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Synopsis  Melatonin is a hormone known as an endogenous temporal marker signaling the dark phase of the day. Although
the eyes seem to be the main site of melatonin production in amphibians, little information is available about the natural varia-
tion in ocular melatonin levels and its modulation following immune stimulation. We investigated the daily variation of plasma
and ocular melatonin levels in bullfrogs (Lithobates catesbeianus) and their modulation following an immune stimulation with
lipopolysaccharide (LPS) in yellow cururu toads (Rhinella icterica). For the daily variation, bullfrogs were bled and then euth-
anized for eye collection every 3 h over 24 h to determine plasma and ocular melatonin levels. We found a positive correlation
between ocular and plasma melatonin levels, with maximum values at night (22 h) for both plasma and the eyes. For immune
stimulation, yellow cururu toads received an intraperitoneal injection of LPS or saline solution during the day (10 h) or at night
(22 h). Two hours after injection, toads were bled and euthanized for eye collection to obtain plasma and ocular melatonin lev-
els. In addition, the liver and bone marrow were collected to investigate local melatonin modulation. Our results demonstrate
that retinal light-controlled rhythmic melatonin production is suppressed while liver and bone marrow melatonin levels in-
crease during the inflammatory assemblage in anurans. Interestingly, the LPS injection decreased only ocular melatonin levels,
reinforcing the central role of the eyes (i.e., retina) as an essential organ of melatonin production, and a similar role to the pineal
gland during the inflammatory response in amphibians. Together, these results point to a possible immune-pineal-ocular axis
in amphibians, yet to be fully described in this group.

Introduction including humans (Tosini et al. 2001; Lundmark et al.

The daily melatonin rhythm is the biological output of
the photoperiodic information, with increased mela-
tonin plasma levels signaling the darkness period of the
day in all investigated vertebrates (Reiter 1993; Singh
and Haldar 2007; Moore and Menaker 2011; Jessop et al.
2014; Saha et al. 2019). Melatonin is mainly produced
in the pineal gland, with studies in mammals, fish, rep-
tiles, and birds showing that pinealectomy suppresses
plasma melatonin nocturnal peak and daily rhythm
(Cogburn et al. 1987; Reiter 1993; Bubenik and Pang
1997; Tosini et al. 2001; Munoz-Pérez et al. 2016). In ad-
dition, melatonin can be rhythmically produced by the
eyes in birds, fish, reptiles, amphibians, and mammals,
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2006; Summers Rada and Wiechmann 2006; Wright
et al. 2006; Iigo et al. 2007). In humans and chick-
ens, the melatonin synthesized in the eyes is mostly a
paracrine substance, modulating local physiology and
pathophysiology (Lundmark et al. 2006; Summers Rada
and Wiechmann 2006; Brennan et al. 2007). Mean-
while, the eye and pineal contribute to the resulting
plasma melatonin levels in amphibians and some fish
(Bayarri et al. 2003; Wright et al. 2006). Specifically in
amphibians, the eyes produce high concentrations of
melatonin, which seems to contribute to at least half
of the circulating melatonin levels (Serino et al. 1993;
Chiba et al. 2005; Wright et al. 2006). In addition, the
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circadian rhythm of melatonin in amphibians shows in-
creased plasma melatonin and retinal levels at the dark
phase (Wright et al. 2006; Titon et al. 2021a), with both
plasma and eye melatonin being synchronized in some
species (D’Istria et al. 1994; Chiba et al. 2005; Hu et al.
2022a,c).

Besides its function in signaling darkness, melatonin
is an immunomodulatory hormone that plays an es-
sential role in the inflammatory response (Summers
Rada and Wiechmann 2006; Markus et al. 2018;
Horodincu and Solcan 2023). This melatonin-induced
immunomodulatory effect has been described in snakes
(Tripathi et al. 2014), fish (Angeles Esteban et al.
2013), chickens (Horodincu and Solcan 2023), and
mammals (Markus et al. 2018). Regarding the in-
flammatory response, melatonin modulates the leuko-
cyte migration and cellular activity, including prolifer-
ation and phagocytosis (Markowska et al. 2001; Pires-
Lapa et al. 2013; Tripathi et al. 2014). Following im-
mune stimuli (pathogen-associated molecular patterns
and/or damage-associated molecular patterns), it has
been described that increased melatonin attenuated
the lipopolysaccharide (LPS)-induced inflammatory re-
sponse and inhibited the phytohemagglutinin-induced
lymphocyte proliferation in chickens (Markowska et al.
2001; Li et al. 2018). For mammals, the immune
stimuli suppress the nocturnal melatonin by direct
action on the pineal gland, which increases blood
leukocyte migration to the site of infection. Later, in
the inflammatory response, leukocytes in the site of
infection increase melatonin production. This shift
from pineal to immune cell melatonin production
is termed the immune-pineal axis (Markus et al.
2018).

Well described in mammals, the first phase of the in-
flammatory response, called the alarm phase, is char-
acterized by the activation of two main axes: (1) the
hypothalamic-hypophyseal-adrenal axis, which culmi-
nates in increased glucocorticoid secretion; and (2) the
activation of the immune-pineal axis, which culminates
in decreased systemic melatonin synthesis and secre-
tion, while immune cells increase the production of
chemokines and pro-inflammatory interleukins (Cain
and Cidlowski 2017; Markus et al. 2018). In accordance,
studies with amphibians have shown that LPS induces
increases in plasma corticosterone levels, in the ex-
pression of interleukin (IL)-18, IL-6, and IL-10 mRNA
levels, and bacterial killing ability in some amphibian
species (Gardner et al. 2018; Titon Junior et al. 2021;
Bastos et al. 2022; Floreste et al. 2022; Garcia Neto et al.
2022). In addition, we previously observed decreased
plasma and ocular melatonin following LPS in R. dip-
tycha and R. icterica toads (Ferreira et al. 2021; Titon
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Junior et al. 2021; Bastos et al. 2022), suggesting a direct
melatonin suppression in the pineal and eyes of anu-
rans.

Regarding the production of melatonin by extra-
pineal/ocular sources, it has been described that the
lungs, liver, intestine, stomach, bone marrow, and im-
mune cells can synthesize melatonin in vertebrates
(Bubenik and Pang 1997; Tan et al. 1999; Martin and
Frevert 2005; Markus et al. 2018; Slominski et al. 2018;
de Figueiredo et al. 2021, 2022; Cyrino et al. 2022; Hu
et al. 2022¢). Moreover, evidence of local increases in
melatonin following an immune challenge and with
protective cellular actions has been observed in sev-
eral tissues, such as bone marrow, spleen, gastrointesti-
nal tract, and immune cells, among others (Bubenik
2001; Acuna-Castroviejo et al. 2014; Markus et al.
2018; Coérdoba-Moreno et al. 2020). In particular, im-
mune cells play a crucial role as sources of mela-
tonin, and heightened melatonin production at the lo-
cal level facilitates an enhanced immune response in
the immediate vicinity (Markus et al. 2018). In am-
phibians, the intestine and stomach are important mela-
tonin sources under physiological and pathophysiolog-
ical conditions (Bubenik and Pang 1997; de Figueiredo
etal. 2021, 2022). However, to date, melatonin produc-
tion by immune cells has not been described in this
taxon.

A better understanding of the daily variations in oc-
ular and plasma melatonin will help to shed light on
the role of the eyes in contributing to systemic mela-
tonin in amphibians. Herein, we investigated the daily
variation of concomitant plasma and ocular melatonin
in bullfrogs (Lithobates catesbeianus). We predicted (1)
increased plasma and ocular melatonin levels during
the dark phase, with a peak within the middle of the
dark phase. In addition, little is known about the mela-
tonin production by the eyes and immune cells, es-
pecially following an immune stimulation along dis-
tinct day phases. Then, isolating the eyes, plasma, and
immune tissues, such as the liver and bone marrow,
can be the first step to shed light on the immune-
endocrine relations in anurans during distinct periods
of the day. Herein, we also investigated plasma, ocu-
lar, liver, and bone marrow melatonin modulation fol-
lowing an immune stimulation with LPS in the yel-
low cururu toad (Rhinella icterica). We predicted (2)
decreased systemic melatonin levels (plasma and oc-
ular) following LPS injection, with a more accentu-
ated response being evident during the time in which
systemic melatonin is maximum, ~22 h (Bastos et al.
2022); and (3) increased local melatonin levels (liver
and bone marrow) following LPS injection at both
10-22 h.
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Materials and methods
Experiment |: daily variation

In experiment 1, we selected the L. catesbeianus species,
an amphibian model used in numerous studies (De
Abreu Manso et al. 2009; Becerra Lopez et al. 2017;
Blaustein et al. 2018; Lima et al. 2022; Madelaire et
al. 2023; Ruiz and Robert 2023), making our results
comparable with pre-existing physiological data. More-
over, this species is easy to manipulate and readily avail-
able to purchase from farms in the State of Sao Paulo.
Adult males of L. catesbeianus (N = 40) were bought
from a commercial facility at the end of April 2019 (Ras
World, Sao Paulo, Brazil). Frogs with similar sizes and
weights were purchased from the farm to avoid differ-
ences in these variables. The mean body mass & SD was
142.34 £ 5.46 g, and the mean snout-vent length £ SD
was 288.33 &+ 31.79 mm. Animals were randomly di-
vided and kept individually in 20-L plastic containers
with a meshed lid to allow air circulation, filled with
1.5-L aged tap water. Containers had a plastic pipe (75
mm) to provide a dry area, and the water was changed
every 3 days, 1 h before the lights turned off. All the in-
dividuals were maintained in an environmental cham-
ber (Eletrolab EL011, Sao Paulo/SP, Brazil) with a con-
trolled temperature (20 = 2°C) and photoperiod (12:12
LD cycle, lights on at 7 h and off at 19 h). Frogs were
kept in conditions similar to those from the farm where
they were bred; therefore, 7 days were allowed to adjust
to the individual containers after transportation and
relocation.

On the 8th day of captivity, animals were randomly
sampled (independent samples) throughout 24-h day,
within 3-h intervals (5 frogs every 3 h, at each spe-
cific hour: 1, 4, 7, 10, 13, 16, 19, and 22 h). Blood sam-
ples were collected (~1 ml) by cardiac puncture us-
ing heparinized 1 ml syringes and 26 Gx1/2" needles
within 1 min. Thereafter, animals were euthanized by
decapitation. All procedures for using biological mate-
rial were performed with the approval of the IB/USP
Ethical Committee (CEUA, #325/2018).

Experiment 2:field collection and day and
night LPS administration

For experiment 2, R. icterica species was selected as
a model considering the previous knowledge about
endocrine-immune interactions, including LPS expo-
sure on this species (Assis et al. 2015, 2017, 2022; Titon
et al. 2018; Titon et al. 2021b; Bastos et al. 2022; Garcia
Neto et al. 2022), allowing a better understanding of
amphibian’s physiology. Adult male toads of R. icter-
ica [N = 24, snout-vent-length >70 mm (Krakauer
1968)] were collected in Botucatu (22°46'55” S and
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48°28'29"” W), Sao Paulo/Brazil, in July 2019. Toads
were kept in plastic containers (43.0 x 28.5 x 26.5
cm—>5 toads per box), with free access to water for
72 h under natural photoperiod and temperature un-
til they were taken to the laboratory. At the labora-
tory, the animals were individually accommodated in
plastic containers (43.0 x 28.5 x 26.5 cm), whose lids
had holes to allow air circulation placed in an envi-
ronmental chamber (Eletrolab EL011, Sio Paulo/SP,
Brazil), with the temperature kept at 20 £ 2°C and pho-
toperiod at 12/12 LD lights turned on at 7 h and off
at 19 h. Toads were kept under these conditions for
10 days.

Three days before the experiment, the animals were
weighed (0.00 g) and had their snout-vent length mea-
sured (0.00 mm). Toads were randomly divided into
four groups (LPS day, saline day, LPS night, and saline
night). Mean body mass £ SD was 159.74 £ 56.04 g,
and mean snout-vent length + SD was 119.79 & 13.22
mm. The toads were intraperitoneally injected with LPS
(2 mg/kg, Escherichia coli, Serotype 0127: B8, L3129,
Sigma, St. Louis, MO, USA) or saline, according to
Titon Junior et al. (2021). Intraperitoneal injections of
LPS or saline were performed at 10 or 22 h and 4 h
after lights were on or off, respectively. These times
were selected since captive anurans, including R. icter-
ica species, showed decreased melatonin during the day
and increased melatonin at night (Jessop et al. 2014;
Titon et al. 2021a; Bastos et al. 2022), then we wanted
to detect possible differences in the hormonal profile at
the selected times. The individuals were injected within
5 min intervals, LPS and saline, respectively. Two hours
after the injections, the toads were sampled by cardiac
puncture (~500 ml) and were euthanized by decapita-
tion.

Animal collection and all the procedures were per-
formed under license from the Instituto Chico Mendes
de Conservac¢io da Biodiversidade (ICMBio, #29,896-
1) and the approval of the animal ethics committee of
the Bioscience Institute of the University of Sdo Paulo
(#242/2016).

Blood processing and tissue removing

Immediately after collection, the blood was placed on
ice for a maximum of 30 min. Blood samples were cen-
trifuged at 604 g, 23°C, and 4 min. The plasma was iso-
lated and stored in a —80°C freezer. After decapitation,
the eyes, liver, and bone marrow were removed with
sterile surgical material and stored in a —80°C freezer.
All tissues were used for further melatonin quantifica-
tion. In addition, for all the experimental procedures
(intraperitoneal injections, blood sampling, and eye re-
moval), red lights (15W, 220 V, and 650 nm wavelength)
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were used during the night to prevent animals’ expo-
sure to white light, which inhibits melatonin production
(Trinder et al. 1996).

Liver and bone marrow processing

The bone marrow and liver were processed according
to de Figueiredo et al. (2021) and Cyrino et al. (2022).
Briefly, the liver was weighed, and 60 mg was pulverized
with liquid nitrogen in a porcelain mortar and homog-
enized in the vortex in 400 pL of tris-HCl. The mix was
centrifuged (20,000 g, 5 min, and 4°C). The supernatant
was isolated and frozen at —80°C for hormone quantifi-
cation.

For the bone marrow, cells were obtained by cen-
trifuging the femur in a 1.5-ml microtube (14,000 g, 5
min, and 4°C). Next, the opposite bone extremity was
cut, then the bone was turned upside down in the same
microtube and centrifuged again to collect more bone
marrow cells (14,000 g, 5 min, and 4°C). Thereafter, the
bone marrow was removed from the microtube, and
the resulting cells were resuspended in 400 pL of tris-
HCI, then homogenized in the vortex and centrifuged
(14,000 g, 5 min, and 4°C). The supernatant was col-
lected and frozen (—80°C) for hormone quantification.

Ocular tissue processing

For ocular melatonin determination, the eyes were de-
frosted, the crystalline was removed, and the remain-
ing eye tissue was homogenized in 2 ml of saline so-
lution in a homogenizer (Ultra Turrax, T25 Basic, IKA
Labortechnik; 16,000 rpm) and centrifuged (1562 g, 20
min, and 4°C). The supernatant was collected for mela-
tonin quantification.

Melatonin quantification

Plasma, ocular, liver, and bone marrow melatonin lev-
els were determined by the ELISA commercial kit (IBL,
RE54021) according to the manufacturer’s instructions.
The melatonin quantification with the IBL ELISA kit
has been conducted in some anuran species, including
L. catesbeianus and R. icterica (Barsotti et al. 2017; de
Figueiredo et al. 2021; Titon Junior et al. 2021; Titon et
al. 2021a; Bastos et al. 2022; Garcia Neto et al. 2022). The
sensitivity of the assay was 3.0 pg/ml, and intra-assay
variations for experiments 1 and 2 were 9.55 and 2.86%,
respectively. Tissue proteins were quantified with 1 ul
of tissue supernatant in a Nanodrop apparatus, and
the final bone marrow and liver melatonin values in
pg/mg of tissue were calculated as the melatonin value
(pg/ml) from the ELISA kit divided by the protein val-
ues (mg/ml) obtained with the Nanodrop, according to
de Figueiredo et al. (2021).

S.C. M. Titon et al.

Statistical analysis

All variables were submitted to the Shapiro-Wilk nor-
mality test and Levene’s homogeneity test.

Experiment |: daily variation

The variables for experiment 1 did not fit the parametric
test assumptions. Then, we performed a Kruskal-Wallis
test, with plasma and ocular melatonin levels as the de-
pendent variables and hour of the day as a factor (1, 4,
7,10, 13, 16, 19, and 22 h).

Experiment 2: day and night LPS administration
Considering the LPS treatment in the day and night
LPS exposure (experiment 2), we first performed sets
of two-way ANCOVAs with plasma, ocular, liver, and
bone marrow melatonin levels as dependent variables,
treatment (saline and LPS), and period (day and night)
as factors, and body mass as a covariate. For the vari-
ables not affected by body mass, we performed sets of
two-way ANOVAs by excluding the covariate from the
models.

When appropriate, pairwise comparisons with Bon-
ferroni adjustment followed all analyses (experiments
1 and 2). Pearson or Spearman correlation tests were
used to investigate the correlations among variables. All
statistics were performed using IBM SPSS Statistics 26
for Windows.

Results
Experiment |: daily variation

There was a daily variation (experiment 1) in the plasma
(H(7y = 17.783, P = 0.013, Fig. 1A) and ocular (H(7 =
20.626, P = 0.004, Fig. 1B) melatonin levels in captive
males of L. catesbeianus. In addition, there is a positive
correlation between plasma and ocular melatonin levels
over 24 h (rsi39) = 0.384, P = 0.019, Fig. 1C).

Experiment 2: day and night LPS
administration

Plasma and ocular melatonin levels were not affected
by body mass (P = 0.344 and P = 0.703, respectively).
The LPS injection showed no effect on plasma mela-
tonin levels but decreased ocular melatonin levels in-
dependently of the period of the day (F;;, = 0.044;
P =0.837; and F; 19 = 5.551; P = 0.029; Fig. 2A and B)
in males of R. icterica toads from experiment 2. Regard-
ing the immune tissues, liver melatonin levels were af-
fected by body mass (Fy,;7 = 8.924 and P = 0.008), with
the larger animals showing higher melatonin levels. The
melatonin levels in the liver tended to be affected by LPS
treatment (F) ;7 = 3.191 and P = 0.092), with increased
mean values in the LPS group than in the saline group
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(Table 1; Fig. 1C). Bone marrow melatonin levels were
affected by body mass (F;,;; = 8.114 and P = 0.011),
where larger animals showed lower melatonin levels.
Melatonin levels in the bone marrow were affected by
the treatment x period interaction (F; ;7 = 7.430 and
P = 0.014). The melatonin levels in the bone marrow
were higher in the LPS group than in the saline group
during the day (Table 1; Fig. 2D). Bone marrow mela-
tonin levels were also higher during the day than at
night in the LPS group. There is no correlation among
the studied variables.

Discussion
Experiment |: daily variation

Our results demonstrated plasma and ocular melatonin
variation over 24 h, with the dark phase duration bet-
ter characterized in ocular melatonin than in plasma in
L. catesbeianus. Interestingly, melatonin plasma levels
showed mean increased values at only one point during
the dark phase at 22 h. Plasma melatonin levels in am-
phibians show the pattern of nocturnal melatonin peaks
varying with species (i.e., melatonin peaks may occur
within the first hours of the night, late in the dark phase,
in the middle of the dark phase, or throughout the dark
phase) (Serino et al. 1993; Jessop et al. 2014; Titon et al.
2021a; Bastos et al. 2022; Hu et al. 2022c). According
to Wright (2002), melatonin clearance is very fast when
melatonin plasma levels are high. Hence, it is plausible
that there was a transient surge in plasma melatonin lev-
els (probably in the 19-22 h and 22-1 h intervals), with
such rapid clearance that our study only captured a sin-
gle data point (at 22 h). In the meantime, ocular mela-
tonin showed increased mean values from the begin-
ning of the dark phase, in which mean values were at
least three to four times higher than plasma mean val-
ues. Indeed, ocular melatonin levels seem to be higher
than in the plasma in amphibians (Delgado and Vivien-
Roels 1989; Wright et al. 2006; Hu et al. 2022c) and sea
bass (Bayarri et al. 2003). In addition, we found a pos-
itive correlation between plasma and ocular melatonin
levels in L. catesbeianus, as previously observed in Rana
perezi (Delgado and Vivien-Roels 1989; Hu et al. 2022a).
These and other studies demonstrate the eyes express
the melatonin rhythm and contribute to systemic mela-
tonin levels in amphibians (Delgado and Vivien-Roels
1989; Serino et al. 1993; D’Istria et al. 1994; Hu et al.
2022a,c).

Experiment 2: day and night LPS
administration

As expected, ocular melatonin decreased following LPS
exposure; however, plasma melatonin was not modu-
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lated by LPS. Plasma melatonin levels have not been
modulated after the first hours following LPS stimu-
lation in some anurans (Figueiredo et al. 2021; Garcia
Neto et al. 2022). In the meantime, other studies
demonstrated decreased plasma melatonin levels after
LPS stimulation (Ferreira et al. 2021; Figueiredo et al.
2021; Titon Junior et al. 2021). The absence of response
in plasma melatonin levels to LPS in our study could
be due to the fact we measured the hormone before
the melatonin peak, when its values were still low in
R. icterica (Bastos et al. 2022). Meanwhile, corroborat-
ing the findings of Bastos et al. (2022), we observed
decreased ocular melatonin following LPS during the
night. In addition, we observed the same pattern dur-
ing the day, demonstrating the R. icterica eyes are re-

sponsive to LPS at any phase of the day. Decreased cen-
tral melatonin levels are observed through the direct
action of pathogen-associated molecular patterns, such
as LPS, and increased glucocorticoid levels in mam-
mals and amphibians (Barsotti et al. 2017; Markus et al.
2018; Titon Junior et al. 2021). In accordance, we pre-
viously observed decreased melatonin associated with
increased corticosterone plasma levels in amphibians
(Titon et al. 2022), demonstrating the eye is respon-
sive to immune stimulation and suggesting increased
corticosterone can participate in this ocular melatonin
regulation.

Regarding the bone marrow and liver, we observed
increased melatonin levels in the bone marrow during
the day and a trend to increase melatonin levels in the
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Table | Results of the sets of two-way ANOVAs showing the lipopolysaccharide effects (treatment: LPS or saline) on the plasma, ocular,

liver, and bone marrow melatonin levels at different periods (day or night) in R. icterica (experiment 2).
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Variable Source Type Il SS DF MS F P
Plasma melatonin Intercept 130.006 | 130.006 31.265 <0.001
Treatment 0.184 | 0.184 0.044 0.837
Period 3.116 | 3.116 0.749 0.404
Treatment x Period 2.008 | 2.008 0.483 0.500
Error 49.898 12 4.158
Ocular melatonin Intercept 1,319,791.681 | 1,319,791.681 205.460 <0.001
Treatment 35,655.334 | 35,655.334 5.551 0.029
Period 10,158.552 | 10,158.552 1.581 0.224
Treatment x Period 4177.551 | 4177.551 0.650 0.430
Error 122,048.512 19 6423.606
Liver melatonin Intercept 224.904 | 224.904 0.419 0.526
Body mass 4785.593 | 4785.593 8.924 0.008
Treatment 1711.287 | 1711.287 3.191 0.092
Period 114.454 | 114.454 0.213 0.650
Treatment x Period 596.656 | 596.656 1.113 0.306
Error 9116.047 17 536.238
Bone marrow melatonin Intercept 561,344.007 | 561,344.007 16.374 0.001
Body mass 278,176.205 | 278,176.205 8.114 0.011
Treatment 127,232.780 | 127,232.780 3.711 0.071
Period 312,071.663 | 312,071.663 9.103 0.008
Treatment x Period 254,718.550 | 254,718.550 7.430 0.014
Error 582,799.147 17 34,282.303

Abbreviations are as follows: Type Ill SS: type Il sum of squares; DF: degrees of freedom; MS: mean square. Variables with P significant <0.05 are

highlighted in bold.

liver, independently of the day phase. In amphibians,
the bone marrow is an organ that accumulates immune
cells during the day (Yaparla et al. 2020; Ruiz and Robert
2023). Meanwhile, these immune cells are released from
the bone marrow to the bloodstream at night (Yaparla
et al. 2020; Ruiz and Robert 2023). Therefore, we hy-
pothesized the increase in melatonin levels following
LPS stimulation during the day is probably attributable
to local melatonin synthesis by the immune cells within
the bone marrow, as described for rats (Tan et al. 1999).
Conversely, during the night, when these immune cells
are released into the bloodstream, we can no longer find
discernible alterations in local melatonin levels. This
hypothesis remains to be tested. On the other hand,
the liver is a hematopoietic organ in amphibians, show-
ing resident hematopoietic stem and progenitor cells,
which produce and replenish the blood with new ma-
ture immune cells (Yaparla et al. 2020; Ruiz and Robert
2023). The immune cells within the liver may contribute
to melatonin production, as suggested by the observed
trend for elevated melatonin levels in response to LPS
stimulation both during the day and night in our re-
sults. Isolating the immune cells from the bone mar-
row and liver and identifying melatonin production

following LPS administration would corroborate this
hypothesis.

Under healthy physiological conditions in mam-
mals, leukocytes circulate within the bloodstream, with
heightened melatonin levels preventing their transloca-
tion across the endothelial barrier. However, following
immune stimuli, the activation of the innate immune
response induces a reduction in melatonin levels, trig-
gering leukocyte migration to the injury site (Markus et
al. 2018). The immune cells, mainly macrophages, in the
inflammatory site produce melatonin during the reso-
lution phase to increase the phagocytic activity of lo-
cal cells (Markus et al. 2018). This bidirectional com-
munication between the pineal gland and the immune
system is termed the immune-pineal axis and is known
only for mammals to date (Markus et al. 2018). We
propose an immune-pineal-ocular axis in amphibians
(see the scheme in Fig. 3) based on the following infor-
mation: ocular and plasma melatonin daily cycles with
increased values at night have been described under
homeostatic conditions in several amphibian species
(D’Istria et al. 1994; Chiba et al. 2005; Wright et al.
2006; Bastos et al. 2022; Hu et al. 2022a,c). In addition,
studies with anurans have shown that melatonin can be

G20z Re ¢ uo sasn 191S/dSN A9 G6.2592/60€ L/G/¥9/2101e/q01/Ww0od"dno"dlwapede//:sd)y Woij papeojumo(



1316

S.C. M. Titon et al.

Immune-Pineal-Ocular Axis
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Fig. 3 Possible scheme of the immune-pineal-ocular axis in amphibians—backward and forward switch of melatonin synthesis from the
pineal and eyes to immune cells. (A) Homeostasis—the eyes and the pineal gland produce melatonin (MEL) and release it into the
bloodstream. (B) Inflammatory response/Pro-inflammatory phase—during the pro-inflammatory phase of the inflammatory response,
pathogenic or damage-associated molecular patterns (PAMPs/DAMPs) set off a signaling cascade that inhibits MEL production in the eyes
and the pineal gland. Additionally, the surge in corticosterone (CORT) levels further hampers MEL synthesis in these tissues. Concurrently,
circulating immune cells transmigrate from the endothelium to the site of infection or inflammation. (C) Inflammatory response/Resolution
phase—in the absence of PAMPs/DAMPs, immune cells at the site of infection or inflammation, as well as in other immune tissues, initiate
MEL production. This serves as an autocrine/paracrine signal, enhancing the local immune response. Simultaneously, the eyes and pineal
gland undergo recovery to resume MEL production, contributing to the restoration of elevated circulating MEL levels. The eyes and

melatonin molecules were generated using Al (DALL-E).

produced by extra pineal and ocular tissues, such as the
brain, skin, stomach, and intestine, by enterochromaf-
fin cells acting as a paracrine hormone in other seg-
ments of the gastrointestinal tract (Bubenik and Pang
1997; Bubenik 2001; de Figueiredo et al. 2021; Cyrino
et al. 2022; Hu et al. 2022b,c). In the meantime, mela-
tonin production by immune cells has not been de-
scribed in amphibians. However, our results demon-
strate immune tissues such as bone marrow and the
liver of amphibians have cells that can produce mela-
tonin following LPS stimulation. In accordance, an im-
mune enzyme, lysozyme, in Rana dybowskii’s serum and
liver showed maximum activity during the darkness,
suggesting a melatonin-induced immune augmentation
in this function (Hu et al. 2022b). Besides, our results
and other studies demonstrate that LPS suppresses oc-
ular and plasma melatonin levels (Ferreira et al. 2021;
Titon Junior et al. 2021; Bastos et al. 2022). Therefore,
in light of the evidence presented here and in previous
studies, we propose a model illustrating the function
of the immune-pineal-ocular axis in amphibians (Fig.
3). However, further research is needed to explore the
resolution phase and to comprehensively assess mela-

tonin production and its enzymatic pathways in the
eyes, pineal gland, and immune cells to substantiate the
existence of the immune-pineal-ocular axis in this tax-
onomic group.

Conclusion

Our results showed a 24-h variation in ocular melatonin
levels positively correlated with plasma melatonin lev-
els. Interestingly, ocular melatonin levels were higher
than in the plasma, indicating that the eyes might con-
tribute to the resulting circulating melatonin levels in
these toads. Our results also demonstrated that immune
stimulation might impair ocular melatonin production.
We observed decreased ocular melatonin levels follow-
ing LPS exposure, with a concomitant increase in the
bone marrow and an increased trend in the liver mela-
tonin levels, possibly due to melatonin production by
immune cells in these tissues. These results point to
a possible immune-pineal-ocular axis in amphibians,
which must be better characterized for understanding
the role of melatonin during surveillance, as well as in
the inflammatory response in amphibians.
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