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Synopsis Melatonin is a ho rmo ne known as an en dogen ous temporal ma rk er sig na ling the dark ph a se of the d ay. A lthough 

the e yes s eem t o be the main sit e of m e lato nin p rod uctio n in amphib ians, li ttle info rmatio n is available about the natural varia- 
t ion in ocu lar m e latonin leve ls an d its m odu lat ion fol lowing immune st imu lat ion. We invest igate d the dai ly variat io n o f pla sm a 
a nd ocula r m e latonin leve ls in bu l lfr ogs ( Litho bat es cat esb ei anus ) an d th eir m odu lat ion fol lowing an immune st imu lat io n wi th 

lip op o l ys acchar ide (LPS) in yellow cur ur u toads ( Rhinell a i cteri ca ). For th e da ily va riat ion, bu l lfr ogs wer e bled and then euth- 
a nized f or eye col le ct ion ev ery 3 h ov er 24 h t o det ermine pla sm a a nd ocula r m e latonin leve ls. We foun d a posi tive co rrelatio n 

b etween o cula r a nd pla sm a m e latonin leve l s, with m axim um values a t nigh t (22 h) for both pla sm a an d th e eyes. F or imm une 
st imu lat ion, yel low cur ur u to ads re ceive d an int raperi to nea l inj e ct io n o f LPS o r saline sol u tio n d ur ing t he day (10 h) or a t nigh t 
(22 h). Two hours after inj e ct ion, to ads were bled and euthanized for eye col le ct ion to obtain pla sm a and ocular m e latonin lev- 
els. In addi tio n, the liver and bone marrow were col le cte d to investigate local m e latonin m odu lat ion. O ur resu lts demonst rate 
th at retin al ligh t-con trolled rhythmic melato nin p rod uctio n is su pp resse d whi le liver an d bon e marrow m e latonin leve ls in- 
cre ase dur ing t he inflamm atory a s sembla ge in a nura ns. In terestingly, the LPS in j e ct ion de crease d on ly ocu lar m e latonin leve ls, 
r einfor cing the cent ra l role of the eyes (i .e ., retin a) a s an essent ia l o rgan o f m e lato nin p rod uctio n, a nd a simila r role to th e pin eal 
gland dur ing t he inflammato ry respo nse in amphib ian s. Tog et her, t hese resul ts po int to a possible immune-pinea l-ocu lar axis 
in a mphibia n s, y et to be fu l ly describe d in this g roup. 
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ntroduction 

h e daily m e latonin r hyt hm is t he biolog ica l o utp ut of
h e ph o to p erio dic info rmatio n, wi th increased m e la-
onin pla sm a level s sign aling the darkness p erio d of the
ay in a l l invest igate d vert ebrat es ( Reit er 1993 ; S ingh
 nd Halda r 2007 ; Moore a nd Menak er 2011 ; Jessop et al.
014 ; Saha et al. 2019 ). Melatonin is mainly p rod uced
n th e pin eal glan d, with studies in m amm al s, fish, rep-
 i les, an d birds s h owing that pin ea le cto my su pp resses
la sm a m e latonin n o cturnal p eak a nd da ily rhythm
 Cogburn et al . 1987 ; Reit er 1993 ; Bubenik and Pang
997 ; Tosini et al . 2001 ; Muño z-Pérez et al. 2016 ). In ad-
i tio n, m e l atonin c an be rhythmic a l ly p rod uced by the
yes in bird s, fish, rept i les, a mphibia ns, a nd ma mmals,
 dvance A ccess publicatio n Ap ril 24, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ncludin g human s ( Tosini et al. 2001 ; Lun dmar k et al.
006 ; Summers Rada and Wiechmann 2006 ; Wright
t al. 2006 ; Iigo et al. 2007 ). In humans and c hic k-
ns, th e m e l atonin sy nt hesized in t he eyes is mostly a
aracrin e su bstan ce, m odu lat ing loca l p hysio logy and
athop hysio logy ( Lundmark et al . 2006 ; Summer s Rada
 nd Wiechma nn 2006 ; Brenna n et al. 2007 ). Mean-
hile, th e eye an d pin ea l cont ribut e t o the resu lt ing
la sm a m e latonin leve ls in amphi bians an d som e fis h
 Bayar r i et al. 2003 ; Wr ight et a l. 2006 ). Spe cifica l ly in
 mphibia n s, the ey es p rod uce high co ncen tra tio ns o f
 e lat onin, whic h seems t o contribut e t o at lea st h alf

f the circu lat ing m e latonin leve ls ( Serin o et al. 1993 ;
 hib a et a l. 2005 ; Wright et a l. 2006 ). In addit ion, the
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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circ adi an rhythm of melatonin in a mphibia ns shows in-
crea sed pla sm a m e latonin an d ret ina l levels at th e dar k
ph a se ( Wright et al . 2006 ; Tit on et al . 2021a ), wit h bot h
pla sm a and eye melatonin being synchronized in some
s pecies ( D’Is tria et al. 1994 ; Chiba et al. 2005 ; Hu et al.
2022a , c ). 

Besides its function in sig na ling dar kn ess, m e latonin
is an immun om odulatory h orm on e that plays an es-
sent ia l role in the inflammato ry respo nse ( Summers
Rada a nd Wiechma nn 2006 ; Ma rkus et al. 2018 ;
Horodin cu an d Solcan 2023 ). This m e latonin-in duced
immun om odu latory effe ct h a s b een describ e d in sna kes
( Tr ipat hi et al. 2014 ), fish ( Án g eles Esteban et al.
2013 ), c hic kens ( Horodincu and Solcan 2023 ), and
m amm al s ( Marku s et al. 2018 ). Regarding the in-
flammato ry respo nse, m e latonin m odulates th e leuko-
cyte mig rat ion an d ce l lu lar act iv it y, including prolifer-
ation and ph agocytosi s ( Ma rk owska et al. 2001 ; P ires-
Lap a et a l. 2013 ; Trip athi et a l. 2014 ). Fol lowing im-
m une stim uli (pa thogen-associa ted molecular pa tterns
a nd/or da m age-a ssociate d mole cu lar p atterns), it h a s
b een describ ed t hat incre ased m e la tonin a tten ua ted
the lip op o l ysaccha ride (LPS)-induced infla mmatory re-
sponse an d inhi bited th e p hyto hemaggl u tinin-ind uced
l ymp hocyte pro liferation in c hic k ens ( Ma rk owska et al.
2001 ; Li et al. 2018 ). For m amm al s, th e immun e
st imu li su pp ress the nocturnal melatonin by direct
actio n o n the p in eal glan d , whic h increases blo o d
leu kocyte mig rat io n to the si te o f infe ct ion. Later, in
the inflammatory resp onse, leuko cytes in the site of
infe ct ion increase melatonin production. This shift
fro m p in eal to immun e ce ll m e lato nin p rod uctio n
is termed the immune-pineal axi s ( Marku s et al.
2018 ). 

We ll descri bed in m amm al s, the first ph a se of the in-
flammato ry respo nse, ca l le d the a larm ph a se, i s ch ar-
acter ized by t he act ivat io n o f tw o main ax es: (1) the
h ypothalamic-h ypoph ysea l-adrena l axis, which culmi-
nates in increased gl ucoco rtico id secretio n; and (2) the
act ivat io n o f th e immun e-pin eal axis, w hich c ulminates
in de crease d systemic m e l atonin sy nth esis an d secre-
t ion, whi le immun e ce lls in cre ase t he p rod uctio n o f
ch em okin es an d p ro-inflammato ry interleukins ( Cain
an d Cidlows ki 2017 ; Mar kus et al. 2018 ). In accordance,
studies wi th amphib ian s hav e s h own that LPS in duces
increa ses in pla sm a co rticostero n e leve ls, in th e ex-
p ressio n o f interleukin (IL)-1 β , IL -6, a nd IL -10 mRNA
leve ls, an d b acteria l ki l ling abi lity in some a mphibia n
species ( Gardner et al . 2018 ; Tit on Junior et al. 2021 ;
Bastos et al. 2022 ; Floreste et al. 2022 ; Garcia Neto et al.
2022 ). In addi tio n, we p re viously obs erve d de crease d
pla sm a and ocular m e latonin following LPS in R. dip-
ty cha an d R. i cteri ca toads ( Ferreira et al . 2021 ; Tit on
Junior et al . 2021 ; Bast os et al. 2022 ), s ugges ting a direct
m e lato nin su pp ressio n in the pineal and eyes of anu-
rans. 

Regarding the p rod uctio n o f m e latonin by extra-
pinea l/ocu lar sources, it h a s been described that the
lun gs, liv er, int estine , st omac h, bone ma rrow, a nd im-
mun e ce lls c an sy nth esize m e latonin in vertebrates
( Bu benik an d Pa ng 1997 ; Ta n et al. 1999 ; Ma rtin a nd
Fr evert 2005 ; Mark us et al . 2018 ; S lominski et al . 2018 ;
de Figueiredo et al. 2021 , 2022 ; Cyrino et al. 2022 ; Hu
et a l. 2022c ). More over, ev idence of loc al increases in
m e l atonin follow ing an immune cha l len g e and with
prote ct ive cel lu lar act ions h a s be en observe d in s e v-
era l t is s ues, s uch a s bone m arrow, spleen, ga st rointest i-
na l t ract, an d immun e ce lls, am ong oth ers ( Bu benik
2001 ; Acuña-Ca st roviej o et a l. 2014 ; Markus et a l.
2018 ; Córdoba-Mo reno et al. 2020 ). In p art icu lar, im-
mun e ce lls play a crucial role as sources of m e la-
tonin, an d h eighten ed m e lato nin p rod uctio n at the lo-
ca l level faci litates an en hance d immune response in
th e imm edi ate v icinit y ( Markus et al. 2018 ). In am-
phi bians, th e intestin e an d st omac h a re importa nt m e la-
tonin sources under p hysio log ica l and pathop hysio log-
ical co ndi tio ns ( Bu benik an d Pang 1997 ; de Figueiredo
et al. 2021 , 2022 ). How ev er, to date, m e lato nin p rod uc-
tion by immune cells has not been described in this
taxon. 

A bett er under standing of the da ily va riations in oc-
ula r a nd pla sm a m e l atonin w i l l h e lp to s h ed light on
the role of the eyes in co ntribu ting t o syst emic m e la-
tonin in a mphibia n s. Herein, w e inv est igate d the dai ly
variatio n o f co nco mi tant pla sm a a nd ocula r m e latonin
in bu l lfr ogs ( Litho bat es cat esb ei anus ). We pre dicte d (1)
increa sed pla sm a a nd ocula r m e latonin leve ls during
th e dar k ph a se, wit h a pe ak wit hin t he middle of t he
dark ph a se. In addi tio n, li ttle is known abou t th e m e la-
to nin p rod uctio n by the eyes and immune cells, es-
pe cia l l y fo llowing an immune st imu lat ion a long dis-
tinct day ph a ses. Then, i solating the eyes, pla sm a, and
immune tis s ues, s uch as th e liver an d bon e marrow,
can be the first st ep t o s h ed light on th e immun e-
en docrin e re la tions in an uran s durin g distinct p erio ds
of the day. Herein, we also invest igate d pla sm a, ocu-
lar , liver , an d bon e marrow m e latonin m odu lat ion fol-
lowing an immune st imu lat io n wi th LPS in the yel-
low cur ur u toad ( Rhinell a i cteri ca ). We pre dicte d (2)
de crease d systemic m e latonin leve l s (pla sm a and oc-
ula r) f ollow ing LPS injection, w ith a more accentu-
ated response being evident during the time in which
systemic m e latonin i s m aximum, ∼22 h ( Ba st os et al .
2022 ); and (3) increased local m e latonin leve ls (liver
an d bon e ma rrow) f ol lowing LPS inj e ct ion at both
10–22 h. 
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aterials and methods 

xperiment 1: daily variation 

n experiment 1, we sele cte d the L. catesbeianus species,
 n a mphibia n model used in numerous studies ( De
breu Manso et a l. 2009 ; Be cerra Lópe z et a l. 2017 ;
 laust ein et al. 2018 ; Lima et al. 2022 ; Madelaire et
l. 2023 ; Ruiz and Robert 2023 ), making our results
o mparable wi th p re-existing p hysio logic al d ata. More-
ver, thi s species i s ea sy to m a nipulate a nd readily ava il-
ble t o purc h a se from far ms in t he St a te of São Pa ulo.
d ul t males of L. catesb ei anus ( N = 40) were bought

ro m a co mmercia l faci lity at the end of April 2019 (Rãs
orld, São Paulo, Brazil). Frogs with similar sizes and
 eights w er e pur ch a sed from t he far m to avoid differ-

n ces in th ese variables. Th e m ean b o dy m a ss ± SD wa s
42.34 ± 5.46 g, and the mean snout–vent length ± SD
as 288.33 ± 31.79 mm. Animals were randomly di-
ided and kept indiv idu a l ly in 20-L plast ic containers
ith a m es h e d lid to a l low air circu lat ion, fil le d with
.5-L aged tap wat er. Container s had a plastic p i pe (75
m) to provide a dry a rea, a n d th e water was chan g ed

very 3 days, 1 h before the lights turned off. All the in-
iv idu al s were m a inta ined in an environmental cham-
er (Eletrolab EL011, São Paulo/SP, Brazil) with a con-
 rol le d tem pera ture (20 ± 2 

◦C) an d ph o to p erio d (12:12
D cyc le , ligh ts on a t 7 h and off at 19 h). Fr ogs wer e
ept in co ndi tio ns similar to those from the farm where
hey wer e br ed; ther efor e, 7 days wer e a l lowe d to adjust
o th e in div idu al conta iners a fter tra nspo rtatio n and
elocation. 

On t he 8t h d ay of c aptiv it y, anim al s were randomly
ampled (in depen dent samples) thro ugho ut 24-h day,
ithin 3-h intervals (5 frogs every 3 h, at each spe-

ific hour: 1, 4, 7, 10, 13, 16, 19, and 22 h). Blo o d sam-
 les were co l le cte d ( ∼1 m l) by c ardi ac puncture us-

ng hep arinize d 1 m l syrin g es an d 26 G ×1/2 

′ ′ n e e d les
it hin 1 min. There af ter, anim al s were euth anized by
ecap i tatio n. All p roced ures fo r using b iolog ica l mate-
 ial were per for med wit h t he app roval o f the IB/US P
thical Co mmi ttee (CEUA, #325/2018). 

xperiment 2: field collection and day and 

ight LPS administration 

 or experimen t 2, R. i cteri ca species was se le cte d as
 m ode l con siderin g the previous knowledge about
n docrin e-immun e interactions, in cluding LPS expo-
ure on this species ( Assis et al . 2015 , 2017 , 2022 ; Tit on
t al . 2018 ; Tit on et al . 2021b ; Bast os et al . 2022 ; Garcia
et o et al . 2022 ), allowing a bett er under standing of
 mphibia n’s physiology. Ad ul t male toads of R. icter-
ca [ N = 24, snout–v ent-len gth ≥70 mm ( Krakauer
968 )] were col le cte d in Bot ucat u (22 

◦46 

′ 55 

′ ′ S and
8 

◦28 

′ 29 

′ ′ W), São Pau lo/Brazi l, in Ju ly 2019. To ads
ere kept in plastic containers (43.0 × 28.5 × 26.5

m—5 toads per box), with free access to water for
2 h under natural pho to p erio d and temp erature un-
 i l they were taken to the labo rato ry. At the labora-
ory, the anim al s were indiv idu a l ly accommodate d in
lastic containers (43.0 × 28.5 × 26.5 cm), whose lids
ad holes to a l low air circu lat ion place d in an envi-
onmental chamber (Eletrolab EL011, São Paulo/SP,
razil), wit h t he tem pera ture kept a t 20 ± 2 

◦C an d ph o-
op erio d at 12/12 LD lights turned on at 7 h and off
t 19 h. Toads were kept un der th ese con ditions for
0 days. 

Three days before the experim ent, th e anim al s were
eighed (0.00 g) and had their snout–vent length mea-

ure d (0.00 mm). To ads were random l y di vided into
o ur gro ups (LPS d ay, saline d ay, LPS night, an d salin e
ight). Mean b o dy m a ss ± SD wa s 159.74 ± 56.04 g,
n d m ean sn out–v ent len gth ± S D was 119.79 ± 13.22
m. The toads were in tra peri to nea l ly inj e cte d with LPS

2 mg/kg , Es c heric hia col i , Ser otype 0127: B8, L3129,
igm a, St. Loui s, MO, USA) or saline, according to
i to n Junio r et al. (2021) . In tra peri to nea l inj e ct io ns o f
PS or saline were performed at 10 or 22 h and 4 h
fter lights were o n o r o ff, res pe ct i vel y. These times
ere sele cte d since capt ive a nura n s, includin g R. icter-

 ca species, s h owed decreased m e lato nin d ur ing t he day
n d in creased m e la tonin a t nigh t ( Jessop et al. 2014 ;
i to n et al. 2021a ; Bastos et al. 2022 ), then we wanted
 o det ect possi ble differen ces in th e h orm ona l profile at
h e se le cte d t im es. Th e in div idu a ls were inj e cte d within
 min intervals, LPS and salin e, respective ly . T wo hours
f ter t he inj e ct ions, the to ads were sample d by c ardi ac
uncture ( ∼500 ml) and were euthanized by decap i ta-
ion. 

A nim a l col le ct ion and a l l the proce dur es wer e per-
orm ed un der license from th e Insti tu to Chico Mendes
e Conservação d a B iodiv ersidade (ICMB io, #29,896-
) an d th e app roval o f t he animal et hics co mmi ttee o f
h e Bioscien ce Insti tu te o f the Universi ty o f São Paulo
#242/2016). 

lood processing and tissue removing 

mm ediate l y after co l le ct ion, the blo o d was placed on
ce for a maximum of 30 min. Blo o d samples were cen-
r if uged at 604 g, 23 

◦C, and 4 min. The pla sm a wa s i so-
at ed and st ored in a −80 

◦C freezer. After decap i tatio n,
he ey es, liv er, and bone marr ow wer e r emoved with
 terile s urgic al materi al and stored in a −80 

◦C freezer.
l l t is s ues were used for f urt h er m e l atonin qu antific a-

io n. In addi tio n, fo r all the exp erimental pro cedures
in tra peri to nea l inj e ct ions, blo o d sa mpling, a nd eye re-

ova l), re d lights (15 W, 220 V, and 650 nm wav elen gth)
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were used during the night to prevent anim al s’ expo-
sure to w hite lig ht, w hich inhib i ts melato nin p rod uctio n
( Trinder et al. 1996 ). 

Liver and bone marrow processing 

Th e bon e ma rrow a nd liv er w er e pr ocessed accor ding
to de Figueiredo et al. (2021) an d Cyrin o et al. (2022) .
Br iefly, t he liver was weigh ed, an d 60 mg was pu lverize d
wi th liquid ni trogen in a po rce lain m ortar an d h om og-
enized in the vortex in 400 µL o f tris-H Cl. The mix was
centr if uged (20,000 g, 5 min, and 4 

◦C). The super nat ant
wa s i solat ed and fro zen at −80 

◦C fo r ho rmo ne quantifi-
cation. 

Fo r the bo ne m arrow, cell s were obtained by cen-
tr if uging t h e femur in a 1.5-ml microtu be (14,000 g, 5
min, and 4 

◦C). Next, the o p p osite b one extremity was
cut, t hen t he bone was turned upside down in the same
microtu be an d centr if uged again to collect more bone
m arrow cell s (14,000 g, 5 min, an d 4 

◦C). Th ere af ter, t he
bone m arrow wa s r emoved fr om the micr otube, and
the resu lt ing cel ls wer e r es us pende d in 400 µL of t ris-
HCl, th en h om ogenized in the vortex and centr if uged
(14,000 g, 5 min, and 4 

◦C). The super nat ant was col-
le cte d and frozen ( −80 

◦C) fo r ho rmo ne qu antific ation.

Ocular tissue processing 

For ocular m e lat onin det er mination, t he ey es w ere de-
frost ed , t he cryst a l line was removed, and the remain-
in g ey e tis s ue was h om ogenize d in 2 m l of sa line so-
l u tio n in a h om ogenizer (Ultra Turrax, T25 Basic, IKA
Labort ec hnik; 16,000 rpm) and centr if uged (1562 g, 20
min, an d 4 

◦C). Th e super nat ant was col le cte d for m e la-
tonin qu antific ation. 

Melatonin quantification 

Pla sm a, ocular , liver , an d bon e marrow m e latonin lev-
e ls were determin ed by th e ELISA comm ercial kit (IB L,
RE54021) according to the manufacturer’s inst ruct ions.
Th e m e l atonin qu antific ation w it h t h e IB L ELISA kit
h a s been co nd ucted in some a nura n species, including
L. catesb ei anus an d R. i cteri ca ( Barsotti et al. 2017 ; de
Figueiredo et al . 2021 ; Tit on Junior et al . 2021 ; Tit on et
al . 2021a ; Bast os et al. 2022 ; Garcia Neto et al. 2022 ). The
sensi tivi ty o f t he ass ay was 3.0 pg/m l, and int ra-assay
va riations f or experiments 1 and 2 were 9.55 and 2.86%,
respe ct i vel y. Tissue proteins were quant ifie d with 1 μl
of tis s ue s uper nat ant in a Nanodrop appa ratus, a nd
th e final bon e ma rrow a n d liver m e lato nin val ues in
pg/mg of tis s ue were ca lcu late d as the melatonin value
(pg/ml) from the ELISA kit divided by the protein val-
ues (mg/m l) obtaine d wit h t h e Nan odr op, accor ding to
de Figueiredo et al. (2021) . 
Statistical analysis 

A ll vari a bles w ere sub mi tt ed t o the S hapiro–Wi l k nor-
mality test and Levene’s ho mogenei ty test. 

Experiment 1: daily variation 

The variables for experiment 1 did not fit the pa ra metric
tes t as s umption s. Then, w e per for m ed a Krus ka l–Wa l lis
test, w ith pl a sm a a nd ocula r m e latonin leve l s a s the de-
pendent variables an d h our of the day as a factor (1, 4,
7, 10, 13, 16, 19, and 22 h). 

Experiment 2: day and night LPS administration 

Con siderin g the LPS t reat m ent in th e day an d night
LPS exp osure (exp eriment 2), we first per for med sets
of two-way ANCOVAs with pla sm a, ocular, liver, and
bon e marrow m e latonin leve l s a s dependent variables,
t reat ment (sa lin e an d LPS), an d p erio d (day and night)
as fact or s, and b o dy m a ss a s a covariat e . For the vari-
ables not a ffe cte d by b o dy m a ss, we per for med sets of
two-way ANOVA s b y ex cludin g t he covar iate from t he
m ode ls. 

W hen app rop riat e , p airwise comp ariso ns wi th Bo n-
ferro ni ad just ment fol lowe d a l l ana lyses (experiments
1 a nd 2). Pea rso n o r Spe ar man cor r elation tests wer e
used to investigate the co rrelatio ns amo n g varia bles. All
s tatis tics were per for med using IBM SPSS Statistics 26
for Windows. 

Results 

Experiment 1: daily variation 

There was a daily variation (experiment 1) in the pla sm a
( H (7) = 17.783, P = 0.013, Fig. 1 A) a nd ocula r ( H (7) =
20.626, P = 0.004, Fig. 1 B) m e latonin leve ls in captive
males of L. catesb ei a nus . I n addition, there is a positive
co rrelatio n between pla sm a a nd ocula r m e latonin leve ls
over 24 h ( rs (39) = 0.384, P = 0.019, Fig. 1 C). 

Experiment 2: day and night LPS 

administration 

Pla sm a and ocular m e latonin leve ls were n ot a ffe cte d
by b o dy m a s s ( P = 0.344 and P = 0.703, res pe ct i vel y).
The LPS inj e ct ion s h owed n o effect on pla sm a m e la-
tonin levels but de crease d ocu lar m e latonin leve ls in-
dependent ly of t he per iod of t he day ( F 1,12 = 0.044;
P = 0.837; and F 1,19 = 5.551; P = 0.029; Fig. 2 A and B)
in males of R. i cteri ca toads from experiment 2. Regard-
ing th e immun e tis s ues, liver m e latonin leve ls were af-
fe cte d by b o dy m a ss ( F 1,17 = 8.924 and P = 0.008), with
the lar g er anim al s s h owing high er m e latonin leve ls. Th e
m e latonin leve ls in th e liver ten ded to be a ffe cte d by LPS
t reat ment ( F 1,17 = 3.191 and P = 0.092), with increased
mean values in the LPS group than in th e salin e group
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Fig. 1 Daily variation in melatonin levels in Lithobates catesbeianus 
(experiment 1). (A) Plasma melatonin levels; (B) ocular melatonin 
levels; and (C) correlation between plasma and ocular melatonin 
le vels. Bo xplots inside lines indicate medians; lower and upper 
borders r epr esent first and third quartiles, r espectiv ely; black 
squares indicate means; whiskers represent upper and lower limits 
of 1.5 times interquartile range; and circles r epr esent data out of 
this range. Ranked values are depicted as the Spearman correlation 
correction, in which measure values are considered in ordinal 
sequence for each variable. The N is indicated below bars in 
parentheses. In the statistics, P indicates a significance value. 
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 Table 1 ; Fig. 1 C). Bone marrow melatonin levels were
 ffe cte d by b o dy m a ss ( F 1,17 = 8.114 and P = 0.011),
here lar g er anim al s s h o wed lo wer m e latonin leve ls.
e latonin leve ls in th e bon e marr ow wer e a ffe cte d by

 he tre a tmen t × p erio d interaction ( F 1,17 = 7.430 and
 = 0.014). The melatonin levels in the bone marrow
ere higher in the LPS group than in t he s a line g roup
ur ing t he day ( Table 1 ; Fig. 2 D). Bone marrow m e la-
onin lev els w ere also higher durin g t he day t han at
ight in the LPS gr oup. Ther e is no co rrelatio n amo ng

he studied variables. 

iscussion 

xperiment 1: daily variation 

 ur resu l ts demo nst rate d pla sm a a nd ocula r m e latonin
ariation over 24 h, with the dark ph a se d uratio n bet-
 er c haract erize d in ocu lar m e l atonin than in pl a sm a in
. catesb ei a nus . I nterestingly, m e l atonin pl a sm a level s
 h owed m ean in crease d va l ues at o nly o ne po int d uring
h e dar k ph a se at 22 h. Pla sm a m e latonin leve ls in am-
hi bians s h ow th e pattern of n octurnal m e latonin peaks
ary ing w ith species (i .e ., m e latonin p eaks may o ccur
it hin t h e first h ours of th e nigh t, la te in th e dar k ph a se,

n the middle of the dark ph a se, or thro ugho ut the dark
h a se) ( Serino et al. 1993 ; Jessop et al . 2014 ; Tit on et al.
021a ; Bast os et al . 2022 ; Hu et al . 2022c ). According
o Wright (2002) , m e lat onin c lea ra nce i s very fa st when
 e l atonin pl a sm a level s are high. Hence, it i s plau sible

 hat t here was a tran sient sur g e in pla sm a m e latonin lev-
ls (probab l y in the 19–22 h and 22–1 h intervals), with
uch rapid clea ra nce that our study only captured a sin-
le data point (at 22 h). In the meant ime, ocu l ar mel a-
onin s h owed in creased m ean val ues fro m the begin-
ing of the dark ph a se , in whic h mean values were at

e ast t hree to four tim es high er th an pla sm a mean val-
es. Inde e d, ocu l ar mel atonin le vels s eem to be higher
 han in t he pla sm a in a mphibia ns ( Delgado a nd Vivien-
oels 1989 ; Wright et al. 2006 ; Hu et al. 2022c ) and sea
ass ( Bayar r i et al. 2003 ). In addi tio n, we found a pos-
 tive co rrelatio n bet ween pl a sm a a nd ocula r m e latonin
evels in L. catesb ei anus , a s previou sly observed in Rana
 erezi ( De lgado an d Viv ien-R oels 1989 ; Hu et al. 2022a ).
h ese an d oth er studies dem onstrate th e eyes express

h e m e latonin r hythm an d contri but e t o syst emic m e la-
onin levels in a mphibia ns ( Delgado a nd Viv ien-R oels
989 ; Serino et a l. 1993 ; D’Ist ria et al. 1994 ; Hu et al.
022a , c ). 

xperiment 2: day and night LPS 

dministration 

s expe cte d, ocu lar m e latonin de crease d fol lowing LPS
xposure; how ev er, pla sm a melatonin wa s not modu-
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Fig. 2 Lipopolysaccharide (LPS) effects on melatonin (MEL) levels in R. icterica toads at day and night (experiment 2). (A) LPS effects on 
plasma melatonin levels; (B) LPS effects on plasma melatonin levels; (C) LPS effects on liver melatonin levels; and (D) LPS effects on bone 
mar ro w melatonin le vels. Bo xplots inside lines indicate medians; lower and upper borders represent first and third quartiles, respectively; 
black squares indicate means; whiskers represent upper and lower limits of 1.5 times interquartile range; and circles r epr esent data out of 
this range. The asterisk ( ∗) denotes differences between treatments. Significance level at P ≤ 0.05. The N is indicated below bars in 
parentheses. In the statistics, T = treatment factor; T × P = treatment × period interaction; and P indicates significance values. 
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lated by LPS. Pla sm a m e latonin leve l s h ave not been
modu late d af ter t he first hours fol lowing LPS st imu-
latio n in so me a nura ns ( Figueire do et a l. 2021 ; Garcia
Neto et al. 2022 ). In th e m eantim e, oth er studies
demonst rate d de crease d pla sm a m e latonin leve ls after
LPS st imu lat ion ( Ferreira et a l. 2021 ; Figueire do et a l.
2021 ; Ti to n Junio r et al. 2021 ). Th e absen ce o f respo nse
in pla sm a m e latonin leve ls to LPS in o ur study co uld
be due to the fact we measured the ho rmo ne befo re
th e m e latonin peak, wh en i ts val ues were st i l l low in
R. i cteri ca ( Bastos et a l. 2022 ). Meanwhi le, co rrobo rat-
ing th e fin dings of Bastos et al. (2022) , we observed
de crease d ocu lar m e lato nin following LPS d ur ing t he
night. In addi tio n, w e observ ed t he s ame patter n dur-
ing th e day, dem onst rat ing the R. icterica eyes are re-
spon siv e to LPS at any ph a se of the day. De crease d cen-
t ra l m e latonin leve ls ar e observed thr ough the dir ect
actio n o f pa thogen-associa ted molecular pa tt erns, suc h
as LPS, and increased gl ucoco rtico id levels in mam-
m al s and amphibians ( Barsotti et al. 2017 ; Markus et al.
2018 ; Ti to n Junio r et al. 2021 ). In acco rdance, we p re-
viously observe d de crease d m e l atonin associ ated w ith
increase d cort icosterone pla sm a level s in a mphibia ns
( Ti to n et a l. 2022 ), demonst rat ing the eye is respon-
sive to immune st imu lat ion and s ugges t ing increase d
co rticostero ne ca n pa rticipate in this ocular m e latonin
regu lat ion. 

Regarding th e bon e ma rrow a nd liv er, w e observ ed
in creased m e latonin leve ls in th e bon e mar row dur ing
the day and a trend to increase melatonin levels in the
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Table 1 Results of the sets of two-way ANOVAs showing the lipopolysaccharide effects (treatment: LPS or saline) on the plasma, ocular, 
liver, and bone mar ro w melatonin levels at different periods (day or night) in R. icterica (experiment 2). 

Variable Source Type III SS DF MS F P 

Plasma melatonin Intercept 130.006 1 130.006 31 .265 < 0 .001 

Treatment 0.184 1 0.184 0 .044 0 .837 

Period 3.116 1 3.116 0 .749 0 .404 

Treatment × Period 2.008 1 2.008 0 .483 0 .500 

Error 49.898 12 4.158 

Ocular melatonin Intercept 1,319,791.681 1 1,319,791.681 205 .460 < 0 .001 

Treatment 35,655.334 1 35,655.334 5 .551 0 .029 

Period 10,158.552 1 10,158.552 1 .581 0 .224 

Treatment × Period 4177.551 1 4177.551 0 .650 0 .430 

Error 122,048.512 19 6423.606 

Liver melatonin Intercept 224.904 1 224.904 0 .419 0 .526 

Body mass 4785.593 1 4785.593 8 .924 0 .008 

Treatment 1711.287 1 1711.287 3 .191 0 .092 

Period 114.454 1 114.454 0 .213 0 .650 

Treatment × Period 596.656 1 596.656 1 .113 0 .306 

Error 9116.047 17 536.238 

Bone marrow melatonin Intercept 561,344.007 1 561,344.007 16 .374 0 .001 

Body mass 278,176.205 1 278,176.205 8 .114 0 .011 

Treatment 127,232.780 1 127,232.780 3 .711 0 .071 

Period 312,071.663 1 312,071.663 9 .103 0 .008 

Treatment × Period 254,718.550 1 254,718.550 7 .430 0 .014 

Error 582,799.147 17 34,282.303 

Abbr eviations ar e as f ollo ws: Type III SS: type III sum of squar es; DF: degr ees of fr eedom; MS: mean squar e. Variables with P significant ≤0.05 are 
highlighted in bold. 
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iver, in depen dently of the day ph a se. In a mphibia ns,
h e bon e m arrow i s a n orga n tha t accum ula tes imm une
ells dur ing t he d ay ( Yaparl a et al. 2020 ; Ruiz and Robert
023 ). Me anwhile, t h ese immun e ce lls ar e r eleased fr om
h e bon e mar row to t he blo o dstream a t nigh t ( Ya parla
t al. 2020 ; Ruiz and Robert 2023 ). Ther efor e, we hy-
ot hesized t he incre ase in melatonin levels following
PS st imu lat io n d ur ing t he day is probab l y attr ibut able

o local m e la tonin syn thesis by th e immun e ce lls within
h e bon e m arrow, a s described f or rats ( Ta n et al. 1999 ).
o nversely, d ur ing t he nig ht, w h en th ese immun e ce lls

r e r ele ased into t he blo o dstrea m, we ca n no lon g er find
iscernible a lterat ions in local m e latonin leve l s. Thi s
ypothesi s rem ains t o be t est ed . On t he ot h er han d,
he liver is a hematopoietic organ in amphi bians, s h ow-
ng residen t hema t opoietic st em and p rogeni to r cells,
hich p rod uce an d replenis h th e blo o d with new ma-

ure immune cells ( Yaparla et al. 2020 ; Ruiz and Robert
023 ). Th e immun e ce lls wit hin t he liver may contr ibute
o m e lato nin p rod uctio n, as s ugges ted by the observed
rend for eleva ted mela tonin levels in response to LPS
t imu lat io n both d uring the day and night in our re-
u lts. Isolat ing the immune cells from the bone mar-
ow and liver and identifying melatonin production
ol lowing LPS administ rat ion wou ld co rrobo rate this
ypothesis. 

Un der h e alt h y ph ysiolog ica l co ndi tio ns in mam-
 al s, leukocyt es circulat e within the blo o dstream, with
 eighten ed m e latonin leve ls prev entin g their tran sloca-
ion across the endothelial bar r ier. How ev er, followin g
mm une stim uli, the activa tio n o f the inna te imm une
espo nse ind uces a red uctio n in m e latonin leve ls, trig-
 erin g leu kocyte mig rat io n to the injury si te ( Markus et
l. 2018 ). Th e immun e ce ll s, m ainly m acroph ages, in the
nflammato ry si te p rod uce m e lato nin d ur ing t he reso-
 u tio n ph a se to increa se the ph agocyt ic act iv it y of lo-
a l cel l s ( Marku s et al. 2018 ). This bidire ct iona l com-
 unica t ion betwe en the pineal gland and the immune

yst em is t er med t h e immun e-pin eal axis an d is kn own
 nly fo r m amm al s t o dat e ( Markus et al . 2018 ). We
ropose an immun e-pin ea l-ocu lar axis in amphibians
s ee the s cheme in Fig. 3 ) b ase d on the fol lowing infor-

at ion: ocu la r a nd pla sm a m e l atonin d aily cycles w ith
ncrease d va lues a t nigh t have b een describ ed under
 om e ostat ic condit ions in s e veral a mphibia n species
 D’ Istr ia et al. 1994 ; Chiba et al. 2005 ; Wright et al.
006 ; Bast os et al . 2022 ; Hu et al . 2022a , c ). In addi tio n,
tudies with a nura n s hav e s h own that m e l atonin c an be
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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. Ad ditionall y, the surge in corticosterone (CORT) levels further hampers MEL synthesis in these tissues. Concur rentl y, 
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. Sim ultaneousl y, the eyes and pineal 
gland undergo r ecov ery to resume MEL production, contributing to the restoration of elevated circulating MEL levels. The eyes and 
melatonin molecules w er e generated using AI (DALL-E). 
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p rod uce d by ext ra pinea l and ocu lar t is s ues, s uch as the
b rain, skin, sto mach, an d intestin e, by enter ochr omaf-
fin cells acting as a paracrine ho rmo ne in other seg-
ments of the gas trointes tinal tract ( Bubenik and Pang
1997 ; Bubenik 2001 ; de Figueiredo et al. 2021 ; Cyrino
et al. 2022 ; Hu et al. 2022b , c ). In th e m eantim e, m e la-
to nin p rod uctio n by immune cell s h a s not been de-
scribed in a mphibia n s. How ev er, our results demon-
stra te imm une tis s ues s uch as bone ma rrow a n d th e
liver of a mphibia n s hav e cell s th at can p rod uce m e la-
tonin fol lowing LPS st imu lat io n. In acco rda nce, a n im-
mun e enzym e , lyso zyme , in Rana dy bo ws ki i ’s serum and
liver s h owe d maximum act iv it y dur ing t h e dar kn ess,
s ugges ting a m e latonin-in duced immun e augm entation
in t his f unct ion ( Hu et a l. 2022b ). Besides, our results
an d oth er studies dem onstra te tha t LPS su pp resses oc-
ula r a nd pla sm a m e latonin leve ls ( Ferreira et al. 2021 ;
Ti to n Junio r et al . 2021 ; Bast os et al . 2022 ). Ther efor e,
in light of th e eviden ce presented h ere an d in previous
studies, we propose a m ode l i l lust rat ing t he f unction
of the immune-pinea l-ocu lar axis in amphibians ( Fig.
3 ). How ev er, f urt her rese arch is ne e de d to explore the
resol u tio n ph a se and to co mp rehen siv ely as ses s mela-
to nin p rod uctio n and i ts enzymat ic p at hways in t he
eyes, pin eal glan d, an d immun e ce lls to su bstan tia te the
existen ce of th e immun e-pin ea l-ocu lar axis in t his t ax-
o no mic grou p. 

Conclusion 

O ur resu lts s h owe d a 24-h variat ion in ocu lar m e latonin
lev els positiv ely correl ated w ith pl a sm a m e latonin lev-
els. Interesting ly, oc ular m e latonin leve ls were high er
than in the pla sm a, indicating th at the eyes might con-
tribut e t o the resu lt ing circu lat ing m e latonin leve ls in
these to ads. O ur resu lts a lso demonst rate d tha t imm une
st imu lat ion might impair ocular m e lato nin p rod uctio n.
We observe d de crease d ocu lar m e latonin leve ls follow-
ing LPS exposure, with a con comitant in crease in the
bone marrow and an increased trend in the liver mela-
tonin leve ls, possi b l y due to m e lato nin p rod uctio n by
immun e ce lls in th ese tis s ues. These res ul ts po int to
a possible immune-pinea l-ocu lar axis in amphibians,
which must b e b etter characterized for un derstan ding
the role of melatonin during survei l lan ce, as we ll as in
the inflammatory response in a mphibia ns. 



Immune-pineal-ocular axis in amphibians 1317 

A
S  

M  

O  

m  

M  

M  

I  

i  

a  

F  

V  

I  

p

A
W  

s  

S  

l

F
T
P  

t  

F  

f  

8  

o  

s  

(

D
T  

f  

h

R
A  

 

 

A  

 

 

 

A  

 

B  

 

 

 

B  

 

 

B  

 

 

B  

 

 

 

B  

 

 

B  

 

B  

 

B  

 

C  

C  

 

 

C  

 

 

C  

 

 

 

C  

 

 

D  

 

D  

 

 

 

D  

 

 

D  

Gomes FR. 2021. Immune and ho rmo nal mod u lat ion in the 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/5/1309/7657795 by U

SP/SIBI user on 14 M
ay 2025
uthor contributions 

CMT: Conceptua lizat ion, Proj e ct administ rat ion,
ethodology, Invest igat io n, Fo rm al an alysi s, Writing-
rig ina l draft prep arat ion. BTJ: Methodology, For-
 al an alysi s, Writing- R ev iew ing , and E dit ing. ACF:
et hodology, Wr iting- R ev iew ing , and E dit ing. PGGN:
et hodology, Wr iting- R ev iew ing , and E dit ing. RPM:

nvest igat io n, Funding acquisi tio n, Wri ting- R ev iew-
ng, and E dit ing . FRG: Conceptu a lizat ion, Proj e ct
dminist rat io n, Wri t ing-Orig ina l draft prep arat ion,
unding acquisi tio n, Wri ting-R ev iew ing , and E dit ing.
RA: Su pervisio n, Co nceptua lizat ion, Methodology,

nvest igat io n, Fo rm al an alysi s, Wr iting-Or iginal draf t
rep arat ion. 

cknowledgments 

e want to thank our t eammat es for th eir h e lp with
o me lab p roced ures and the Managing Edi to r o f I CB,
uzanne Mi l ler, for sele ct in g our w o rk fro m the abstract
ist from SICB 2024 to be pu blis h ed. 

unding 

his work was su ppo rted by Fund ação de Amparo à
esquisa do Estado de São Paulo—FAPESP through
he temático processes to RPM (2013/13,691–1) and to
RG (2014/16,320–7 and 2019/24,950–4) and through

e llows hips to BTJ (2016/01,782–0), an d VRA (2015/23,
01–4). Thi s work wa s al so su ppo rted by the Co-
rdenação de Aperf eiçoa mento de Pessoal de En-
ino Su perio r—CAPES through a p ost-do c fe llows hip
88,887.473369/2020–00) to SCMT. 

ata availability 

he data su ppo r ting this ar t icle are avai lable
rom the Mendeley D at a reposi to ry at doi:
t t ps://data.m en de le y.com/datas ets/5xbhkm8w85/1 

eferences 

cuña-Ca st roviej o D , Escames G, Venegas C, Díaz-Casado ME,
Lima-C ab ello E, López LC, Ros ales-Cor ral S, Tan D-X, Reiter
RJ. 2014. E xt rapinea l m e latonin: sour ces, r egu lat ion, and po-
tent ia l funct ions. Cel l Mol Life Sci 71:2997–3025. 

ssis VR , Monteiro Ti to n SC, Teixeira Q ueiroz-Hazarb assanov
NG, De Oliveira Massoco C, Ribeiro Gomes F. 2017. Corti-
costerone t ransderma l a pplica t ion in to ads ( Rhinell a i cteri ca ):
effe cts on cel lu la r a n d hum o ral immuni ty and stero id pla sm a
levels. J Exp Zool Pt A 327:200–213. 

ssis VR , Ti to n SCM, Ti to n Jr. B, Gomes FR. 2022. The impacts
of t ransderma l a pplica tion of corticosterone on toad ( Rhinella
i cteri ca ) immunity. Integr Comp Biol 62:1640–1653. 

a rsotti AM G , De A ssis VR, T i to n SCM, Ti to n B, Da Silva Fer-
reira ZF, Gomes FR. 2017. ACTH modu lat ion on cort icos-
t erone , melat onin, t est ost eron e an d inna te imm une response
in the t re e frog Hypsib o as fab er . Comp Bioch em Physio l A Mo l
Integr Physiol 204:177–184. 

as tos P RO , Ti to n SCM, Ti to n Junio r B, Go m es FR, Mar kus
RP, Ferreira ZS. 2022. Daily and LPS-induce d variat ion of en-
docrin e m ediat or s in cur ur u toads ( Rhinell a i cteri ca ). Chron o-
biol Int 39:89–96. 

ayar r i Marı´a , Rol De Lama M arı´a, M adrid JA, Sán ch ez-
Vázquez FJ. 2003. Bot h pine a l and latera l eyes are ne e de d to
s us ta in da i ly circu lat ing m e latonin r hyt hms in se a bass. Brain
Res 969:175–182. 

e cerra Lópe z JL , Esp arza Est rad a CE, R om ero Mén de z U, Siga la
Rodríguez JJ, May er Goy en ech ea IG, Castillo Cerón JM. 2017.
Eviden ce of nich e s hift an d invasion potent ia l of L ithoba tes
catesb ei anus in the hab i tat o f Mexican endemic frogs. PLoS
One 12:1–15. 

 laust ein A , Urbina J, Snyder P, R ey nolds E, Dang T, Hover-
ma n J, Ha n B, Olson D, Searle C, Hamb a lek N. 2018. Effe cts
of emer gin g infectiou s di sea ses o n amphib i ans: a rev iew of ex-
per iment al studies. Diversity 10:81. 

renna n R , Ja n JE, Ly on s CJ. 2007. Light, dark, an d m e latonin:
emer gin g evidence for t he import ance o f melato nin in ocular
p hysio logy. Eye 21:901–908. 

ubenik GA . 2001. Loca lizat ion, p hysio log ica l sig nifica nce a nd
possible clinical im plica tio n o f gastro intest ina l m e latonin.
Neurosig na ls 10:350–366. 

ubenik GA , Pang SF. 1997. Me latonin leve ls in th e gas trointes ti-
na l t is s ues of fis h, amphi bians, an d a rept i le. Gen Comp En-
docrinol 106:415–429. 

ain DW , Cidlowski JA. 2017. Immune regu lat ion by glucocor-
ticoids. Nat Rev Immunol 17:233–247. 
 hib a A , Hattori A, Iigo M. 2005. Daily and circ adi an vari ations
of the pin eal an d ocular m e lato nin co ntents an d th eir contri bu-
tions to the circulating m e latonin in th e Japan ese n ewt, Cynops
pyrrhogas t er . Zoolog Sci 22:65–70. 

ogburn LA , Wi lson-Placent ra S, Let c h er LR. 1987. Influen ce of
pinea le ctomy on pla sm a and ext rapinea l melatonin rhythms
in y oun g c hic kens ( G allu s do mes ticus ). Gen Comp Endocrinol
68:343–356. 

órdoba-Mo reno MO , De Souza EDS, Q ui les CL, Dos Santos-
Silva D, Kinker GS, Muxel SM, Markus RP, Fernandes PA.
2020. Rhythmic exp ressio n o f th e m e laton ergic biosynth etic
pathway and its different ia l modu lat ion in vitro by LPS and
IL10 in bone marrow and spleen. Sci Rep 10:4799. 

yrino JC , De Figueiredo AC, Córdoba-Mo reno MO, Go mes FR,
Ti to n SCM. 2022. Day versus night m e latonin an d corticos-
teron e m odu lat ion by LPS in distinct tis s ues of toads ( Rhinella
Icterica ). Integr Comp Biol 62:1606–1617. 

e Abreu Manso PP , De B rito-G it irana L, Pelaj o-Machado M.
2009. L o ca lizat io n o f hematopo iet ic cel ls in the bu l lfrog ( Litho-
ba tes ca tesb ei anus ). Ce ll Tis s ue Res 337:301–312. 

e Assis VR , Ti to n SCM, Barsotti AMG, Ti to n B Jr., Go mes FR.
2015. Effects of acute restraint str ess, pr olon g e d capt ivity st ress
a nd tra nsdermal co rticostero ne a pplica tio n o n immunoco m-
peten ce an d pla sm a level s o f co rticostero ne o n the cur ur u toad
( Rhinell a i cteri ca ). PLoS One 10:1–21. 

e Figueiredo AC , Nogueira LAK, Ti to n SCM, Go mes FR, Car-
va l ho JE de. 2022. Immune and ho rmo na l regu lat io n o f the boa
co nstricto r (Serpentes; Bo idae) in respo nse to fe e ding. Comp
Biochem Physiol A Mol Integr Physiol 264:111119. 

e Figueiredo AC , Ti to n SCM, Cyrino JC, Nogueira LAK,



1318 S. C. M. Titon et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/5/1309/7657795 by U

SP/SIBI user on 14 M
ay 2025
p ostprandial p erio d of bu l lfr ogs ( Litho bat es cat esb ei anus ). J
Exp Biol 224:1–9. 

Delgado MJ , Viv ien-R oels B. 1989. Effect o f enviro nmental tem-
perature an d ph o to period on th e m e latonin leve ls in th e pin eal,
lat eral eye , and pla sm a of the frog, Ran a p erezi: imp o rtance o f
ocular m e latonin. Gen Comp En docrin ol 75:46–53. 

D’ist ria M , Montele one P, Serino I, Chieffi G. 1994. Sea son al vari-
ations in the daily rhythm of melatonin and NAT activ it y in the
ha rderia n gla nd, retina, pineal gland, and serum of the g re en
frog , Rana es cul enta . Gen Comp En docrin ol 96:6–11, 

Es teban MÁ, Cues ta A, Chaves-Pozo E, Meseguer J. 2013. Influ-
en ce of m e latonin on th e immun e system of fish: a re vie w. Int
J Mol Sci 14:7979–7999. 

Ferreira LF , Garcia Neto PG, Ti to n SCM, Ti to n B, Muxel SM,
Gomes FR, Assis VR. 2021. Lip op o l ys acchar ide regulates pro-
a nd a nti-infla mmat ory cyt okines, corticost erone , and mela-
tonin in toads. Integr Org Biol 3:obab025. 

Figueiredo ACD , Ti to n SCM, Ti to n Jr. B, Vasco n ce los-Teixeira
R, Barsotti AMG, Gomes FR. 2021. Systemic ho rmo nal and
imm une regula tio n ind uced by in tra peri to nea l LPS inj e ct ion
in bu l lfr ogs ( Litho bat es cat esb ei anus ). Comp Biochem Physiol
A Mol Integr Physiol 253:110872. 

Flo reste FR , Ti to n B, Ti to n SCM, Muxel SM, Gomes FR, Assis
VR. 2022. Time course of splenic cytokine mRNA and hor-
m on es during a lip op o l ys acchar ide-induce d inflammat ion in
t oads. Int egr Comp Biol 62:1618–1628. 

Garcia Neto PG , Ti to n SCM, Assis VR, Muxel SM, Ti to n Jr B,
Ferr eira LF, Mark u s RP, Gomes FR, Fern andes PACM. 2022.
Immun e an d en docrin e respo nses o f Cur ur u toads ( Rhinella
i cteri ca ) in their natural hab i t at af ter LPS st imu lat io n. Co mp
Biochem Physiol A Mol Integr Physiol 269:111213. 

Gardner S , Assis VR, Zhao H, Gomes FR, Peatman E, Men-
donça MT. 2018. Different ia l gene exp ressio n to an LPS chal-
len g e in relation to ex og enous co rticostero ne in the invasive
can e toad ( Rhinell a marina ). Deve lop Com p Imm unol 88:
114–123. 

Horodincu L , Solcan C. 2023. Influence of different light spe ct ra
on m e l atonin sy nthesis by th e pin eal glan d an d influen ce on
th e immun e syst em in c hic kens. A nim al s 13:2095. 

Hu N , Wang J, Zhao Y, Wei H, Li X, Li Y. 2022a. Daily cycle
of m e la tonin in differen t tis s ues of dybo wski’s frog ( Ra na dy-
bo ws ki i ). Biol Rhythm Res 53:1364–1372. 

Hu N , Yu C, Jin J, Zhao X, Zhao Y, Wei H, Li Y. 2022b. Impact
of pho to p erio ds on the sp e cific act ivit ies of immun e an d an-
tioxid ant enzy mes in different tis s ues of Dybo wski’s frog ( Ra na
dybo ws ki i ). Biol Rhythm Res 53:1790–1799. 

Hu N , Zhao X, Jin J, Zhao Y, Wei H, Li X, Li Y. 2022c. Effects of
pho to p erio d on the melatonin cycle of Dybowski’s frog ( Rana
dybo ws ki i ). Biol Rhythm Res 53:1539–1549. 

Iigo M , Furukawa K, Nishi G, Tabata M, Aida K. 2007. Ocular
m e latonin r hythms in te leost fis h. Brain Be hav Evol 69:114–
121. 

Jessop TS , Dempster T, Letnic M, Webb JK. 2014. Interplay
am ong n oc turnal ac tiv it y, m e lat onin, corticost eron e an d per-
f orma n ce in th e invasive can e toad ( Rhinell a marinus ). Gen
Comp En docrin ol 206:43–50. 

Krakauer T . 1968. The ecology of the ne ot ropica l to ad, buf o ma r-
inus, in south Florida. Herpetologica 24:214–221. 

Li RX , Li J, Zhang SY, Mi YL, Zhang CQ. 2018. Atten ua t ing effe ct
of m e latonin on lip op o l ys acchar ide-induced c hic ken sma l l in-

test ine inflammat ion. Pou lt Sci 97:2295–2302. 
Lim a A S , De Figueredo AC, Floreste FR, Garcia Neto PG, Gomes
FR, Ti to n SCM. 2022. Tem pera tur e extr eme events decr ease
en docrin e an d immun e reactive sco pe in b u l lfr ogs ( Litho bates
catesb ei a nus ). I n tegr Com p Biol 62:1671–1682. 

Lun dmar k PO , Pan di-Perumal SR, Sr inivas a n V, Ca rdinali D P.
2006. Role of m e latonin in th e eye an d ocular dysfun ctions.
Vis Neurosci 23:853–862. 

Madelaire CB , Silva DP, Ti to n SCM, Lamadr id-Fer is F, Floreste
FR, Ti to n B, Jr, Go mes FR. 2023. Cont rast ing effe cts of t rans-
dermal and im plan t co rticostero n e treatm ents in the Amer-
ican bu l lfrog woun d h ea ling. Phi los Trans R Soc B Biol Sci
378:20220119. 

Ma rk owska M , Waloch M, Skwarlo-So ́nta K. 2001. Melatonin
inhib i ts P HA-s tim ula t ed c hic ken l ymp hocyte pro liferation in
vitro . J Pineal Res 30:220–226. 

Markus RP , Fernandes PA, Kinker GS, Da Silveira Cruz-
Machado S, Marçola M. 2018. Immun e-pin eal axis—acute
inflammato ry respo nses coo rdinate m e l atonin sy nthesis by
pin ealocytes an d phag ocytes. B r J Ph arm acol 175:3239–3250. 

Martin TR . 2005. Innate immunity in the lungs. Proc Am Thorac
Soc 2:403–411. 

Moore AF , Menaker M. 2011. The effect of light on m e latonin
se cret ion in the cu lture d pinea l glands of Anolis lizards. Comp
Biochem Physiol A Mol Integr Physiol 160:301–308. 

Muñoz-Pérez JL , López-Patiño MA, Álvar ez-Oter o R, Gesto
M, Soengas JL, Míguez JM. 2016. C haracterizat io n o f m e la-
tonin synthesis in the gas trointes tinal tract of rainbow trout
( On c orhyn ch us myk iss ): dist ribut ion, relat ion with serotonin,
daily rhythms and pho to p erio d regu lat io n. J Co mp Physiol B
186:471–484. 

Pires-Lapa MA , Tamura EK, Sa lust iano EMA, Markus RP. 2013.
Mel atonin sy nthesi s in hum an colostrum m on onuclear ce lls
en hances de ct in-1-me diate d ph agocytosi s by m on onuclear
cells. J Pineal Res 55:240–246. 

Rada JAS , Wiechmann AF. 2006. Melatonin receptors in chick
ocu lar t is s ues: im plica tio ns fo r a role o f m e l atonin in ocul ar
gr owth r egulation. Invest Op hthalmo l Vis Sci 47:25–33. 

Reiter RJ . 1993. Th e m e latonin r hyt hm: bot h a c loc k and a calen-
dar. E xperient ia 49:654–664. 

Ruiz VL , Robert J. 2023. The a mphibia n immune system. Philos
Trans R Soc Lond B Biol Sci 378:20220123. 

Saha S , Singh KM, Gupta B B P. 2019. Melatonin synthesis and
c loc k gene regu lat io n in the p ineal o rgan o f te leost fis h com-
p are d to m amm al s: simila rities a nd differences. Gen Comp
En docrin ol 279:27–34. 

Serino I , D’Istria M, Mo nteleo ne P. 1993. A com para ti ve stud y
of m e latonin production in the ret ina, pinea l gla nd a nd ha rde-
ri an gl and o f Bu fo vi rid is and Rana esculenta . Comp Biochem
Physiol Part C Comp 106:189–193. 

Singh SS , Haldar C. 2007. Biolog ica l sig nifica nce of da ily va ria-
tion in immunity of Perdi cul a asi ati c a : ro le of m e latonin an d
t est ost erone . Biol Rhythm Res 38:95–106. 

Slominski AT , Ha rdela nd R, Zmijewski MA, Slominski RM, Re-
iter RJ, Paus R. 2018. Melatonin: a cutaneous p ersp ective on
i ts p rod uctio n, metabolism, an d fun ction s. J Inv est D er matol
138:490–499. 

Ta n D-X , Ma n ch ester LC, Reiter RJ, Qi W-B, Zhang M, Wein-
traub ST, Cabrera J, Sainz RM, Mayo JC. 1999. Iden tifica tio n o f
high ly elevate d levels of melatonin in bone marrow: its origin
a nd significa nce . Bioc himic a Et Biophysic a Acta (BBA)—Gen

Sub 1472:206–214. 



Immune-pineal-ocular axis in amphibians 1319 

T  

 

 

T  

 

 

T  

 

 

 

T  

 

 

T  

 

 

T  

 

T  

 

T  

 

W  

W  

 

 

 

Y  

 

th eir h ematop oietic p erip heral li ver. F ront I mmunol 10:3015. 

©
F

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/5/1309/7657795 by U

SP/SIBI user on 14 M
ay 2025
i to n SCM , Ti to n B, Muxel SM, De Figueiredo AC, Floreste FR,
Lim a A S, Gomes FR, Assi s VR. 2022. D ay vs. night var iation in
the LPS effects on toad’s immunity an d en docrin e m ediat or s.
Comp Biochem Physiol A Mol Integr Physiol 267:111184. 

i to n SCM , Ti to n Junio r B, Assis VR, Kinker GS, Fernandes
PACM, Gomes FR. 2018. Interplay amo ng stero ids, b o dy con-
di tio n and immuni ty in respo nse to lo ng-term c aptiv it y in
toads. Sci Rep 8:1–13. 

i to n SCM , Ti to n Junio r B, Assis VR, Vascon ce los-Teixeira R,
Garcia Neto PG, Lima AS, Ferreira LDF, Fernandes PA, Gomes
FR, Markus RP. 2021a. Ho rmo na l dai ly variat ion co-varies
wi th immuni ty in captive male bullfr ogs ( Litho bat es cat es-
b ei anus ). Gen Comp En docrin ol 303:113702. 

i to n SCM , Ti to n Junio r B, Go mes FR, Assis VR. 2021b. Short-
term s tres so rs and co rticostero ne effects on immunity in male
toads ( Rhinell a i cteri ca ): a n euroimmun e-en docrin e approach.
Brain Behav Immun—He alt h 13:100230. 

i to n Junio r B , Ti to n SCM, Assis VR, Ba rsotti AM G,
Vascon ce los-Teixeira R, Fernandes PACM, Gomes FR.
2021. LPS-in duced immun om odu lat ion an d h orm onal
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
variation over time in toads. J Exp Zool Pt A 335:541–551. 
osini G , Bertolucci C, Foà A. 2001. The circ adi an system of rep-

t i les: a mu lt iosci l latory and mu lt iphotore cept ive system. Phys-
iol Behav 72:461–471. 

r inder J , Ar m stron g S, O 	B rien C, Luke D, Martin M. 1996.
Inhib i tio n o f m e latonin se cret io n o nset b y lo w levels of i l lumi-
nation. J Sleep Res 5:77–82. 

r ipat hi MK , Singh R, Tr ipat hi MK. 2014. Melatonin modulates
splen ocyte immun e response in th e fres hwat er snake , natrix
p iscato r. Herpetol Conserv Biol 9:257–266. 
right ML . 2002. Me latonin, die l r hythms, an d m etam orph osis
in a nura n a mphibia ns. Gen Comp En docrin ol 126:251–254. 
right ML , Francisco LL, Scott JL, Rich ard so n S E, Carr JA, King
AB, Noyes AG, Visconti RF. 2006. Effects o f b i latera l and uni-
la teral oph thalmecto my o n pla sm a m e latonin in Rana tad-
poles and froglets under various experim ental con ditions. Gen
Comp En docrin ol 147:158–166. 

aparla A , Reeves P, Grayfer L. 2020. Myelopoiesis of the amphib-
ia n Xeno pu s lae vi s is seg regate d to th e bon e marrow, a wa y from
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

mailto:journals.permissions@oup.com

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Author contributions
	Acknowledgments
	Funding
	Data availability 
	References

