserva-
tion, as well as reduced the DNA fragmentation and chromatin dispersion of sperm from
asthenoteratozoospermic men [124]. Likewise, by inhibiting phospho-histone H2A X, mela-
tonin prevented double chain breaks in mouse oocytes during prophase arrest [125,126]
and in porcine embryos coming from somatic cell nuclear transfer [127]. In short, these
and other published data [128] clearly show the anti-mutational and genome-protective
capacities that equip melatonin with aptitudes to mitigate the genotoxicity triggered by
mustard intoxication.

In addition, to directly damaging the physical structure of macromolecules, strong
sulfur and nitrogen mustard poisoning triggers other acute cytotoxicity mediated by the
complex signaling pathways of DNA damage repair, cell death, oxidative stress, apoptosis
and inflammation [27,59,129,130]. Indeed, high redox imbalance and nitrooxidative stress,
in parallel to the decline of antioxidant mechanisms, are crucial in hurting nitric bases
and the deoxyribose backbone of DNA [76], as well as releasing pro-inflammatory factors
that affect signaling and collapse membranes [40,131]. However, the specific species
responsible for the oxidative pathology induced by mustards have not been identified [132],
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although there is compelling evidence that reactive nitrogen species play a pivotal role in the
respiratory damage induced by sulfur mustard [82]. In this regard, it is known that sulfur
and nitrogen mustard cause depletion of glutathione (decreases GSH/GSSG ratio) and
antioxidant enzymes, resulting in RONS overproduction [41,133,134]. Subsequently, nitric
oxide and superoxide combine into the highly reactive nitrosating ONOO~ [135], which
cannot be cleared by conventional antioxidants and originates a great part of mustard
toxicity [39,72,136-138]. Peroxynitrite reacts covalently with all major macromolecules
and thiols and stresses cellular biosystems to compromise viability and cause apoptosis or
primarily necrosis [139-141]. Thus, for example, peroxynitrite disrupts membranes through
the oxidation of their structural lipids and inactivates the intermediate metabolism due
to the inactivating oxidation of enzymes and ion channels essential for DNA repair and
energy production [39,142,143]. Moreover, at very low doses, it attacks DNA (with a small
preference for guanine and 2’-deoxyguanosine to form 8-nitroguanine and 4,5-dihydro-
5-hydroxy-4-(nitrosooxy)-2’'-deoxyguanosine adducts, respectively) and produces single
strand breaks [144,145].

Despite the relevance of peroxynitrite toxicity, to fully understand mustard pathol-
ogy [146], it is mandatory to take into account the oxidative damage coming from the
hydroxyl radical, which is the most common affecting DNA and also displaying preference
towards guanosines [147]. Likewise, female mice given percutaneously with sublethal
nitrogen mustard exhibited exacerbation of oxidative stress markers in the liver, and DNA
damage, which were antagonized at variable levels by oral melatonin (250 mg/kg), better
at low (5 mg/kg) than at high (10 mg/kg) concentration of nitrogen mustard [41]. On
the other hand, pinealectomized rats receiving melatonin at darkness (1 mg/kg in the
drinking water) for 15 days and a terminal intraperitoneal dose of cyclophosphamide
(CP) (20 or 50 mg/kg) showed strongly reduced spontaneous chromosomal abnormalities
and oxidative lesions of DNA in their bone marrow cells, as well as upregulated DNA
excision repair [148]. Furthermore, Sprague-Dawley rats were treated via transdermal with
3.5 mg/kg of the nitrogen mustard-related compound mechlorethamine (MEC) and 30 min
later intraperitoneally with melatonin (100 mg/kg), subsequently repeated five times every
12 h, normalized the increase of TNF-«, IL-1 and iNOS produced by the MEC dosage
(Table 1) [47]. Histologically, melatonin significantly reduced the alveolar epithelial damage,
inflammation and interalveolar septal thickening observed in MEC-treated animals. An
identical experimental schedule allowed melatonin to protect against mustard-induced
kidney toxicity [48]. By activating the same defense responses, melatonin has also shown
significant evidence of being able to protect DNA in other damaging contexts. Thus, the
indoleamine provided genetic protection to primary cortical neurons from a rat model
of intracerebral hemorrhage [149], human melanocytes [150] and skin fibroblasts [151]
damaged by UVB, as well as murine ovaries exposed to genotoxicity and loss of fertil-
ity by cisplatin [152]. Notably, melatonin also alleviated oxidative damage of lipids and
DNA in primate liver [153] and peripheral blood lymphocytes of healthy, non-smoking
males [154]. Additionally, in vitro and in vivo settings have illuminated the broad potential
of melatonin to address the genotoxicity of stressors such as arecoline [155], lead ([156]),
formaldehyde [157], the endocrine-disrupting bisphenol A [158] or engineered titanium
dioxide nanoparticles [159].

Remarkably, the detoxifying function of melatonin from oxidizing reactive species has
recently been expanded with the suggestion that indoleamine and six of its metabolites
are capable of directly reversing oxidative alterations in DNA by transferring electrons to
oxidized guanine sites and hydrogen atoms to the sugar moieties of 2-deoxyguanosines [76].
As the authors themselves express, this hypothesis requires experimental research to be
verified and thus enlarges the potential of melatonin from prophylaxis and/or attenuation
to the direct reversal of oxidative diseases, including mustard poisoning. In view of this and
all the other observations compiled earlier, it can be concluded that the anti-genotoxic and
macromolecular integrity capacities of melatonin, together with the reinforcement of antiox-
idant and anti-inflammatory responses, outline a promising horizon for the indoleamine in
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therapies against morbidity and mortality associated with mustard intoxication. However,
in the effort to unravel new clinical management strategies, more research should focus on
the myriad actions of melatonin and its proficiency to mitigate the side-effects of mustards.

6. Conclusions

In view of the knowledge summarized herein, we have tried to provide an overview
of the main molecular and cellular mechanisms involved in sulfur and nitrogen mustard
toxicity, which, however, are still being investigated. In this complex scenario, various
cytoprotective agents have been suggested to counteract the toxic effects of vesicants,
although none of them protect against all pathophysiological manifestations and have so
far provided only partial protection. Because it is endowed with multiple functions and
a good safety profile, melatonin has a high relevance in the protection against numerous
chemical compounds, among them, the blistering agents. Moreover, melatonin also has
a differentiating element with respect to other cytoprotective agents; its own metabolites,
c30HM and AMK, exert cytoprotective actions that potentiate the therapeutic capacity
reducing the oxidative damage of vesicants. For this reason, it is necessary to further
research the role of this indolamine as a preventive/prophylactic agent in preclinical models,
as well as in controlled translational trials. In this context, clinicians are paying increasing
attention to melatonin, which could potentially have important applications to ameliorate
the alkylating agents-induced side effects. But, for this to happen, randomized clinical
studies to translate the therapeutic potential of melatonin to clinical practice are needed.
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Abstract: Triple-negative breast cancer (TNBC) is an aggressive cancer insensitive to hormonal and
human epidermal growth factor receptor 2 (HER2)-targeted therapies and has a poor prognosis.
Therefore, there is a need for the development of convenient anticancer strategies for the management
of TNBC. In this paper, we evaluate the antitumoral potential of a platinum(II) complex coordinated
with the ligand 2-(3,5-diphenylpyrazol-1-yl)-2-thiazoline (DPhPzTn), hereafter PtDPhPzTn, against
the TNBC cell line MDA-MB-231, and compared its effect with both cisplatin and its less lipophilic
counterpart PtPzTn, the latter containing the ligand 2-(pyrazol-1-yl)-2-thiazoline (PzTn). Then,
the putative potentiating actions of melatonin, a naturally occurring antioxidant with renowned
antitumor properties, on the tumor-killing ability of PtDPhPzTn were also checked in TNBC cells. Our
results show that PtDPhPzTn presented enhanced cytotoxicity compared to both the classical drug
cisplatin and PtPzTn. In addition, PtDPhPzTn was able to induce apoptosis, being more selective
for MDA-MB-231 cells when compared to non-tumor breast epithelial MCF10A cells. Likewise,
PtDPhPzTn produced moderate S phase arrest and greatly impaired the migration ability of MDA-
MB-231 cells. Most importantly, the co-stimulation of TNBC cells with PtDPhPzTn and melatonin
substantially enhanced apoptosis and markedly improved the anti-migratory action compared to
PtDPhPzTn alone. Altogether, our findings provide evidence that PtDPhPzTn and melatonin could
be potentially applied to breast cancer treatment as powerful synergistic agents.

Keywords: melatonin; metallodrugs; platinum(Il) complex; thiazoline; apoptosis; breast cancer

1. Introduction

Triple-negative breast cancer (TNBC) is the least common type of breast cancers,
accounting for 10-15% of all cases, but is often more aggressive and difficult to treat due to
the lack of efficient molecular targets, such as estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor 2 (HER2) [1]. Chemotherapy is one of
the most widely used therapeutic modalities in cancer treatment, which includes a wide
variety of drugs. Chemotherapeutic agents induce apoptotic cell death not only in tumor
cells but also in normal non-tumor cells, thus producing both therapeutic effects (i.e., killing
tumor cells) and undesirable side effects (e.g., nephrotoxicity and cardiotoxicity).

Most metal-based antitumor therapies, such as cis-diamminedichloroplatinum(II)
(cisplatin), have been successfully employed for more than 40 years. However, the use of
cisplatin may be limited by the intrinsic or acquired resistance of various types of cancer and
its toxic side effects. With the idea of overcoming limitations of cisplatin therapy, platinum
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metallodrugs with a similar structure to cisplatin have been synthesized in recent years. To
design new platinum(II) anticancer drugs, several structural characteristics can be modified
by changing the nature of the ligands bound to platinum(Il), which influences its chemical
and biological properties. For instance, platinum(II) complexes have been synthesized with
bioactive bidentate ligands derived from heterocyclic N-donors, such as the heterocycles of
pyrazole [2] and thiazoline [3], which have shown promising antitumor properties and may
lay the foundation for designing new ligands that coordinate the platinum(Il) ion. In this
sense, our research group has recently synthesized complexes of platinum(Il) with ligands
of this nature that reportedly produced cytotoxic effects in human leukemic HL-60 [4],
histiocytic lymphoma U-937 [5], ovarian adenocarcinoma SK-OV-3, and cervical epithelial
HelLa cells [6,7], these effects being dependent on apoptosis induction, caspase cascade
activation, increased intracellular reactive oxygen species (ROS) generation, and/or DNA
oxidative damage [4,5,7].

Melatonin (N-acetyl-5-methoxytryptamine) is a neurohormone mainly produced by
the pineal gland that plays a crucial role in regulating cancer growth, especially in hormone-
dependent breast tumors [8]. Melatonin applies its anticancer abilities through multiple
mechanisms, including promoting apoptosis and/or autophagy, modulation of angio-
genesis [9], and selective induction of oxidative stress due to its pro-oxidant effects in
cancer cells [10,11]. Of note, there are various aspects of melatonin research on cancer
treatment that could have immediate clinical applications. For instance, many studies
have shown that melatonin administered together with conventional drugs (e.g., cisplatin,
5-fluorouracil, and doxorubicin) enhances the sensitivity of cancers (e.g., colorectal, cervix,
and pancreatic) to the induction of cell death [12-17]. Melatonin is also able to interfere
with tumor metastases in a variety of cancers by employing multiple mechanisms, such as
epithelial-mesenchymal transition, cytoskeleton reorganization, and extracellular matrix
remodeling [18]. Furthermore, indoleamine causes treatment-resistant malignancies to
become susceptible to both endocrine therapy and chemotherapy [19,20]. In addition, mela-
tonin’s ability to reduce the side effects of cancer therapies also merits further attention as
indoleamine has been shown to mitigate cell damage in numerous experimental paradigms,
e.g., oral mucositis due to ionizing radiation [21] or the cardio-hepatic and renal toxicity
of different drugs [22]. Therefore, mounting evidence suggests the convenience of using
melatonin as adjuvant therapy for cancer treatment, which would far exceed improvements
in the wellbeing of the patients.

Building upon previous data from our research group indicating that the enhanced
lipophilicity of metallodrugs resulted in an improved ability to kill tumor cells [7], we
evaluate in this paper the antitumoral potential of a recently synthesized platinum(II) com-
plex containing the ligand 2-(3,5-diphenylpyrazol-1-yl)-2-thiazoline (DPhPzTn), hereafter
PtDPhPzTn, against the TNBC cell line MDA-MB-231, and compare its effect with the clas-
sical chemotherapeutic agent cisplatin and its less lipophilic counterpart PtPzTn, the latter
containing the ligand 2-(pyrazol-1-yl)-2-thiazoline (PzTn). In addition, we hypothesize
that the anti-proliferative and pro-oxidant properties of melatonin could potentiate the
tumor-killing ability of PtDPhPzTn in MDA-MB-231 cells.

2. Materials and Methods
2.1. General Procedures

The human epithelial breast adenocarcinoma MDA-MB-231 cell line, human histi-
ocytic lymphoma U-937 cell line (No. 85011440), human promyelocytic leukemia HL-
60 15-12 cell line (No. 88120805), and human epithelial cervix adenocarcinoma HeLa
cell line (No. 93021013) were acquired from the European Collection of Authenticated
Cell Cultures (ECACC) (Dorset, UK). The human mammary epithelial MCF10A cell
line (No. CRL-10317) was obtained from the American Type Culture Collection (ATCC)
(Barcelona, Spain). Roswell Park Memorial Institute (RPMI)-1640, Dulbecco’s modified
Eagle’s medium (DMEM), DMEM F-12, penicillin/streptomycin, fetal bovine serum (FBS),
and L-glutamine were purchased from ThermoFisher Scientific (Barcelona, Spain). cis-
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Diamminedichloroplatinum(lI) (cisplatin), melatonin, hydrocortisone, insulin, epidermal
growth factor (EGF), and cholera toxin were bought from Sigma Aldrich (Madrid, Spain).
All other reagents were of analytical/commercial grade and were used without further
purification. The ligands PzTn and DPhPzTn [23,24] and the precursor [PtCl,(DMSO);] [25]
were synthesized as described in the literature.

For the elemental analysis, a Leco CHNS-932 microanalyzer was used. IR spectra
were recorded on a Perkin-Elmer 100 FTIR spectrophotometer from KBr pellets in the 4000-
400 cm~! range. 'H NMR spectra were obtained with a Bruker Avance III 500 instrument
at 500 MHz in DMF-d7. 'H NMR signals were referenced to residual proton resonances in
deuterated solvents.

2.2. General Preparation of Platinum(Il) Complexes

To perform the synthesis (Scheme 1), (300.0 mg, 0.71 mmol) the [PtCl,(DMSO),]
precursor was dissolved in 30 mL of ethanol in an Elenmeyer flask. On the other hand, the
ligand was dissolved in 20 mL of ethanol. Once dissolved, the ligand corresponding was
added to the precursor and it was refluxed and stirred for 24 h in the dark. The powder
formed was vacuum filtered off and then recrystallized in DMF (for PtPzTn) or acetonitrile
(for PtDPhPzTn). After that, crystals were separated by filtration, washed with distilled
water and cold diethyl ether, and air-dried.

N S N S
tPzTn: R=
N oy / N PtPzTn: R=H
[PtCL,(DMSO),] P PtDPhPzTn: R= CH;
N EtOH, reflux Cl \ N

R R
/ \
R R

Scheme 1. Synthesis of PtPzTn and PtDPhPzTn.

N

=\
~ N\

2.2.1. Synthesis of [PtCly(PzTn)] (PtPzTn)

This compound was obtained by the general procedure using PzTn (109 mg, 0.71 mmol).
Yield 240.2 mg (80.6%). Anal. Calc. (%) for C¢H;Cl,PtN3S: C, 17.19; H, 1.68; N, 10.02; S,
7.65%. Found: C, 17.41; H, 1.91; N, 9.80; S, 7.59%. IR (KBr): 3137, 3094, 2934, 1596, 1518,
1439, 1413, 1359, 1312, 1131, 1071, 1004, 781, 601 cm~!. 'H NMR (500 MHz, DMF-d7) § 9.08
(d,1H,J=3.0Hz),8.29 (d, 1H,] =2.5Hz), 7.11 (t, 1H, ] = 2.8 Hz), 4.47 (t, 2H, ] = 8.5 Hz),
4.20 (t, 2H, ] = 8.3 Hz), ppm.

2.2.2. Synthesis of [PtCly(DPhPzTn)] (PtDPhPzTn)

This compound was obtained by the general procedure using DPhPzTn (227 mg,
0.71 mmol). Yield 243.5 mg (59.9%). Anal. Calc. (%) for C1gH15Cl,N3PtS: C, 37.84; H, 2.65;
N, 7.35; S, 5.61%. Found: C, 37.78; H, 2.57; N, 7.45; S, 5.45%. IR (KBr): 3095, 3053, 1603, 1587,
1555, 1485, 1445, 1381, 1319, 1018, 998, 833, 768, 699 cm~!. 'H NMR (500 MHz, DMF-d7) &
7.86 (m, 4H), 7.69 (m, 3H), 7.49 (m, 3H), 7.19 (d, 1H, ] = 1.0 Hz), 4.42 (t, 2H, ] = 8.5 Hz), 3.87
(t, 2H, ] = 8.5 Hz) ppm.

2.3. Cell Culture and Treatments

The cell lines displayed in Table 1 were cultured into 25 cm? culture flasks with
the indicated media and supplements. Cells were kept under a humidified atmosphere
containing 5% CO; at 37 °C, and their viability was routinely tested by the Trypan-blue
exclusion method. Cells were challenged with the platinum(II) complexes PtDPhPzTn
and PtPzTn, the reference drug cisplatin, melatonin, or vehicle for 24 h at the indicated
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concentrations. Dimethylformamide (DMF) or dimethylsulfoxide (DMSO) were utilized as
vehicle and its final concentration did not exceed 0.2% (v/v).

Table 1. List of cell lines, cell culture media, and supplements.

Cell Lines Disease/Tissue Growth Medium Supplements
MDA-MB-231 Human breast adenocarcinoma
DMEM o . .
HelLa Human cervix adenocarcinoma 10% heat inactivated FBS
— - 2 mM L-glutamine
U-937 Human histiocytic lymphoma RPML1640 100 U/mL penicillin/streptomycin
HL-60 Human promyelocytic leukemia
5% horse serum
20 ng/mL EGF
1 10 pg/mL insulin
MCF10A Human mammary epithelial cells DMEM F-12 100 ng/mL cholera toxin

0.5 ug/mL hydrocortisone
100 U/mL penicillin/streptomycin

DMEM: Dulbecco’s modified Eagle’s medium; EGF: epidermal growth factor; FBS: fetal bovine serum; RPMI:
Roswell Park Memorial Institute.

2.4. Cytotoxicity Assay

To examine the cytotoxic effects of the drugs on the different cell lines, the MTS method
was performed by means of the CellTiter 96 AQueous One Solution Cell Proliferation assay
(Promega, Madrid, Spain), as previously reported [6,7]. The experiments were run in
triplicate and cells were challenged with the different drugs for 24 h.

Additionally, the effects (% cell death) of individual drugs and drug combinations
were used to calculate combination index (CI) by using Compusyn Software (ComboSyn,
Inc., Paramus, NJ, USA), following the Chou-Talalay method [26]. CI values indicate how
the selected drug combinations influence their therapeutic efficacy (CI > 1-antagonistic;
CI = 1-additive; CI < 1-synergistic) at different combination dosing intervals [27].

2.5. Determination of Apoptotic Cells

The population of apoptotic cells was studied by analyzing phosphatidylserine ex-
ternalization via annexin V-FITC/propidium iodide (PI) assay (ThermoFisher Scientific,
Barcelona, Spain), as previously described [14]. The percentages of live, early apoptotic,
late apoptotic, and secondary necrotic cells were computed.

2.6. Caspase-3 and -9 Analysis

Caspase-3 and -9 activation was measured with CaspGLOW fluorescein active caspase-
3 staining kit and Caspase-9 staining kit (Red), respectively, as published elsewhere [4].
The analysis of caspase activation was restricted to live cells, which were detected by
using the vital dye Hoechst 33258 (10 ug/mL). Data are presented as the percentage of
caspase-positive cells.

2.7. Measurement of Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) detection was performed by incubating cells (30 min,
37 °C) with 0.4 uM 2’,7'-dichlorodihydrofluorescein diacetate (DCFH-DA), as previously
reported [4]. Again, the analysis of ROS production was restricted to live cells, which
were detected by using the vital dye Hoechst 33258 (10 ug/mL). Data are portrayed as the
percentage of DCF-stained cells.

2.8. Cell Cycle Analysis

To investigate changes in cell cycle progression upon treatment, a cell cycle distribution
analysis was carried out in ethanol-fixed, PI-stained cells, as published elsewhere [4]. The
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populations of cells in GO/GI1 transition, S phase, and G2/M transition, as well as sub-G1
(hypodiploid) cells are reported.

2.9. Wound-Healing Assay

Cells were seeded into 24-well plates and incubated at 37 °C until they reached 75—
80% confluency. To evaluate cell migration, cells were equally wounded with a sterile
100 pL pipette tip and were subsequently challenged with the different treatments. The
experiments were run in duplicate. The relative cell migration rates over 12 and 24 h
were quantified based on the changes in wound area at time 0 h and after 12 or 24 h
using an epifluorescence microscope (Nikon Eclipse TS100). The images were analyzed
with the plugin “Wound healing size tool” available in Fiji/Image] software version 1.49
(https:/ / github.com/ AlejandraArnedo/Wound-healing-size-tool /wiki, accessed on 1 July
2022) [28].

2.10. Transwell Migration Assay

To assess cell migration, transwell migration assay was carried out in transwell cham-
bers with non-coated membrane (24-well insert, pore size: 8 mm, Millipore, Madrid, Spain).
Cells (1 x 10°) were plated in serum free medium in the upper chamber. The medium
containing 10% FBS was added in the lower chamber to act as chemoattractant. After 24 h,
the cells that migrated through the pores to the lower surface of the inserts were fixed in
70% ethanol solution for 10 min and afterwards stained with crystal violet for additional
10 min. Inserts were then imaged and, subsequently, the membranes of the inserts were
cut, placed in a 24-well plate, and incubated with 5% sodium dodecyl sulfate (SDS) to
extract crystal violet (5 min on orbital shaker). Finally, the absorbance was read at 560 nm
for quantification.

2.11. Statistical Analysis

Data represent the mean =+ standard deviation (S.D.). To compare between treatments,
statistical significance was calculated by a one-way analysis of variance (ANOVA) followed
by Dunnett’s test, unless otherwise specified. The half maximal inhibitory concentration
(ICsp) values of the dose-response curves were calculated by using nonlinear regression.
p < 0.05 was considered to indicate a statistically significant difference. The statistics
software used was GraphPad Prism 7.04 for Windows (GraphPad Software, San Diego,
CA, USA).

3. Results and Discussion

The biological activity of a thiazoline-containing platinum(II) complex PtDPhPzTn was
first assessed. As depicted in Figure 1C, PtDPhPzTn exhibited a dose-dependent cytotoxic
effect against the TNBC cell line MDA-MB-231 with an ICsy value of 10.47 £ 1.02 uM
(Figure 1D), which was more than 5-fold lower than that of the reference drug cisplatin
(56.80 £ 2.41 uM, Figure 1A,D) and more than 3-fold lower than that of its less lipophilic
counterpart PtPzTn (33.51 + 3.83 uM, Figure 1B,D). The same trend was observed when the
metallodrugs were tested in other cell lines, namely U-937, HL-60, and HeLa (Figure 1D),
thereby demonstrating that PtDPhPzTn outperforms the reference drug cisplatin (and
PtPzTn) in terms of cytotoxicity, though this fact was especially striking in the case of
MDA-MB-231 cells, which were moderately resistant to cisplatin (ICsg > 50 uM). These
findings agree with our previous research [7], thus indicating that the incorporation of
aromatic groups in the ligand can lead to the improved cytotoxicity of metallodrugs.
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Figure 1. Dose-response curves of metallodrugs on cell viability. MDA-MB-231 cells were treated
for 24 h with increasing concentrations (0-100 uM, as indicated) of cisplatin (A), the platinum(II)
complexes PtPzTn (B) and PtDPhPzTn (C), or the vehicle (DME, control). Data represent means + S.D.
of 6 independent experiments and are expressed as percentage of control values. * p < 0.05 compared
to their corresponding control values (Dunnett’s test). (D) IC5 values (mean + S.D., uM) of cisplatin
(CisPt), PtPzTn, and PtDPhPzTn against MDA-MB-231, U-937, HL-60, and HeLa cell lines. Within
each row, values followed by a diverse lowercase letter (a—c) are significantly different (p < 0.05;
Tukey’s test).

Given that the platinum(II) complex PtDPhPzTn was the most effective drug in terms
of cytotoxicity and the well-known anti-proliferative and pro-oxidant properties of the
indoleamine melatonin in tumor cells, the apoptosis-promoting effect of the combinatory
treatment with PtDPhPzTn and melatonin was determined in TNBC cells by analyzing
phosphatidylserine externalization in the presence of PI. For this purpose, MDA-MB-231
cells were exposed at the fixed IC5) dose level of PtDPhPzTn (i.e., 10.4 uM) in the absence
or presence of 1 mM melatonin. As shown in Figure 2, the platinum(II) complex caused
a remarkable increase (33.25 £ 4.34% vs. 2.78 £ 1.04%; p < 0.05) in the population of sec-
ondary necrotic cells at the expense of a significant drop (32.13 £ 11.98% vs. 73.63 £ 8.38%;
p < 0.05) in the proportion of live cells with respect to the control cells (Figure 2A,B), which
is in line with our preliminary findings, indicating that the cytotoxic effect of PtDPhPzTn
was associated with the induction of ROS-mediated apoptosis [7]. Previous studies have
reported that pyrazole-platinum(Il) complexes, especially those containing methyl sub-
stituents at the pyrazole ring, exhibited strong pro-apoptotic activity in MDA-MB-231 and
MCF-7 breast cancer cell lines [29]. Likewise, dinuclear berenil-platinum(II) complexes
were also described to trigger cellular oxidative modifications and, subsequently, apoptosis
in MDA-MB-231 and MCF-7 breast cancer cell lines [30,31]. Melatonin per se did not pro-
duce any significant pro-apoptotic effect on MDA-MB-231 cells (Figure 2A,B). Interestingly,
the combinatory treatment with PtDPhPzTn and melatonin further promoted apoptosis in
TNBC cells, as demonstrated by a notable rise (49.11 & 10.86% vs. 33.25 % 4.34%; p < 0.05)
in the percentage of secondary necrotic cells compared to the PtDPhPzTn-treated cells
(Figure 2A,B). In this sense, melatonin has been previously shown to synergistically en-
hance antitumor function in tunicamycin-challenged MDA-MB-231 cells [32], which is
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in line with the results reported in this paper. The potentiating actions of melatonin on
apoptosis induction by classical drugs, such as doxorubicin, lapatinib, and arsenic trioxide,
has been also documented in breast cancer cell lines [33-36] and may be related to its pro-
oxidant capacity in tumor cells [36]. To corroborate the combinatorial effect of PtDPhPzTn
and melatonin in MDA-MB-231 cells, 5, 10, and 25 pM of the platinum(II) complex and 0.5,
1, and 2 mM of the indoleamine were combined and cell death was determined after 24 h to
calculate the CI values (Figure S1). Our results show a synergistic effect of the combination
of PtDPhPzTn and melatonin, especially when combining 1 mM melatonin and the three
different concentrations of the platinum(ll) complex (Table S1).

A
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Figure 2. Combinatory treatment of PtDPhPzTn and melatonin differentially affects apoptosis of
MDA-MB-231 and MCF10A cell lines. Cells were treated with 10.4 uM PtDPhPzTn in the presence or
absence of 1 mM melatonin (Mel), or the vehicle (DMF/DMSO, control) for 24 h. (A) Representative
cytograms depicting the redistribution of phosphatidylserine (annexin V-FITC staining) in the pres-
ence of propidium iodide (PI) after challenging cells with the indicated drugs. Histogram bars show
percentages of live, early apoptotic, late apoptotic, and secondary necrotic MDA-MB-231 (B) and
MCFI10A (C) cells. Values represent means =+ S.D. of 5 independent experiments. * p < 0.05 compared
to control values (Dunnett’s test). # p < 0.05 compared to PtDPhPzTn-treated cells (Tukey’s test).

On the other hand, the complex PtDPhPzTn turned out to be less harmful to MCF-10A
human breast epithelial cells than to tumor cells, as the very same dose of PtDPhPzTn
(10.4 uM) only provoked a moderate reduction in the proportion of live cells (64.58 & 9.31%
vs. 84.76 £ 8.14%; p < 0.05; Figure 2A,C) with respect to control cells. Other platinum(II)
complexes, including cyclometalated complexes and metal complexes with berenil and
nitroimidazole, have been informed to show lower toxicity towards normal MCF-10A
cells as well [37,38]. In addition, melatonin per se did not affect apoptosis of MCF10A
cells (Figure 2A,C), which agrees with previous findings documenting no effect on non-
tumoral breast epithelial MCF10A cells [39,40]. Concerning the combinatory treatment,
and contrary to what happened on MDA-MB-231 breast cancer cells, it did not display any
potentiating effect on the PtDPhPzTn-induced apoptosis of MCF10A cells (Figure 2A,C),
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thus indicating that this combined treatment exhibits lower apoptosis-promoting actions
on normal mammary epithelial cells than on breast cancer cells.

To confirm that the main mode of cell death elicited by the platinum(Il) complex
was apoptosis, the activation of caspases, which are enzymes critically involved in the
initiation and execution of such process, was investigated. When MDA-MB-231 cells were
treated with 10.4 uM PtDPhPzTn for 24 h, a remarkable rise in the proportion of caspase-3-
positive (60.17 £ 4.27% vs. 14.57 £ 9.08%; p < 0.05; Figure 3A,D) and caspase-9-positive
(70.63 £ 6.37% vs. 15.07 £ 4.67%,; p < 0.05; Figure 3B,E) cells was noted, thus indicating that
the platinum(II) complex triggered intrinsic apoptosis in the TNBC cell line. In this sense,
earlier studies have informed that both pyrazole-platinum(Il) complexes and dinuclear
berenil-platinum(II) complexes also caused caspase-3 and caspase-9-dependent apoptosis
in breast cancer cells [29-31]. Of note, the combinatorial treatment with PtDPhPzTn and
melatonin moderately potentiated the activation of caspases, though this effect was not
statistically significant compared to PtDPhPzTn alone (78.28 & 10.30% vs. 60.17 £ 4.27%
and 86.30 £ 8.43% vs. 70.63 & 6.37% for caspase-3 and -9, respectively; Figure 3A,B,D,E).
Again, melatonin per se produced negligible effect on caspase activation of MDA-MB-231
cells (Figure 3A,B,D,E). On the other hand, the involvement of ROS in the apoptotic process
evoked by the platinum(II) complex was also explored. Our findings show that PtDPhPzTn
notably increased intracellular ROS production after 4 h (20.70 £ 3.66 vs. 7.35 £ 1.15%
DCF-positive cells; p < 0.05; Figure 3C,F), which ultimately led to apoptotic cell death. These
results agree with previous research describing that other platinum(II)-based also exerted
their cytotoxic effect in breast cancer cells through oxidative stress-mediated apoptosis [30].
Additionally, the combined treatment with PtDPhPzTn and melatonin further augmented
intracellular ROS production, this effect not being statistically significant compared to
PtDPhPzTn-treated cells (26.29 £ 5.39% vs. 20.70 £ 3.66 DCF-positive cells; p < 0.05;
Figure 3C,F). As for melatonin alone, it did not induce any change in the ROS production
of MDA-MB-231 cells (Figure 3C,F).

As the platinum(II) complex displayed pro-apoptotic actions against MDA-MB-231
cells, its impact on cell cycle progression was anticipated and, therefore, cell cycle distri-
bution analysis was carried out. Thus, when TNBC cells were challenged with 10.4 uM
PtDPhPzTn, a moderate S phase arrest (55.32 + 4.28% vs. 38.30 £ 5.44% in control cells;
p < 0.05; Figure 4) was observed at the expense of the percentage of cells in G2/M transition.
Additionally, the platinum(II) complex caused a rise in the subpopulation of cells with hy-
podiploid DNA content (sub-G1 cells; Figure 4), which is indicative of DNA fragmentation.
In this line, earlier studies have proven that cyclometalated platinum(II) complexes also
affect S phase of the cell cycle in breast cancer cells [37]. Nonetheless, other investigations
have demonstrated that the inhibition of cell survival induced by pyrazole-platinum(II)
complexes occurs by arresting the G1 phase of the cell cycle [29]. The same trend was
observed for the combinatory treatment, though no potentiating effect was noticed. In fact,
when TNBC cells were treated with 10.4 uM PtDPhPzTn in the presence of 1 mM melatonin,
a significant accumulation of MDA-MB-231 cells at S phase (53.18 £ 6.39% vs. 38.30 & 5.44%
in control cells; p < 0.05; Figure 4) was ascertained. Likewise, the co-incubation with the
platinum(II) complex and the indoleamine evoked an increment in the percentage of cells
with hypodiploid DNA content (Figure 4). Nevertheless, melatonin per se did not induce
any remarkable change in the cell cycle distribution of MDA-MB-231 cells (Figure 4), which
is in line with previous research indicating no effect of indoleamine on the cell cycle of
breast cancer cells [41].
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Figure 3. Caspase activation and reactive oxygen species (ROS) production triggered by combinatory
treatment of PtDPhPzTn and melatonin in MDA-MB-231 cells. Cells were treated with 10.4 uM
PtDPhPzTn in the presence or absence of 1 mM melatonin (Mel), or the vehicle (DMF/DMSO, control)
for 24 h (except for ROS production, wherein cells were challenged for 4 h). Representative cytograms
show caspase-3 (A) and -9 (B) activation as well as ROS production (C) after challenging cells with the
indicated drugs. Histogram bars represent percentages of caspase-3-positive (D), caspase-9-positive
(E), and DCF-stained (F) MDA-MB-231 cells, which were analyzed by flow cytometry (for details, see
Sections 2.6 and 2.7). Values are presented as means + SD of four independent experiments. * p < 0.05
compared to control values (Dunnett’s test).

Finally, the ability of the platinum(II) complex PtDPhPzTn to modulate cell migration
capacity of TNBC cells was analyzed by wound-healing and transwell migration assays.
As shown in Figure 5A,B, the PtDPhPzTn complex greatly impaired the ability of MDA-
MB-231 cells to migrate after both 12 h (29.76 + 13.11% vs. 66.79 £ 8.40% in control cells;
p <0.05) and 24 h post-scratch (66.19 &+ 24.20% vs. 98.44 £ 3.26% in control cells; p < 0.05),
thus suggesting that this compound may be useful in blocking the metastatic migration of
breast cancer cells. The same trend was observed in the transwell migration assay, wherein
the platinum(Il) complex almost completely blunted the migration capacity of MDA-MB-
231 cells (p < 0.05; Figure 5C). In this sense, other authors have also synthesized metal
complexes with potential to suppress the cell migration ability of TNBC cells, including
cis-diphenyl pyridineamine platinum(Il) complexes and platinum(II) complexes with tri-
dentate ligands [42,43]. As for the combined treatment, the exposure of MDA-MB-231 cells
at 10.4 uM PtDPhPzTn in the presence of 1 mM melatonin markedly enhanced the antimi-
gration effect of the platinum(Il) complex after both 12 h (15.57 &= 7.53% vs. 29.76 £ 13.11%
in PtDPhPzTn-treated cells; p < 0.05; Figure 5A,B) and 24 h post-scratch (37.85 &= 12.93% vs.
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66.19 £ 24.20% in PtDPhPzTn-treated cells; p < 0.05; Figure 5A,B). Regarding the transwell
migration assay, the combinatory treatment diminished (p < 0.05) the proportion of migrat-
ing cells to the same extent as the platinum(Il) complex alone (Figure 5C). Other studies
has also proven that indoleamine synergistically improves the antimigration properties
of apatinib, a tyrosine kinase inhibitor thought to inhibit angiogenesis, in breast cancer
stem cells derived from MDA-MB-231 cells [44], whereas novel melatonin-tamoxifen drug
conjugates were shown to effectively inhibit migration in different breast cancer cell lines,
including tamoxifen-resistant cells [45]. Nonetheless, even though melatonin has been
described to inhibit cell invasion potential in MDA-MB-231 and MCF-7 breast cancer cell
lines [46], indoleamine per se only evoked a moderate, non-significant impairment in
the ability of TNBC cells to migrate (Figure 5A,B) and showed no effect in the transwell
migration assay.
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Figure 4. Combinatory treatment of PtDPhPzTn and melatonin disturbed cell cycle profile of MDA-
MB-231 cell line. Cells were treated with 10.4 uM PtDPhPzTn in the presence or absence of 1 mM
melatonin (Mel) or the vehicle (DMF/DMSO, control) for 24 h. (A) Representative cytograms
displaying cell cycle distribution after challenging cells with the indicated drugs. (B) Histogram bars
show percentages of cells in GO/G1 transition, S phase, G2/M transition and sub-G1 population
(hypodiploid cells). Values represent means =+ S.D. of 5 independent experiments. * p < 0.05 compared
to control values (Dunnett’s test).
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Figure 5. Combinatory treatment of PtDPhPzTn and melatonin altered migration properties of
MDA-MB-231 cell line. Cells were treated with 10.4 uM PtDPhPzTn in the presence or absence of
1 mM melatonin (Mel) or the vehicle (DMF/DMSO, control) for 24 h. (A) Representative images
depicting wound-healing assay in cells challenged with the indicated drugs. (B) Histogram bars
show the percentage of wound closure after 12 and 24 h, where 100% represents a fully closed wound.
Values represent means =+ S.D. of 12 independent experiments. (C) Proportion of migrating cells after
24 h of exposure to the indicated drugs determined by transwell migration assay (for details, see
Section 2.10). Representative images of transwell inserts for each condition are depicted in the upper
part. Data represent means =+ S.D. of 5 independent experiments and are expressed as fold-increase
of control values. * p < 0.05 compared to its corresponding control value (Dunnett’s test). # p < 0.05
compared to its corresponding PtDPhPzTn value (Tukey’s test).

4. Conclusions

Platinum(Il)-based complexes are undoubtedly an interesting alternative to canonical
chemotherapy agents as they can help avoiding drug resistance and off target toxicity by
promoting the apoptosis of tumor cells via multiple mechanisms, including oxidative stress,
mitochondrial injury, and DNA damage. In this paper, we described that the thiazoline-
containing platinum(II) complex PtDPhPzTn, which reportedly induces oxidative stress
and apoptosis in tumor cells [7], outperformed, by far, the reference drug cisplatin and its
less lipophilic counterpart PtPzTn in terms of cytotoxicity against MDA-MB-231 cells. More
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importantly, the combinatory treatment with PtDPhPzTn and the renowned antioxidant
melatonin potentiated the pro-apoptotic, cell cycle arrest and anti-migration properties of
the platinum(II) complex alone against MDA-MB-231 breast cancer cells. Therefore, our
findings provide evidence that a combined therapy with PtDPhPzTn and melatonin could
be potentially applied to breast cancer management as powerful synergistic agents.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/antiox11101971/s1, Figure S1. Synergistic effect of the combination of PtDPhPzTn and
melatonin in MDA-MB-231 cells, Table S1. Calculation of the combination index (CI) data for non-
constant combination of PtDPhPzTn and melatonin in cell death induction.
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Abstract: Experimental data have revealed that melatonin at high doses reduced obesity and im-
proved metabolic outcomes in experimental models of obesity, mainly by enhancing brown adipose
tissue (BAT) thermogenesis. A potential dose-response relationship has yet to be performed to
translate these promising findings into potential clinical therapy. This study aimed to assess the
effects of different doses of melatonin on interscapular BAT (iBAT) thermogenic capacity in Ziicker
diabetic fatty (ZDF) rats. At 6 wk of age, male ZDF rats were divided into four groups (1 = 4 per
group): control and those treated with different doses of melatonin (0.1, 1, and 10 mg/kg of body
weight) in their drinking water for 6 wk. Body weight (BW) was significantly decreased at doses
of 1 and 10 mg/kg of melatonin, but not at 0.1 mg/kg compared with the control, with a similar
rate of BW decrease being reached at the dose of 1 mg/kg (by ~11%) and 10 mg/kg (by ~12%).
This effect was associated with a dose-dependent increase in the thermal response to the baseline
condition or acute cold challenge in the interscapular area measurable by infrared thermography,
with the highest thermal response being recorded at the 10 mg/kg dose. Upon histology, melatonin
treatment markedly restored the typical brownish appearance of the tissue and promoted a shift in
size distribution toward smaller adipocytes in a dose-dependent fashion, with the most pronounced
brownish phenotype being observed at 10 mg/kg of melatonin. As a hallmark of thermogenesis, the
protein level of uncoupled protein 1 (UCP1) from immunofluorescence and Western blot analysis
increased significantly and dose-dependently at all three doses of melatonin, reaching the highest
level at the dose of 10 mg/kg. Likewise, all three doses of melatonin modulated iBAT mitochondrial
dynamics by increasing protein expression of the optic atrophy protein type 1 (OPA1) fusion marker
and decreasing that of the dynamin-related proteinl (DRP1) fission marker, again dose-dependently,
with the highest and lowest expression levels, respectively, being reached at the 10 mg/kg dose.
These findings highlight for the first time the relevance of the dose-dependency of melatonin toward
BW control and BAT thermogenic activation, which may have potential therapeutic implications for
the treatment of obesity. To clinically apply the potential therapeutic of melatonin for obesity, we
consider that the effective animal doses that should be extrapolated to obese individuals may be
within the dose range of 1 to 10 mg/kg.

Keywords: melatonin; dose-response; BAT; thermogenesis; UCP1; mitochondria; obesity; ZDF rat
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1. Introduction

The prevalence of obesity has dramatically increased over the past 40 years and is
expected to increase further to ~30.3 billion by 2030 [1]. Obesity develops when energy
intake chronically exceeds energy expenditure (EE), with the deposition of this excess
energy primarily as triglycerides in white adipose tissue [2]. Most of the current available
anti-obesity pharmacological approaches act by reducing caloric intake or impairing fat
absorption [3]. However, because these approaches are associated with multiple side
effects [3], safe and effective alternatives for treating and overcoming obesity are urgently
needed. In recent years, targeting BAT thermogenesis to increase EE has emerged as a
promising therapeutic strategy to combat obesity [4].

Unlike white adipose tissue, which is involved in storing excess energy as fat that can
be mobilized in times of need, BAT can convert stored fat into heat energy through a process
termed adaptive non-shivering thermogenesis, which plays an important role in temper-
ature regulation in rodents and newborn babies [5]. Morphologically, BAT is composed
of multilocular lipid droplets and high contents of mitochondria that contain a specific
protein in the inner mitochondrial membrane called uncoupling protein 1 (UCP1) [6]. The
UCP1 plays a critical role in BAT-mediated thermogenesis by causing a proton gradient leak
across the mitochondrial membrane and thereby uncoupling oxidative phosphorylation to
generate heat instead of ATP synthesis [7]. The UCP1 in brown adipocytes is induced by a
wide range of metabolite sources, among them fatty acids and glucose, which are major
contributors and play a pivotal role in BAT thermogenesis [5,8]. Activated BAT can use glu-
cose and fatty acids to maintain a high oxidative metabolic capacity, and when it is highly
active, it exerts beneficial metabolic effects [5,8]. The oxidative metabolism and uncoupled
respiration in brown adipocytes are mainly accomplished by mitochondria, which hold
a central position in thermogenesis [5]. These organelles undergo dynamic processes of
fusion and fission that can serve as a mechanism for metabolic adaptation to mitochondrial
bioenergetic efficiency and energy substrate oxidation [5]. Therefore, normal mitochondrial
function is essential for maintaining BAT function and metabolic homeostasis.

Recently, BAT research has dramatically increased after the rediscovery of metabol-
ically active BAT in adult humans using ®fluoro-2-deoxyglucose positron emission to-
mography (‘FDG-PET). Importantly, the prevalence and activity of adult human BAT, as
assessed by 18FDG-PET, have been found to correlate negatively with body mass index
(BMI) in humans [9-14], and individuals with detectable metabolically active BAT have a
lower risk of developing type 2 diabetes and heart diseases [15]. It is therefore expected
that targeting BAT thermogenesis could be a promising strategy and a hopeful target for
counteracting obesity and related metabolic disorders. In support of this perspective, an
earlier prospective cohort study has shown an increased prevalence of BAT activity after
weight loss in morbidly obese patients undergoing gastric banding surgery, suggesting
the effectiveness of targeting BAT activation in humans as an anti-obesity therapy [16].
Several candidates are now being developed as possible therapeutic targets in the process
of BAT activation, but their potential adverse or toxic effects may limit their long-term
use for this purpose [3,17]. In this context, there is an urgent and highly demanded need
for developing effective and safe new drugs to reduce obesity by targeting BAT. In recent
decades, melatonin has attracted increasing attention as a promising therapeutic for obesity
and related diseases mainly due to its high efficacy and remarkable lack of toxicity and side
effects at any dose, even for long-term use in humans [18,19].

Melatonin (N-acetyl-5-methoxytryptamine) is a naturally occurring substance mainly
produced and secreted from the pineal gland and is well known for its role in controlling
the circadian rhythm [20]. Exogenous melatonin is widely used to remedy sleep disorders
and jet lag, either as a dietary supplement or as a drug, in many European countries
and the USA [21,22]. The extraordinary intrinsic properties of melatonin, including high
cell permeability, the ability to reach subcellular compartments, and its role as a robust
anti-inflammatory, antioxidant and free radical scavenging, and anti-apoptotic agent, as
well as its acceptable safety profile, make it a promising approach for the treatment of
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various diseases, including obesity and related diseases [23]. There is growing evidence that
exogenous melatonin exerts beneficial effects on obesity and related metabolic disorders
in animals; nevertheless, clinical evidence of its effectiveness in obese individuals is still
insufficient and conflicting [4], which makes it difficult to draw a firm conclusion and thus
further clinical trials are warranted to clarify this issue. The BAT thermogenic mechanism
has been proposed to account for the anti-obesogenic effect of melatonin [24-26]. In
this context, our previous studies carried out in ZDF rats have shown that melatonin
treatment exhibited promising effects in increasing BAT mass and thermogenic activity,
increasing UCP1 expression, improving mitochondrial respiration, and reducing brown
adipocyte susceptibility to mitochondrial oxidative/nitrosative stress and apoptosis and,
in addition, prevented BW gain and glucose-lipid metabolic disorders [26-29]. Although
the observed beneficial effects of melatonin on BAT have not been translated yet to clinical
experimentation, a small-scale proof of concept study in patients with melatonin deficiency
due to radiotherapy or surgical removal of the pineal gland has shown that melatonin
replacement therapy increased BAT volume and activity and improved cholesterol and
triglyceride blood levels [30].

On the above basis, and given the ability of BAT to dissipate energy as heat and to
contribute to EE, we are optimistic that melatonin can be used as a BAT activator for future
therapeutic applications in obesity. Thus, information on the potentially effective dose of
melatonin is urgently needed to underscore the clinical meaning of this potential therapy
for obesity treatment in the future. To this end, the present study aimed to perform an
effective dose-setting study to evaluate the effects of three different doses of melatonin (0.1,
1, and 10 mg/kg) on iBAT thermogenic capacity in ZDF rats. The determination of the
dose-response relationship will have important implications on dosing regimens in clinical
application, not only to determine the effective dose that produces the desired therapeutic
effect but also because of its implications for economical and safety aspects, since lower
doses may have the same desired therapeutic endpoint.

2. Materials and Methods
2.1. Ethical Statement

Ethical approval of this study was obtained from the Ethical Committee at the Univer-
sity of Granada (Granada, Spain) under the reference number 4-09-2016-CEEA, according
to the European Union guidelines for animal care and protection.

2.2. Reagents

All reagents used were of the highest purity available. Melatonin was purchased from
Sigma-Aldrich (Madrid, Spain).

2.3. Animals and Experimental Protocol

Male Ziticker diabetic fatty rats (ZDF; fa/fa) were obtained at 5 wk of age from Charles
River Laboratory (Charles River Laboratories, SA, Barcelona, Spain). Animals were main-
tained on Purina 5008 rat chow (protein 23%, fat 6.5%, carbohydrates 58.5%, fibre 4%, and
ash 8%; Charles River Laboratories, SA, Barcelona, Spain) and housed two per clear plastic
cage under a 12 h light/dark cycle (lights on at 07:00 a.m.) and controlled environmental
conditions of temperature (28-30 °C) and relative humidity (30-40%). The animals were
acclimated to room conditions for one week before the experiments, and water intake
was recorded.

Upon initiation of the experiment, the animals were randomly divided into four
groups (n = 4 per group) as follows: the first three groups were treated with melatonin in
their drinking water at the doses of 0.1, 1, and 10 mg/kg b.w/day (Mel-0.1, Mel-1, and
Mel-10, respectively) for 6 consecutive weeks, and the remaining group served as a vehicle-
treated control (Control). Melatonin was dissolved in a minimum volume of absolute
ethanol and then diluted in the drinking water to yield doses of 0.1, 1, and 10 mg/kg
b.w, with a final ethanol concentration of 0.066% (w/v). The control group received the
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vehicle only in the drinking water at a comparable concentration and treatment duration.
Fresh melatonin and vehicle solutions were prepared three times a week, and melatonin
doses were adjusted for BWs throughout the experimental period. To carefully determine
the treatment dose throughout the experimental period, water intake and BWs were
recorded three times a week. All water bottles were covered with aluminium foil to prevent
melatonin photodegradation. The BW of all animals was recorded at the beginning and the
end of the experiment. At the end of the experiment, the animals were sacrificed under
sodium thiobarbital (thiopental) anaesthesia, and the interscapular brown fat pads of each
rat were immediately dissected and then frozen at —80 °C for further analysis. A portion
of the iBAT pads was fixed in 4% paraformaldehyde for histological analysis.

2.4. Infrared Thermal Imaging Measurments

After overnight fasting, ZDF rats from the four groups were either kept at 28-30 °C
(room temperature) or exposed to 4 °C for 5 min for an acute cold challenge between 09:00
and 11:00 h. The acute cold challenge was performed by placing the rat on a hot/cold plate
analgesia meter precooled to 4 °C (Panlab SLU, Barcelona, Spain).

Thermal images of the BAT in the interscapular region were recorded with a thermal
imaging camera (FLIR B425, FLIR Systems AB, Danderyd, Sweden) with a range limit of
—20°Cto 120 °C. Dorsal thermal images at a perpendicular distance of 20 cm were regularly
captured before (at room temperature) and immediately after the acute cold challenge. The
images were analysed with a specific software package (FLIR Systems software).

2.5. Purification of Mitochondria

Mitochondrial protein extract was isolated from iBAT by serial centrifugation accord-
ing to the instructions previously described by our research group [31]. Briefly, about
300 mg of iBAT was washed with cold saline and homogenized (1:10 w/v) in an isolation
medium (10 mM Tris, 250 mM sucrose, 0.5 mM NayEDTA, and 1 g/L free fatty acid bovine
serum albumin (BSA); pH 7.4; 4 °C) with a Teflon pestle. The homogenate was centrifuged
at a low speed (1000 x ) for 10 min at 4 °C, and the resultant supernatant was decanted to
fresh tubes and subjected to high-speed centrifugation (15,000 g) for 20 min at 4 °C. The
resultant pellet containing the mitochondria was resuspended in 1 mL of isolation medium
(BSA free) and centrifuged again at high speed (15,000 g) for 20 min at 4 °C to pellet the
pure mitochondria. The pelleted pure mitochondria were resuspended in 1 mL of respira-
tion buffer (20 mM HEPES, 0.5 mM EGTA, 3 mM MgCl,, 20 mM taurine, 10 mM KH,POy,
200 mM sucrose, and 1 g/L fatty-acid-free BSA) and incubated on ice for 10-15 min to
allow the rearrangement of the membranes. Aliquots of pure mitochondrial extracts were
stored at —80 °C for Western blotting. Protein concentration in the mitochondrial extracts
was measured by the Bradford method [32] using BSA as a standard.

2.6. Western Blot Analysis

Western blot analysis was performed according to the instructions previously de-
scribed by our research group [31]. Equal amounts of mitochondrial protein extracts were
resolved on SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis).
The gels for immunoblot analyses were transferred to a nitrocellulose membrane (Bio-Rad
Trans-Blot SD, Bio-Rad Laboratories). The membranes were then blocked with 5% non-fat
dry milk in tris-buffered saline (TBS) containing 0.05% Tween-20 (TBS-T) for 1 h at 37 °C
and incubated overnight at 4 °C with primary antibodies against UCP1 (cat#U-6382), OPA1
(cat#SAB-5700860), and DRP1 (cat#SAB-5700783) at 1:500-1:2000 dilutions. All the anti-
bodies were obtained from Sigma-Aldrich (Sigma-Aldrich, Madrid, Spain). Equal protein
loading was demonstrated by incubating the membranes with mouse (3-actin antibody
(cat#SC-81178; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:1000 dilution. After
the incubation, the membranes were washed three times for 20 min in TBS-T and incubated
for 1 h at room temperature with respective horseradish-peroxidase-conjugated secondary
antibodies (Sigma-Aldrich, Madrid, Spain) at 1:1000 dilution. The membrane was washed
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three times for 20 min in the TBS-T, and then a chemiluminescence assay system (ECL kit,
GE Healthcare Life Sciences, Buckinghamshire, UK) was used to develop the immunore-
activity bands. Finally, the protein band densities were quantitatively analysed using
Image J 1.33 software (National Institutes of Health, Bethesda, MD, USA). The results were
normalized to 3-actin as a loading control. All experiments were performed in triplicate.

2.7. Histological Analysis

Following anaesthesia, excised interscapular brown fat was fixed overnight in 10%
(w/v) buffered formaldehyde at 4 °C for 24 h, rinsed with 0.1 M phosphate buffer (PBS
(phosphate-buffered saline) pH 7.4, dehydrated in a graded series of ethanol (from 80% to
absolute alcohol), cleared in xylene, and embedded in paraffin. The paraffin blocks from
each group were cut with a microtome into 4 pm-thick sections, stained with haematoxylin
and eosin (H&E), and inspected under a light microscope (Olympus, Germany) equipped
with a digital camera system (Carl Zeiss camera, model Axiocam ERc 5s. Gottingen,
Germany). Images of H&E-stained tissue sections were digitized, and adipocyte size and
frequency distribution of adipocyte size was determined using Image J 1.33 software
(National Institutes of Health, Bethesda, MD, USA). The average adipocyte size was
expressed as the average cross-sectional area per cell (um?/cell) of the tissue sample,
which was calculated based on the values of about 200 random adipocytes per group.

2.8. Immunofluorescence Staining for UCP1

For UCP1 immunofluorescence, unstained deparaffinised sections were treated with
citrate buffer pH 6.0 for 20 min at 60 °C for antigen retrieval and then blocked with 5%
BSA, followed by overnight incubation at 4 °C with the same UCP1 antibody used for
Western blot analysis (cat# U-6382; Sigma-Aldrich, Madrid, Spain) at 1:1000 dilution. After
incubation, the tissue sections were washed three times with a 1 x PBS solution containing
Tween-20 and then incubated with secondary anti-rabbit cyanine3 antibody (Cy3) (cat# A-
10520; Invitrogen, Molecular Probes, Carlsbad, CA, USA). Fluorescence photomicrographs
were captured by an Olympus IX2 fluorescence microscope at a magnification of x200. All
photomicrographic images from each group were captured under the same camera and
microscope settings. The immunofluorescence intensities were quantitatively analysed
using Image J 1.33 software (National Institutes of Health, Bethesda, MD, USA).

2.9. Statistical Analysis

Statistical Package of Social Science (IBM SPSS Software, version 15, Michigan, IL,
USA) was used for statistical analysis. All results are expressed as mean + standard
deviation (S.D.) values. Comparisons between experimental groups were analysed using
one-way ANOVA followed by the Tukey post hoc test. Differences between group means
were considered statistically significant if p < 0.05.

3. Results
3.1. Dose-Dependent Effects of Melatonin on Body Weight and iBAT Thermogenic Activity

We have previously shown that melatonin at a dose of 10 mg/kg for 6 wk protected
against the excessive BW gain and increased the thermogenic function of iBAT in the ZDF
rats [26,27]. Here, we investigated whether 0.1, 1, and 10 mg/kg of melatonin for the same
treatment period and in the same animal strain showed dose-dependent effects on BW and
iBAT thermogenic activity.

After 6 wk of treatment, melatonin significantly decreased the BW in the Mel-1
(by ~11%) and Mel-10 (by ~12%) groups compared with the control group (p < 0.05 and
p < 0.05, respectively; Table 1), with no significant difference among them (p > 0.05; Table 1).
In the Mel-0.1 group, the final BW showed a trend towards a nonsignificant decrease
(by ~5%) compared with the control group (p > 0.05; Table 1). The final BW was found to
be significantly lower in the Mel-10 and Mel-1 groups than in the Mel-0.1 group (p < 0.05
and p < 0.05, respectively; Table 1).
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Table 1. Dose-dependent effects of melatonin on body weight in Ziicker diabetic fatty rats.

Groups Control Mel-0.1 Mel-1 Mel-10
Final body weight (g) 495.7 = 6.4 4734 = 4.6 443.0 +£3.1** 436.1 + 8.5*
Body weight gain (%) 747 £1.7 663 £ 24 55.2 £1.1** 54.7 4+ 1.8 *#

Mel-0.1, Mel-1, and Mel-10: melatonin at a dose of 0.1, 1, and 10 mg/kg b.w, respectively. Values are means & S.D
(n=4). *p <0.05 Mel-1 and Mel-10 vs. Control; # p < 0.05 Mel-10 vs. Mel-0.1; x p < 0.05 Mel-1 vs. Mel-0.1
(One-way ANOVA with Tukey post hoc test).

To assess the degree of iBAT thermogenic activity, we first measured the interscapular
skin temperature by infrared thermography at both baseline and acute cold conditions.
The acute cold test was performed to gauge the adaptive thermogenesis in iBAT, which
has been found to be blunted in obese and overweight individuals in the cold-activated
state [33,34]. The interscapular fat depot was selected because it is the largest and most
accessible BAT depot in rodents that may correspond to the supraclavicular BAT depot
described in adult humans [35].

Based on the experiment, the baseline interscapular skin temperature was significantly
higher in the Mel-1 (35.4 + 0.1 °C) and Mel-10 (35.8 & 0.2 °C) groups than in the control
group (34.3 £ 0.2 °C; p < 0.05 and p < 0.05, respectively; Figure 1a), without a significant
difference among them (p > 0.05; Figure 1a). There was no significant difference in the
baseline interscapular skin temperature between the Mel-0.1 (34.5 £ 0.1 °C) and control
groups (p > 0.05; Figure 1a). Significantly higher interscapular skin temperature degrees
were found in the Mel-10 and Mel-1 groups than in the Mel-0.1 group (p < 0.05 and p < 0.05,
respectively; Figure 1a).

After the cold challenge, the interscapular skin temperature rose significantly in
the Mel-1 (0.26 £ 0.04 °C) and Mel-10 groups (0.38 £ 0.05 °C) in comparison with the
control group (0.04 & 0.03 °C; p < 0.05 and p < 0.01, respectively; Figure 1b), with no
significant difference among them (p > 0.05; Figure 1b). A non-significant trend towards a
higher increase in the interscapular skin temperature was observed in the Mel-0.1 group
(0.10 £ 0.01 °C) when compared with the control group (p > 0.05; Figure 1b). The Mel-
10 and Mel-1 groups displayed a significantly higher increase in the interscapular skin
temperature than the Mel-0.1 group (p < 0.05 and p < 0.05, respectively; Figure 1b). The
dose-dependent effect of melatonin treatment on the iBAT thermogenesis was also clearly
apparent in the infrared thermal images shown in Figure 1c.

3.2. Dose-Dependent Effects of Melatonin on iBAT Morphology

To explore whether the dose-dependent effect of melatonin on iBAT thermogenesis
was reflected in particular morphological characteristics, iBAT histological analysis was
performed. As shown in the H&E-stained preparations (Figure 2a), the iBAT of the ZDF
control rats consisted predominately of hypertrophic unilocular adipocytes with a large
lipid droplet, giving a white-like appearance rather than the typical brownish phenotype.
Consistent with the above-described infrared thermography results, all three doses of
melatonin resulted in a gradual suppression of unilocular lipid droplet deposition, with
the smallest sign of whitening being observed in the Mel-10 group. Notably, an apparent
accumulation of smaller adipocytes with multilocular lipid droplets was observed in
the iBAT of the Mel-1 and Mel-10 groups. In the Mel-0.1 group, although the brownish
phenotype of the iBAT was not evident, it was clearly distinguishable from the control
iBAT, with apparently smaller unilocular adipocytes.

120



Antioxidants 2022, 11, 1646

(a)

W
o
n

| O Control
4 W Melatonin

* i
355 X
345
34
335 -
33 ; . ;

0.1mg/kg 1mg/kg 10 mg/kg

lo3)
[=2}

Baseline temperature (°C)
b

(b)

[=]
[}
1

O Control

M Melatonin £
4 4
* X

0.1 mg/kg 1mgkg 10 mgkg

=]

=]
W
1

=]
[
1

o
-
L

=

Temp change after cold challenge (°C}

(©

Baseline {(28-30 °C) Cold challenge {4 °C)

Control AT=+0.04 +0.03°C
—

AT=+0.10+0.01 °C
_—
Mel-0.1

AT=+0.26 £0.04 °C
Mel-1 —r.-

Mel-10 AT=+0.38+0.05 °C

max

Figure 1. Dose-dependent effects of melatonin on iBAT thermogenesis in Ziicker diabetic fatty rats
as measured by infrared thermography. (a,b) Quantification of the interscapular skin temperature
at baseline (a) and after acute cold challenge (b). (c) Representative infrared thermal images of
the interscapular skin temperature at baseline and after acute cold challenge. Mel-0.1, Mel-1, and
Mel-10: melatonin at a dose of 0.1, 1, and 10 mg/kg b.w, respectively. Values are means £ S.D (1 = 4).
*p <0.05, ** p < 0.01 Mel-1 and Mel-10 vs. Control; # p < 0.05 Mel-10 vs. Mel-0.1; x p < 0.05 Mel-1 vs.
Mel-0.1 (One-way ANOVA with Tukey post hoc test).

121



Antioxidants 2022, 11, 1646

(a)

| ¢
9,99.9 B W\ )
) v ; \4’ { ‘ '\\A i
4 , 5
\ LA : Y. \ |
) L ’ % Y - \ 4 A
. A ’ ¥ .‘ J I \"‘ %" N
1 6‘ / " . \ ] v \
b e W - \ r
s \[ lh| ) 1‘
Mel-1 T:”‘#;‘\ | Mel- 10 @-gﬁ X
il Ny e
’A_/ W 'r"“ A
(i A"}’I “ﬁ-‘.;‘; £r \‘ J ™ ’ﬂ
-I ‘1(4 - ) '.\; A . \
e y ¥ = 1 \ p
L A :."1‘1 \‘ /1 ! s s <r\
.00 o Oy

S
S
"
p—
b
o]
=
]

o= O Control
§_1000 | N B Melatonin
8 800 -
=
o 600 1 o <
-
8 400 -+
o,
,'.a' 200 -~
<
0 1 1

0.1 mg/kg 1mg/kg 10 mg/kg

Figure 2. Cont.

122



Antioxidants 2022, 11, 1646

(C) § 80 - * O Control
S 7 o O Melatonin 0.1 mg/kg
) 1 @ Melatonin 1 mg/kg
=]
= 60 A B Melatonin 10 mg/kg
=) ¥
g 50 A *
2 *
ﬁ 40 - * &
= *
2 30 A s
e * 4
> 20 * *
& *
=
v 10 -
2o ] ™
o 0 T T T
—
[

[200-5001  [500-800]  [800-1100] [1100-1400]
Adipocyte area (um?)

Figure 2. Dose-dependent effects of melatonin on iBAT morphology in Ziicker diabetic fatty rats. (a)
Representative haematoxylin and eosin staining of iBAT sections (original magnification x400). (b,c)
Mean adipocyte area (b) and frequency distribution of adipocyte area (c) were measured using a
quantitative morphometric method with Image J software. Mel-0.1, Mel-1, and Mel-10: melatonin at
a dose of 0.1, 1, and 10 mg/kg b.w, respectively. Values are means + S.D (1 = 200 adipocytes/group).
*p <0.05,**p <0.01, **p <0.001 Mel-0.1, Mel-1, and Mel-10 vs. Control; # p < 0.05 Mel-10 vs. Mel-0.1;
X p < 0.05 Mel-1 vs. Mel-0.1 (One-way ANOVA Tukey with post hoc test). Scale bar: 50 pum.

The morphometric quantitative analysis shows that adipocyte size was significantly
smaller in the Mel-1 (420.4 + 83.9 um?) and Mel-10 (425.1 & 95.0 um?) groups than the
control group (926.7 £ 109.1 um?; p < 0.05 and p < 0.05, respectively; Figure 2b), with
no significant difference among them (p > 0.05; Figure 2b). A non-significant tendency
toward smaller adipocyte size was appreciated in the Mel-0.1 group (711.2 + 93.8 um?)
compared with the control group (p > 0.5; Figure 2b). The Mel-1 and Mel-10 groups
exhibited significantly smaller adipocytes than the Mel-0.1 group (p < 0.05 and p < 0.05,
respectively; Figure 2b). In addition, the frequency distribution analysis shows a shift in
size distribution toward smaller adipocytes in all three melatonin-treated groups (Figure 2c).
Notably, a significant and progressive decreased proportion of larger (800~1100 pm?) and
increased proportion of smaller (200-500 um?) adipocytes were noted in iBAT from the Mel-
0.1 (larger: 40%; smaller: 15%), Mel-1 (larger: 20%; smaller: 45%), and Mel-10 (larger: 10%;
smaller: 65%) groups, compared with the control group (p < 0.05, p < 0.01 and p < 0.001,
respectively; Figure 2c).

3.3. Dose-Dependent Effects of Melatonin on Thermogenic and Mitochondrial Dynamic Markers

To characterize the dose-dependent effects of melatonin treatment on the iBAT ther-
mogenic activity, we next assessed the thermogenic UCP1 protein expression in the iBAT
using immunofluorescence and Western blotting. UCP1 is known as a key molecule for
BAT thermogenesis [36].

By immunofluorescence assay, UCP1 protein expression showed weakened fluores-
cent immunoreactivity in the iBAT of the control group, whereas melatonin treatment
progressively increased the UCP1 fluorescent immunoreactivity with increasing doses of
melatonin and achieved the strongest fluorescent signal at the 10 mg/kg dose (Figure 3a).
The quantitative analysis of the UCP1 fluorescent immunoreactivity intensity indicated
significantly higher UCP1 expression in all melatonin-treated groups, Mel-0.1 (3.4-fold),
Mel-1(8.0-fold), and Mel-10 (13.2-fold), relative to the control group (p < 0.05, p < 0.01
and p < 0.001, respectively; Figure 3b). The highest UCP1 immunoreactivity intensity was
observed in the Mel-10 group, as compared with the Mel-1 (1.6-fold; p < 0.05; Figure 3b)

123



Antioxidants 2022, 11, 1646

and Mel-0.1 (3.9-fold; p < 0.01; Figure 3b) groups. The Mel-1 group showed a significantly
higher UCP1 immunoreactivity than the Mel-0.1 group (2.3-fold; p < 0.05; Figure 3b).
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Figure 3. Dose-dependent effects of melatonin on hallmark thermogenic and mitochondrial dynamic
markers in iBAT of Ziicker diabetic fatty rats. (a) Representative microscopic immunofluorescent
images of uncoupled protein 1 (UCP1) visualized with cyanine3 secondary antibody (original mag-
nification x200). (b) Immunofluorescence intensity quantification of UCP1. (c—e) Western blot
densitometry quantification of UCP1, optic atrophy protein type 1 (OPA1), and dynamin-related
proteinl (DRP1). (f) Representative Western blot images of UCP1, OPA1, and DRP1. Mel-0.1, Mel-1,
and Mel-10: melatonin at a dose of 0.1, 1, and 10 mg/kg b.w, respectively. Values are means + S.D
(n = 3) of UCP1 fluorescence intensity and ratios of specific protein levels to 3-actin (loading protein).
*p <0.05 * p <0.01, ** p <0.001 Mel-0.1, Mel-1 and Mel-10 vs. Control; # p < 0.05, ## p < 0.05 Mel-10
vs. Mel-0.1; 8 p < 0.05 Mel-10 vs. Mel-1; x p < 0.05 Mel-1 vs. Mel-0.1 (One-way ANOVA with Tukey
post hoc test). Scale bar: 50 pm.

Western blotting of UCP1 in the mitochondrial fractions of iBAT was also performed
to further support the above findings. The protein level of UCP1 determined by Western
blot was considered the most relevant parameter to estimate the BAT thermogenic capacity
in response to chronic stimuli since it correlates quantitatively and temporally with the
total thermogenic capacity [37]. Consistent with the results of the immunofluorescence,
Western blot analysis indicated that the protein expression of UCP1 is also significantly
upregulated in all melatonin-treated groups, Mel-0.1 (3.3-fold), Mel-1(6.4-fold), and Mel-10
(12.4-fold), as compared with that in the control group (p < 0.05, p < 0.05 and p < 0.001,
respectively; Figure 3c). The highest protein level of UCP1 was observed in the Mel-10
group, as compared with the Mel-1 (1.9-fold; p < 0.05; Figure 3c) and Mel-0.1 (3.8-fold;
p < 0.01; Figure 3c) groups. The Mel-1 group showed a significantly higher UCP1 protein
amount than the Mel-0.1 group (1.9-fold; p < 0.05; Figure 3c).

Mitochondrial fusion and fission dynamics play a critical role in BAT thermogenesis,
and the abnormal function of mitochondria dynamics leads to obesity and related dis-
eases [38—40]. Accordingly, we explored the possible dose-dependent effects of melatonin
treatment on the iBAT mitochondrial dynamic by assessing OPA1 and DRP1 levels in
isolated iBAT mitochondria by Western blotting. OPA1 mediates mitochondrial fusion,
whereas DRP1 is considered a key regulator of mitochondrial fission [41].

As shown in Figure 3d, OPA1 protein level was found to be significantly upregulated
in all melatonin-treated groups, Mel-0.1 (2.2-fold), Mel-1 (2.2-fold), and Mel-10 (5.5-fold),
compared with that in the control group (p < 0.05, p < 0.05 and p < 0.01, respectively). The
highest protein level of OPA1 was observed in the Mel-10 group, as compared with the
Mel-1 (2.5-fold; p < 0.05) and Mel-0.1 (2.5-fold; p < 0.05) groups. There was no statistically
significant difference between the Mel-0.1 and Mel-1 groups (p > 0.05) in the protein
expression of OPA1.

In addition, the protein level of DRP1 was found to be significantly repressed in
all melatonin-treated groups, Mel-0.1 (1.7-fold), Mel-1 (5.8-fold), and Mel-10 (3.6-fold),
compared with that in the control group (p < 0.05, p < 0.01 and p < 0.01, respectively;
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Figure 3e), with no significant difference between the Mel-1 and Mel-10 groups (p > 0.5;
Figure 3e). The Mel-1 and Mel-10 groups displayed a significantly lower DRP1 protein
content than the Mel-0.1 group (3.5-fold and 2.1-fold; p < 0.05 and p < 0.05, respectively;
Figure 3e).

4. Discussion

The present findings revealed for the first time that chronic daily oral administration
of melatonin at doses of 1 and 10 mg/kg b.w, but not at a 0.1 mg/kg b.w dose, prevents
BW gain and enhances the basal and adaptive iBAT thermogenesis in obese diabetic ZDF
rats. At the molecular level, melatonin treatment showed successful dose-response effects
on mitochondrial thermogenic and dynamic expression markers, even at a 0.1 mg/kg dose,
suggesting a previously unrecognized potency and efficacity of melatonin in targeting
mitochondria, which might have a valuable therapeutic role in the treatment of obesity.

The BW gain-lowering effect of melatonin has generated much interest in recent years
and has been extensively studied in animal models and clinical trials. The data from animal
studies using various models of obesity have convincingly shown that orally administered
melatonin in doses ranging between 1 and 100 mg/kg b.w per day resulted in reduced BW
gain [4,42—44]. Our present results confirm the existing evidence for the beneficial effect
of melatonin on BW, showing that oral melatonin at doses of 1 and 10 mg/kg for 6 wk
could subsequently reduce BW gain. Importantly, as our current data shows that 1 and
10 mg/kg of melatonin produces practically similar effects on the BW, it is reasonable to
suggest that the dose of 1 mg/kg may be the maximum effective dose, which needs to
be verified with an additional more precise effective dose setting study. If confirmed, an
extrapolation of 1 mg/kg of melatonin would be sufficient to achieve maximum BW loss
in obese individuals, which would be, on the one hand, of crucial importance to prevent
unnecessary high dosing and, on the other hand, would be highly advantageous in terms of
patient costs. In any case, since both doses were shown to be effective in reducing the BW
gain, we estimate that the effective melatonin dose to achieve desirable effects on BW loss in
ZDF rats is within the dose range of 1 to 10 mg/kg b.w. If we convert these animal doses to
the human doses according to standard dose translation, based on dividing the surface area
by factor 6.17, the calculated equivalent human dose is between 0.16 and 1.6 mg/kg per day
(1/6.17 =0.16 and 10/6.17 = 1.6) [45]. Thus, we anticipate that the therapeutically effective
dose to achieve significant weight loss in obese individuals is within the dose range of 0.16 to
1.6 mg/kg of total BW per day. For an adult individual of 75 kg, further clinical trials using
melatonin with doses in the 12 to 120 mg/day range (0.16 x 75 =12 and 1.6 x 75 = 120)
may be warranted and, in addition, appear to be reasonable since this dose range would
not cause serious adverse events, based on the data of some clinical studies using melatonin
in other health conditions [18,19,46-52]. Nevertheless, because there are fewer reports
on the safety of high doses of melatonin (>100 mg/day), its potential efficacity in obese
patients should be closely screened for relevant safety concerns. This anticipated range
of doses is far from that usually given in clinical trials for obesity. Indeed, the melatonin
doses used in obese subjects have ranged from 1 to 10 mg per day orally, and the data
from various clinical trials on the effects of melatonin on BW loss outcomes are conflicting,
ranging from a modest to no effect, depending on the dose, duration of administration,
and whether used as adjunct or single therapy [53-57]. It is worth mentioning that the
positive findings from the clinical trials reported here should not be used as a confirmation
of melatonin’s efficacity in weight loss since melatonin has been given as an adjunct to a
low-calorie diet therapy that may confound the relationship between the melatonin and
weight loss outcomes [53,54]. We are optimistic that the present dose-response data may
help resolve the previous conflicting clinical findings of a possibly inadequate dose of
melatonin. On the other hand, the important feature of the current study is that we used a
relatively low dose of 0.1 mg/kg melatonin, far from the melatonin doses that have been
usually offered to experimental animals. Compared with the control, such a melatonin dose
failed to show any significant difference in BW over a 6 wk period. Given that this dose is
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equivalent to ~1.2 mg of melatonin for a 75 kg adult individual, this finding is consistent
with a randomized clinical trial that has shown that daily oral administration of melatonin
at a dose of 1 or 3 mg for one year in post-menopausal women weighing 66.6 —76.0 kg had
no significant effect on BW and BMI compared with placebo [57].

Although the mechanism behind melatonin-induced BW reduction is unclear, in-
creased BAT thermogenic activity to increase EE could account for the phenotype, as
we proposed previously [26]. Since the rediscovery of functional BAT in adult humans,
extensive studies have examined the role of active BAT in metabolism in human adult popu-
lations. Most clinical studies investigating BAT thermogenic capacity have been performed
under cold challenge, which is well known as a powerful natural tool to detect BAT preva-
lence and activation [58]. In this scenario, using a standardized cooling protocol, several
prospective studies have shown that obesity was associated with impaired cold-induced
BAT activation, which could be indicative of a loss of BAT thermogenic capacity in obese
subjects [9,16,33,34,59,60]. Coupled with this observation, defective BAT activities upon
cold exposure have been reported in various experimental models of obesity [61]. Consis-
tent with this observation, our previous study using infrared thermography to measure
the temperature of the skin overlying the iBAT, has shown an impaired iBAT thermogenic
response to acute cold challenge in ZDF rats and that melatonin at a dose of 10 mg/kg
has been found to reverse this pattern to normal [26]. Our main goal in performing the
cold challenge test was to gauge the thermogenic ability of iBAT and investigate whether
it is restored after melatonin treatment since, at room temperature (baseline), the animals
are chronically adapted to that temperature and have no physiological need to activate
it. The present results confirm our previous data and, in addition, show an attractive
dose-response relationship between melatonin treatment and cold-induced iBAT activation.
Notably, melatonin at doses of 1 and 10 mg/kg resulted in a significant rise in the inter-
scapular skin temperature, with the maximum effect being noticed at 10 mg/kg, whereas
melatonin at a dose of 0.1 mg/kg did not seem to be as effective as the other doses. This
finding would tend to indicate that melatonin restores obesity-induced iBAT thermogenic
dysfunction, and this seems to be in a dose-dependent manner. In addition, even at baseline
conditions, where the animals are adapted to that temperature and do not need higher
heat production, melatonin at doses of 1 and 10 mg/kg, but not at 0.1 mg/kg, was found
to increase the interscapular skin temperature, which may reflect the enhancement of the
baseline BAT activity. The lack of a significant effect with a dose of 0.1 mg/kg of melatonin
on interscapular skin temperature is related either to the short treatment duration (6 wk)
or the relatively low melatonin dose, which may not be sufficient to produce a significant
thermogenic response. Hence, further investigation with a prolonged duration of treat-
ment is necessary before drawing any firm conclusion on this issue. These findings are
in agreement with those of other studies showing that melatonin at doses ranging from
1 to 10 mg/kg plays a crucial role in the regulation of BAT thermogenesis in melatonin
deficient experimental models and seasonal breeder species [62-66]. Notwithstanding that
our iBAT temperature results are not original, they expand and advance previous results
by supporting the potential use of melatonin to promote BAT thermogenesis in the obesity
context in a dose-dependent manner.

The hallmark of dysfunctional BAT in obesity is a whitening phenotype that has
been previously characterized in experimental models of obesity by enlarged lipid droplet
accumulation, mitochondrial dysfunction, and functional loss [67-70]. Consistent with
this notion, the iBAT from the control ZDF group assumed a striking whitening appear-
ance, characterized by excessive accumulation of hypertrophied lipid droplets and pale
eosinophilic staining, which strongly indicates fuel switching from thermogenesis to lipid
storage. In line with this idea, the BAT whitening phenotype has also been described
previously in the ZDF strain model, with impaired glucose uptake and an increase in the
fatty acid synthesis enzyme [67]. We have previously shown that melatonin at a dose of
10 mg/kg successfully recovered the typical microscopic appearance of the iBAT, including
depleted lipid content, multilocular adipocytes, and dense eosinophilic staining [26]. In
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the present study, 1 mg/kg of melatonin was found to be as effective as 10 mg/kg for
recovering the typical iBAT appearance; however, the brownish microscopic appearance
tends to be more pronounced at 10 mg/kg. In the case of 0.1 mg/kg of melatonin, the
brownish phenotype of the tissue was not evident, but the adipocytes were remarkably
smaller sized than the control. These results seem compatible with the infrared thermog-
raphy results and thus support the idea that they might likely reflect the reversibility
of iBAT thermogenic capacity in a dose-response manner. The reduced lipid deposition
within the iBAT following the melatonin treatment most likely reflects increased fatty acid
[-oxidation, given that mitochondrial fatty acid 3-oxidation has been demonstrated to be
critical for maintaining the brown adipocyte phenotype both during times of activation
and quiescence (basal state) [71]. Fatty acid 3-oxidation fuels the increase in uncoupled
mitochondrial respiration and contributes to inducing the expression of thermogenic genes
such as UCP1 [71]. UCP1 is a hallmark of brown adipocytes and plays a pivotal role in BAT
thermogenic function since it confers to brown adipocytes their specific ability to dissipate
the proton gradient as heat, and its downregulation or absence has been reported to be
associated with impaired BAT thermogenic capacity and lower EE [72-74]. The efficacy
of melatonin to induce UCP1 expression in iBAT has already been demonstrated by other
groups in experimental ageing and melatonin deficient models, and the melatonin doses
offered to animals have ranged from 1 to 10 mg/kg.bw [64-66,75]. This present study
expanded and advanced the previous finding by showing that the iBAT UCP1 protein
expression from immunofluorescence and Western blot analysis significantly increased at
doses of 1 and 10 mg/kg of melatonin and, surprisingly, even at 0.1mg/kg of melatonin in
an experimental model of diabetes and obesity. These findings argue again for a recovery
of the iBAT thermogenic phenotype, which might be attributable to the recruitment and/or
reactivation of BAT. The dose-response pattern of UCP1 protein expression in response
to melatonin was consistent with that of the infrared thermal image data. Of note, UCP1
protein levels progressively increased with increasing doses of melatonin and reached the
highest increase at a dose of 10 mg/kg, which could explain the highest iBAT temperature
observed under acute cold exposure and basal state. Another point especially worthy of
note, is that the significant increase in UCP1 level at a dose of 0.1 mg/kg of melatonin
was not associated with changes in the iBAT temperature that were observed under both
basal and cold conditions. This dissociation could be explained either by the fact that the
amount of UCP1 encoded protein in the tissue at the dose of 0.1 mg/kg of melatonin was
not sufficient enough to be translated to a significant iBAT thermogenic response or by the
small number of animals used for the infrared thermograph test, as a larger number of the
animals might be needed to demonstrate significant differences. In any case, this result
might be advantageous since, on the one hand, it indicates that future clinical applications
using this treatment for promoting the BAT thermogenic phenotype in obese individuals
are less prone to any potential side effects and more cost-effective in economic terms. On
the other hand, it would tend to indicate that the melatonin molecule is endowed with a
higher potency than previously recognized.

One possible explanation for the BAT thermogenic repression in obese individuals
could be related to the inflammatory and oxidative stress microenvironment in BAT that
is known to occur in the adiposity state [61]. As previously reported in various obesity
models, these deleterious conditions have been found to impair mitochondrial respiratory
and antioxidant functions, which ultimately cause loss of BAT thermogenic signature and
brown adipocyte apoptosis [61,70,76,77]. On this basis, and since mitochondria are widely
recognized as a therapeutic target for melatonin, it is reasonable to speculate that melatonin
might protect against obesity-induced BAT dysfunction by improving the performance of
mitochondprial respiratory and antioxidant functions. In support of this speculation, our
previous study has shown that chronic oral administration of melatonin improved the func-
tionality of mitochondria isolated from iBAT of the ZDF rats by increasing mitochondrial
respiration and reducing mitochondrial oxidative/nitrosative stress and susceptibility to
apoptosis [29]. Mitochondria are dynamic organelles that continuously divide and fuse,
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and the mitochonderial fission and fusion process plays a key role in providing a basis for mi-
tochondrial functions, including respiration and oxidative stress balance [7]. Mitochondrial
fusion is believed to be beneficial because it increases mitochondrial efficiency, whereas
mitochondrial fission seems to be associated with mitochondrial malfunctions and oxida-
tive stress [7]. Given the potentially critical role of mitochondrial dynamics in regulating
BAT thermogenesis [38—40,78,79], we elected to investigate the possible dose-dependent
effect of melatonin on mitochondrial dynamics by Western blotting of OPA1 fusion and
DRP1 fission markers. We found that both OPA1 and DRP1 were modulated by mela-
tonin treatment in a dose-dependent fashion. Of note, the protein level of OPA1 increased
significantly at all three doses of melatonin and reached the highest level at 10 mg/kg,
whereas that of DRP1 significantly decreased at all three doses as well, with the lowest level
equally being observed at doses of 1 and 10 mg/kg. This suggests that the balance between
fusion and fission processes might be shifted toward mitochondrial fusion to maintain
high-quality functional mitochondria, which can be essential to support efficient fatty acid
[-oxidation and uncoupled mitochondrial respiration required for the maintenance of the
brown adipocyte phenotype. Consistent with this suggestion, an earlier study in OPA1
BAT knockout mice has demonstrated that OPA1 deficiency impaired BAT activation and
led to mitochondrial bioenergetic deficiency and thermogenic gene program downreg-
ulation, providing direct evidence that OPA1 plays a pivotal role in BAT thermogenic
activation [40]. In vivo evidence in mice lacking the ATP-independent metalloprotease
OMA1, which plays an essential role in the proteolytic inactivation of OPA1, reinforces
the importance of OPAl-related fusion for BAT thermogenesis [39]. In addition, knockout
models of BAT fusion-related markers in mice have been shown to lead to dysfunctional
mitochondria and impaired BAT thermogenic activity [41,79]. Based on these findings, our
results might implicate the fusion process as an important target for melatonin to enhance
mitochondrial functions and preserve the BAT thermogenic signature and hence favour
the maintenance of the BAT thermogenic phenotype under the deleterious conditions of
obesity. The ability of melatonin to regulate mitochondrial dynamics is in line with other
reports in different tissues under various pathological conditions [31,80-83]. On the other
hand, these results imply that the increased fusion and decreased fission through melatonin
treatment results in the inhibition of mitochondrial fragmentation. Excessive mitochondrial
fragmentation due to imbalanced mitochondrial dynamics has often been reciprocally
linked to mitochondrial oxidative stress, which is critical for inducing cell death [5,7]. We
have previously analysed the mitochondrial fractions of ZDF rats’ iBAT for superoxide
dismutase (SOD) activity and nitrite level as markers of oxidative stress and mitochondrial
permeability transition pore (mPTP) activity as a marker of apoptosis [29]. The results have
shown reduced SOD activity associated with increased nitrite content and mPTP activity
in untreated ZDF rats compared with their lean littermates [29]. Interestingly, treatment
with melatonin has been found to reduce the mitochondrial nitrosative and oxidative status
and susceptibility to apoptosis by decreasing nitrite levels, increasing SOD antioxidant
enzyme activity and inhibiting mPTP activity [29]. Given the close interaction between
redox status and mitochondrial dynamics [7], we were prompted to ask whether melatonin
protects against iBAT thermogenic dysfunction via direct interaction with components of
mitochondria fusion-fission pathways, as the beneficial role of melatonin in promoting
fusion and inhibiting fission processes may not be the cause, but rather the consequence
of its protective effects in reducing mitochondrial oxidative stress. Consistent with this
idea, SOD2 has been reported to enhance the mitochondrial fusion process independent
of its antioxidant activity [84]. Therefore, given that melatonin is acknowledged to have
direct antioxidative protection, including directly scavenging free radicals and enhancing
the activity of the antioxidant enzyme [23], it is likely that melatonin promoted OPA1-
mediated mitochondrial fusion by activating the antioxidant pathway. Though the precise
molecular mechanisms through which melatonin regulates OPA1 and DRP1 protein levels
were beyond the scope of this study, our findings provide preliminary insight into the role
of melatonin in the regulation of BAT mitochondrial fission-fusion, which may play a key
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role in the deregulation of BAT thermogenic function in obesity and consequently could be
novel future therapeutic targets.

The potential effect of melatonin on mitochondrial dynamics could not rule out the
possibility that melatonin might restore the BAT thermogenic ability by recruiting thermo-
genic brown adipocytes through differentiation of brown adipocyte progenitors, given that
progenitor cells have been found to still exist in obese BAT [85]. In support of this possibility,
sheep brown adipocyte precursor cells isolated from perirenal BAT exposed to in vitro mela-
tonin treatment have promoted brown adipocyte formation and increased protein expres-
sion levels of brown adipogenic markers via AMK-activated protein kinase, thus showing
melatonin involvement in brown adipocyte differentiation [86]. Melatonin administration
may promote the recruitment of new brown adipocytes, possibly by acting centrally on MT1
receptors located on neurons of the suprachiasmatic nucleus to increase the sympathetic
tone in BAT, or directly on melatonin receptors located on the brown adipocytes (MT1 and
MT2), which results in a reduction of intracellular cAMP levels with a lowering of PKA
activity and cAMP-response element-binding protein phosphorylation [4,24].

The present findings, if confirmed clinically, suggest melatonin would be advantageous
over other drugs that are currently being tested in clinical trials or EMA- and FDA-approved
drugs that have now been extended to treat obesity, by targeting BAT but without serious
adverse events on the one hand due to its safety profile, and, on the other hand, due to the
fact that melatonin may act by directly targeting mitochondria rather than by secondary
off-target effects [17].

5. Conclusions

The results presented here reveal for the first time that chronic oral administration
of melatonin to obese diabetic ZDF rats at doses of 0.1, 1, or 10 mg/kg b.w over 6 wk
enhances the BW gain and iBAT thermogenic features in a dose-dependent manner, with the
underlying mechanism for the iBAT thermogenesis possibly being through restoring brown
adipocyte mitochondrial function, which could have great therapeutic value, especially for
promoting BAT reactivation among obese individuals with blunted BAT activity. Therefore,
to translate these promising findings into potential clinical anti-obesity therapy, we estimate
that the therapeutically effective dose for promoting BAT thermogenesis and, consequently,
weight loss is within the dose range of 12 to 120 mg orally per day for a 75 kg adult
individual, based on human equivalent dose calculation. Future powered randomized
clinical trials are warranted to confirm this. In addition, future in vitro and in vivo in-
depth studies are required to fully understand the potential effect of melatonin on iBAT
mitochondrial dynamics and decipher the related underlying molecular mechanism, as a
full understanding of the mechanisms could facilitate the clinical application of melatonin
for obesity.
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