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ABSTRACT

The classic melatonin biosynthesis pathway (Mel; N-acetyl-5-methoxytryptamine) involves two consecutive
enzymatic steps that are decisive in hormone production: conversion of serotonin (5-hydroxytryptamine; 5-HT)
to N-acetylserotonin (NAS) and the methylation of the last compound to Mel. This pathway requires the activity
of the enzymes: the first is of the category of N-acetyltransferases (AANAT, SNAT, or NAT) and the second is N-
acetylserotonin O-methyltransferase (ASMT; also known as HIOMT). However, quite recently, new information
has been provided on the possibility of an alternative Mel synthesis pathway; it would include a two-step action
by these enzymes, but in reverse order, where ASMT (or ASMTL, the enzyme related to ASMT) methylates 5-HT
to 5-methoxytryptamine (5-MT), and then the last compound is acetylated by an enzyme of the category of N-
acetyltransferases to Mel. In our study on the activity of enzymes in the Mel biosynthesis pathway in flounder
skin, we have found an increase in 5-MT level, as a result of the increase in 5-HT concentration, which is followed
by a growing concentration of Mel. However, we have not found any increase in Mel concentration, despite an
increase in NAS in the samples. Our data strongly suggest an alternative way of Mel production in flounder skin

in which 5-HT is first methylated to 5-MT, which is then acetylated to Mel.

Modern studies on melatonin (Mel; N-acetyl-Smethoxytryptamine)
began as early as 1917 when McCord and Allen observed a powerful
blanching effect of the substance of pineal origin on the skin of tadpoles
(McCord and Allen, 1917); thus, the story of Mel began in the skin.
Melatonin, which is a product of tryptophan metabolism, has then been
found in almost all life forms, from primitive photosynthetic bacteria to
vertebrates, and it has been detected in various tissues and organs of
vertebrates, including the skin (Huether, 1993; Hardelannd, 1999; Slo-
minski et al., 2002, 2005, 2008; Kim et al., 2024). Melatonin has
generally been accepted to be synthesized directly from serotonin (5-
hydroxytryptamine; 5-HT) in enzymatically regulated paces determined
by the Axelrod group in 1960 (Axelrod and Weissbach, 1960; Weissbach
et al., 1960). This classic Mel biosynthesis pathway involves two suc-
cessive enzymatic steps that are decisive for the production of the hor-
mone: the conversion of serotonin to N-acetylserotonin (NAS) by
aralkylamine N-acetyltransferase (AANAT), or arylamine N-acetyl-
transferase (SNAT; serotonin N-acetyltransferase, selective for indole-
ethylamines, or NAT, not selective for indoles) and the methylation of
N-acetylserotonin by N-acetylserotonin O-methyltransferase (ASMT),
also known as hydroxyindole O-methyltransferase (HIOMT) to Mel. For
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the record, this route requires the activity of the enzymes: the first is of
the category of N-acetyltransferases (AANAT, SNAT, or NAT) and the
second is a type of N-acetylserotonin O-methyltransferases (ASMT,
ASMTL). It is worth highlighting here that AANAT, SNAT and NAT
belong to the GNAT (GCN5-related N-acetyltransferase) superfamily
(Vetting et al., 2005; Huang et al., 2022) and catalyze indolamine
acetylation at different rates, depending on substrate specificity and
concentration (Falcon et al., 1996, 2011; Gaudet et al., 1993); methyl-
tranferase ASMT also presents different substrate specificity in various
organs and tissues (Morton, 1987; Morton and Forbes, 1989; Pévet et al.,
1981). However, quite recently, new information has been provided on
the possibility of an alternative Mel synthesis pathway; this pathway
would include a two-step action by these enzymes, but in reverse order,
where ASMT (or enzyme related to ASMT) methylates 5-HT to 5-
methoxytryptamine (5-MT), and then the last compound is acetylated
by an enzyme of the category of N-acetyltransferases (Tan et al., 2016;
Back et al., 2016). This reverse pathway is described in plants in which
both routes can act concurrently (Back et al., 2016), but to the authors'
knowledge, it has never been reported in vertebrates.

In actual fact, in teleost fish, several genes encode AANAT and ASMT
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isozymes (Huang et al., 2022). Up to three aanat genes (aanatla,
aanat1b, and aanat?2) are reported; aanatla and aanat1b are expressed in
the retina, the nervous system, and peripheral tissues (some fish express
both, while others express either of the isoforms), but expression of
aanat2 appears exclusively in the pineal organ (Paulin et al., 2015; Saha
et al., 2019). For example, in the eyeball and skin of three-spined
stickleback (Gasterosteus aculeatus) both aanatla and snat are
expressed (Pomianowski et al., 2020, 2023), but in the skin of European
flounder, neither aanat nor snat is reported, although aanat1 is present in
the eyeball (Pomianowski et al., 2023). Regarding the asmt genes, asmt
and asmt2 have been found in the three-spined stickleback eyeball, and
asmt2 has been found in the skin (Pomianowski et al., 2020, 2023).
However, in European flounder, only asmtl expression has been detected
in the skin, but in the eyeball, up to three genes, asmtl, asmt and asmt2
have been reported (Pomianowski et al., 2023). To be precise, in tele-
osts, the asmtl gene is a product of fusion between the maf and asmt
genes and has been transcribed in peripheral organs of several species,
including skin (Zhang et al., 2017). Detectable levels of asmtl mRNA
have been found in nine European flounder organs, including skin
(Pomianowski et al., 2021). However, to date, the function of the asmtl
gene is unknown and probably differs from that of asmt considering its
peripheral distribution (Zhang et al., 2017; Pomianowski et al., 2021).
The question arises whether the transcript variants correspond to
various active forms of enzymes (isozymes and/or isoforms) involved in
different metabolic pathways in different organs and tissues. It should be
mentioned that although the function of the enzymes AANAT1 (a and b)
mainly comprises Mel synthesis in the retina and peripheral tissues, their
other functions are also possible: enzymes can catalyze production of N-
acetyldopamine (NAD) in addition to N-acetylserotonin (NAS), where
AANAT1a could be more involved in dopamine acetylation, while
AANAT1b would prefer serotonin as substrate (Paulin et al., 2015). It is
also known that ASMT, in addition to the methylation of N-acetylser-
otonin (NAS) to Mel, may participate in the catabolism of 5-HT and its
derivatives, such as HIAA (5-hydroxyindoleacetic acid) and HTOL (5-
hydroxytryptofol) (Morton, 1987; Morton and Forbes, 1989; Pévet et al.,
1981). Our group has also reported the presence of various transcripts of
genes that encode AANAT and ASMT in the three-spined stickleback and
suggested the activity of AANAT and ASMT isozymes in other metabolic
pathways in addition to the ‘melatonin’ pathway (Kulczykowska et al.,
2017; Pomianowski et al., 2020). Therefore, it can also be expected that
various enzymes (isozymes and/or isoforms) might be involved in
various Mel synthesis pathways in fish skin; in flounder skin, ASMTL and
NAT seem to be good candidates. Why?

In the current study, we address the idea of the presence of the
second alternative Mel synthesis pathway in flounder skin, in which
both ASMTL and NAT are involved. We present data on the activity of
enzymes and refer them to the results of our previous study on the
cutaneous stress response system in fish (Pomianowski et al., 2020,
2023).

We conducted our research on adult female European flounder
(Platichthys flesus). The fish (n = 4, total weight 189.5-374.7 g and
length 262-365 mm) were caught in the Gulf of Gdansk (southern Baltic
Sea) out of the breeding season and transported to the Institute of
Oceanology PAS (Sopot, Poland). They were acclimatized in 70-L
aerated aquaria with brackish water (7 ppt) at a temperature of 10 +
2 °Cand 12 L:12D photoperiod for two weeks and fed frozen Mytilus sp.
mussels once a day at 13:00. The fish were decapitated and skin samples
were taken at midnight under red light and stored at —70 °C until
enzyme activity analyses. The sample collection was performed at night
because we expected that Mel synthesis can be rhythmic with maximal
activity during the night.

Fish skin samples, before NAT and ASMTL analyses, were weighed
(40-80 mg) and homogenized (Bead Ruptor Elite, Omni International,
USA) in 1 mL of 0.1 M phosphate buffer (pH 6.8) with 10 pL of 1.2 mM
AcCoA (acetyl coenzyme A; Sigma, St. Louis, MO, USA) for NAT analyses
and in 1 mL of 0.1 M phosphate buffer (pH 7.9) with 0.25 mM SAM (S-
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(5'-adenosyl)-L-methionine chloride; Cayman Chemicals, Ann Arbor,
MI, USA) for ASMTL analyses. The homogenates were then centrifuged
at 10,000g, at 4 °C for 10 min.

The NAT activity assay was carried out according to Pomianowski
et al. (2020) with modifications. The enzyme assay was carried out in
the presence of a 30 pL supernatant aliquot, 15 pL of 1.2 mM AcCoA and
45 pL of various concentrations of serotonin (5-HT; Sigma-Aldrich, St.
Louis, MO, USA) or various concentrations of 5-methoxytryptamine (5-
MT; Sigma-Aldrich, Switzerland) at 10 °C for 60 min. The final con-
centrations of AcCoA and 5-HT, or 5-MT in the reaction mixture were
0.33 mM and 0.17-11.35 mM, or 0.26-8.4 mM, respectively. The re-
action was stopped by adding 15 pL of 6 N perchloric acid (Sigma-
Aldrich, St. Louis, MO, USA) and the mixture was centrifuged (10,000 g,
4 °C, 10 min). The product of the enzymatic reaction, NAS or Mel, was
measured using the HPLC method.

The ASMTL activity test was performed according to Pomianowski
et al. (2023) with modifications. The enzyme reaction was carried out in
the presence of a 30 pL supernatant aliquot, 7 pL of 2.5 mM SAM and 8.5
pL of varying concentrations of N-acetyl serotonin (NAS; Sigma-Aldrich,
St. Louis, MO, USA) or different concentrations of 5-HT at 10 °C for 60
min. The final concentration of SAM and NAS, or 5-HT in the reaction
mixture was 0.5 mM and 0.07-4.2 mM, or 0.08-5.18 mM, respectively.
The reaction was stopped by adding 14.5 pL of 6 N perchloric acid, the
mixture was centrifuged (10,000 g, 4 °C, 10 min). The product of the
enzymatic reaction, Mel or 5-MT, was measured using the HPLC method.

HPLC analyses were performed using the Agilent 1200 Series Qua-
ternary HPLC System with a fluorescence detector (Agilent Technolo-
gies, Germany) according to Pomianowski et al. (2020) with
modifications. Chromatographic separation was achieved on a ZORBAX
Eclipse Plus C18 (150 mm x 4.6 mm ID, 3.5 pum; Agilent, USA). A
gradient elution was applied. The mobile phase consisted of solvent A
(10 mM ammonium acetate; pH 5) and solvent B (methanol). A linear
gradient was established at 10-60 % eluent B in 20 min, with a flow rate
of 0.5 mL/min and a column temperature of 30 °C. Fluorescence
detection was performed at 350 nm with excitation at 230 nm. Identi-
fication of NAS, 5-MT, and Mel was performed by comparing the
retention time of the sample with the appropriate standards.

Fig. 1 presents two potential Mel synthesis pathways in flounder
skin, which are taken into account in this work: the classic pathway
(reactions a and b) that is not effective in Mel synthesis and a hypo-
thetical pathway (reactions ¢ and d) where ASMTL and NAT are
involved and Mel is produced. This figure refers to enzyme activities
found in flounder skin homogenates that are shown in Fig. 2 (A, B, C and
D):

1. 5-HT + NAT — NAS (reaction a): NAT activity increased linearly
with increasing 5-HT concentrations (in the range of tested concen-
trations up to 5.68 mM) (Fig. 2A);

2. NAS + ASMTL—Mel (reaction b): neither ASMTL activity nor Mel
formation was detected in reaction with NAS as a substrate (in the
range 0.07-4.20 mM) in the presence of 0.5 mM SAM (Fig. 2B);

3. 5-HT + ASMTL—5-MT (reaction c): ASMTL activity increased with
increasing 5-HT concentrations to reach a plateau (Fig. 2C). Kinetic
analysis, determined from the Lineweaver-Burk graph, gave Ky, =
2.45 £ 0.23 mM and Vppax = 63.04 + 6.25 pmol/mg tissue/h (means
+ SEM);

4. 5-MT + NAT — Mel (reaction d): NAT activity increased with
increasing 5-MT concentration to reach a plateau (Fig. 2D). Kinetic
analysis, determined from the Lineweaver-Burk graph, gave Ky, =
4.25 + 0.65 mM and Vpax = 122.14 £ 15.25 pmol/mg tissue/h
(means +SEM).

In this work, it appears that 5-HT is acetylated to NAS, and 5-MT is
acetylated to Mel, so some enzyme of the category of N-acetyl-
transferases must be active in reactions a and d (Fig. 2 A, D). Further-
more, an enzyme of the type of N-acetylserotonin O-methyltransferases
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Fig. 1. Two hypothetical pathways to Mel synthesis in flounder skin. 5-HT, serotonin; NAS, N-acetylserotonin; Mel, melatonin; 5-MT, 5-methoxytryptamine; NAT, N-
acetyltransferase; ASMTL, N-acetylserotonin O-methyltransferase like; a, 5-HT + NAT — NAS (reaction a); b, NAS + ASMTL—Mel (reaction b); ¢, 5-HT + ASMTL—5-
MT (reaction ¢); d, 5-MT + NAT — Mel (reaction d);, no Mel formation.
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Fig. 2. NAT and ASMTL activities in flounder skin homogenates (n = 4; means + SEM).
A (reaction a: 5-HT + NAT — NAS: NAT activity as a function of 5-HT concentration. Skin homogenates were incubated in the presence of AcCoA (acetyl coenzyme A;

0.33 mM);
B (reaction b: NAS + ASMTL—Mel: ASMTL activity as a function of NAS concentration. Skin homogenates were incubated in the presence of SAM (S-(5-adenosyl)-L-

methionine; 0.5 mM);

C (reaction c: 5-HT + ASMTL—5-MT): ASMTL activity as a function of 5-HT concentration. Skin supernatants were incubated in the presence of SAM (0.5 mM);
D (reaction d: 5-MT + NAT — Mel): NAT activity as a function of 5-MT concentration. The skin supernatants were incubated in the presence of AcCoA (0.33 mM).
All reactions were carried out at 10 oC for 60 min.

The insets correspond to 1/v (velocity) versus 1/[S] (substrate concentration).
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methylates 5-HT to 5-MT (reaction c) but does not methylate NAS in
reaction b (Fig. 2 B, C). Recalling our previous research in European
flounder, no expression of asmt has been detected in the skin; instead,
the expression of the asmtl gene has been found (Pomianowski et al.,
2023). Although the role of ASMTL is still unknown, the presence of the
catalytic domain of S-adenosyl-L-methionine binding in the C-terminal
region argues for its methyltransferase activity (Tchigvintsev et al.,
2013). Most probably, ASMTL has an affinity for 5-HT as a substrate. The
lack of ASMTL activity with NAS as a substrate, resulting in the lack of
Mel synthesis, excludes the possibility of the classic pathway of this
indole production in flounder skin. Thus, an alternative way of Mel
synthesis is strongly suggested: reactions c and d lead to Mel production.
It seems that reactions a and d can be catalyzed by NAT, because neither
the expression of aanat nor snat has been detected in the skin of flounder;
unfortunately, the expression of nat has not been studied (Pomianowski
et al., 2023).

In our previous study on the cutaneous stress response system in fish
(Pomianowski et al., 2020, 2023), the lack of expression of any gene
encoding AANAT or SNAT in flounder skin strongly suggested that Mel is
not produced in the skin of this species, but is transported solely by
circulation. However, we did not take into account the potential role of
NAT, N-acetyltransferase, which is not selective for indoles. So far, the
role of isozymic forms of NAT in the acetylation of serotonin has been
described by Slominski et al. (2003) in mouse skin. They showed the
ability to acetylate serotonin in the skin of C57BL/6 mice with genetic
defects, namely ‘knockdown’ for AANAT (Slominski et al., 2003).
Furthermore, Slominski's research group raised the possibility that both
NAT and AANAT can participate in serotonin acetylation in mammalian
skin (Slominski et al., 2005). Thus, also in flounder skin, NAT, instead of
highly specific AANAT for indoles, could be involved in Mel synthesis,
and consequently, Mel detected in the skin can be of local origin but not
transported solely by circulation, as we previously stated. Furthermore,
we then considered only the classic way of Mel synthesis, but now, in
light of the new research concepts mentioned above and the results of
our current study, we must take into account the possibility of an
alternative Mel synthesis pathway in flounder skin that would include a
two-step action by the enzymes, where ASMTL methylates 5-HT to 5-
MT, which is then acetylated by NAT to Mel. However, in the future,
it would be necessary to carry out the experiment during the day and at
night and measure enzyme activity together with concentrations of 5-
HT, 5-MT, and Mel in the sampled skin to provide more information
on the relationship between the components of this metabolic pathway.

In this study, we demonstrate that ASMTL is active in the reaction
that leads to 5-MT formation, where 5-HT is a substrate, but not in the
reaction where NAS is a substrate. It agrees with Zhang et al. (2017)
suggesting that the affinity of ASMTL for both substrates, 5-HT and NAS,
may differ. Although Mel is not produced in the classic Mel synthesis
pathway, NAS is still produced, so an activity of N-acetyltransferase
(probably NAT) is required. This acetyltransferase has an apparent af-
finity for 5-MT. Because NAS is known as an active and efficient anti-
oxidant and its protective effect against oxidative damage is
independent of the effect of Mel (Wolfler et al., 1999; Oxenkrug, 2005;
Galano and Reiter, 2018), its presence in the skin in high concentrations
as a final product of 5-HT acetylation is physiologically justified.
Furthermore, studies of human skin by Slominski et al. (2020) strongly
recommend that NAS is a part of a local neuroendocrine system involved
in the control of skin homeostasis (Slominski et al., 2020). Taken
together, our data strongly suggest an alternative way of Mel production
in flounder skin, where 5-HT is first methylated to 5-MT, which is then
acetylated to Mel.

Ethics statement
All experiments complied with EC Directive 2010/63/EU for animal

experiments and the guidelines and approval of the Ethics Committee
for Animal Experimentation (University of Science and Technology,

Comparative Biochemistry and Physiology, Part A 297 (2024) 111731

Bydgoszcz, Poland).

Funding

This research was supported by the National Science Centre (Poland)
grant UMO-2017/27/B/NZ4/01259.

CRediT authorship contribution statement

Magdalena Gozdowska: Writing — original draft, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization.
Joanna Ston-Egiert: Methodology. Ewa Kulczykowska: Writing —
original draft, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

References

Axelrod, J., Weissbach, H., 1960. Enzymatic O-methylation of Nacetylserotonin to
melatonin. Science 131, 1312. https://doi.org/10.1126/science.131.3409.1312.

Back, K., Tan, D.X., Reiter, R.J., 2016. Melatonin biosynthesis in plants: multiple
pathways catalyze tryptophan to melatonin in the cytoplasm or chloroplasts.

J. Pineal Res. 61 (4), 426-437. https://doi.org/10.1111/jpi.12364.

Falcon, J., Bolliet, V., Collin, J.P., 1996. Partial characterization of serotonin N -
acetyltransferases from northern pike (Esox lucius, L.) pineal organ and retina:
effects of temperature. Pflugers Arch. 432 (3), 386-393. https://doi.org/10.1007/
s004240050149.

Falcon, J., Besseau, L., Magnanou, E., Herrero, M.J., Nagai, M., Boeuf, G., 2011.
Melatonin, the timekeeper: biosynthesis and effects in fish. Cybium 35, 3-18.
https://doi.org/10.26028/cybium/2011-351-001.

Galano, A., Reiter, R.J., 2018. Melatonin and its metabolites vs oxidative stress: from
individual actions to collective protection. J. Pineal Res. 65 (1), e12514 https://doi.
org/10.1111/jpi.12514.

Gaudet, S.J., Slominski, A., Etminan, M., Pruski, D., Paus, R., Namboodiri, M.A., 1993.
Identification and characterization of two isozymic forms of arylamine N-
acetyltransferase in Syrian hamster skin. J. Invest. Dermatol. 101 (5), 660-665.
https://doi.org/10.1111/1523-1747.ep12371672.

Hardelannd, R., 1999. Melatonin and 5-methoxytryptamine in nonmetazoans. Reprod.
Nutr. Dev. 39, 399-408. https://doi.org/10.1051/rnd:19990311.

Huang, Y., Li, J., Bian, C., Li, R., You, X., Shi, Q., 2022. Evolutionary genomics reveals
multiple functions of arylalkylamine N-acetyltransferase in fish. Front. Genet. 13,
820442 https://doi.org/10.3389/fgene.2022.820442.

Huether, G., 1993. The contribution of extrapineal sites of melatonin synthesis to
circulating melatonin levels in higher vertebrates. Experientia 49 (8), 665-670.
https://doi.org/10.1007/BF01923948.

Kim, T.K., Slominski, R.M., Pyza, E., Kleszczynski, K., Tuckey, R.C., Reiter, R.J.,
Holick, M.F., Slominski, A.T., 2024. Evolutionary formation of melatonin and
vitamin D in early life forms: insects take centre stage. Biol. Rev. Camb. Philos. Soc.
https://doi.org/10.1111/brv.13091. Advance online publication.

Kulczykowska, E., Kleszczyriska, A., Gozdowska, M., Sokotowska, E., 2017. The time
enzyme in melatonin biosynthesis in fish: day/night expressions of three
aralkylamine N-acetyltransferase genes in three-spined stickleback. Comp. Biochem.
Physiol. A 208, 46-53. https://doi.org/10.1016/j.cbpa.2017.03.005.

McCord, C.P., Allen, F.P., 1917. Evidences associating pineal gland function with
alterations in pigmentation. J. Exp. Zool. 23, 207-224. https://doi.org/10.1002/
jez.1400230108.

Morton, D.J., 1987. Hydroxyindole-O-methyltransferase catalyses production of
methoxyindoles in rat pineal gland dependent on the concentration of hydroxy
precursors and their affinity for the enzyme. J. Endocrinol. 115, 455-458. https://
doi.org/10.1677/joe.0.1150455.

Morton, D.J., Forbes, H.J., 1989. Probable mechanism of catalysis of pineal gland
hydroxyindole-O-methyltransferase (HIOMT) from rainbow trout (Salmo gairdneri).
J. Neural Transm. 75 (1), 65-71. https://doi.org/10.1007/BF01250644.

Oxenkrug, G., 2005. Antioxidant effects of N-acetylserotonin: possible mechanisms and
clinical implications. Ann. N. Y. Acad. Sci. 1053, 334-347. https://doi.org/10.1196/
annals.1344.029.

Paulin, C.H., Cazaméa-Catalan, D., Zilberman-Peled, B., Herrera-Perez, P., Sauzet, S.,
Magnanou, E., Fuentes, M., Gothilf, Y., Munoz-Cueto, J.A., Falcén, J., Besseau, L.,
2015. Subfunctionalization of arylalkylamine N-acetyltransferases in the sea bass


https://doi.org/10.1126/science.131.3409.1312
https://doi.org/10.1111/jpi.12364
https://doi.org/10.1007/s004240050149
https://doi.org/10.1007/s004240050149
https://doi.org/10.26028/cybium/2011-351-001
https://doi.org/10.1111/jpi.12514
https://doi.org/10.1111/jpi.12514
https://doi.org/10.1111/1523-1747.ep12371672
https://doi.org/10.1051/rnd:19990311
https://doi.org/10.3389/fgene.2022.820442
https://doi.org/10.1007/BF01923948
https://doi.org/10.1111/brv.13091
https://doi.org/10.1016/j.cbpa.2017.03.005
https://doi.org/10.1002/jez.1400230108
https://doi.org/10.1002/jez.1400230108
https://doi.org/10.1677/joe.0.1150455
https://doi.org/10.1677/joe.0.1150455
https://doi.org/10.1007/BF01250644
https://doi.org/10.1196/annals.1344.029
https://doi.org/10.1196/annals.1344.029

M. Gozdowska et al.

Dicentrarchuslabrax: two-ones for one two. J. Pineal Res. 59, 354-364. https://doi.
org/10.1111/jpi.12266.

Pévet, P., Balemans, M.G.M., de Reuver, G.F., 1981. The pineal gland of the mole (Talpa
europea L.). VII. Activity of hydroxyindole-O-methyltransferase (HIOMT) in the
formation of 5-methoxytryptophan, 5-methoxytryptamine, 5-methoxyindole-3-ace-
tiacid, 5-methoxytryptophol and melatonin in the eyes and the pineal gland.

J. Neural Transm. 51, 271-282. https://doi.org/10.1007/BF01248958.

Pomianowski, K., Gozdowska, M., Burzyniski, A., Kalamarz-Kubiak, H., Sokotowska, E.,
Kijewska, A., Kulczykowska, E., 2020. A study of aanat and asmt expression in the
three-spined stickleback eye and skin: not only “on the way to melatonin”. Comp.
Biochem. Physiol. A 241, 110635. https://doi.org/10.1016/j.cbpa.2019.110635.

Pomianowski, K., Burzynski, A., Kulczykowska, E., 2021. A de novo transcriptome
assembly of the European flounder (Platichthys flesus): the preselection of
transcripts encoding active forms of enzymes. Front. Mar. Sci. 8, 618779 https://doi.
org/10.3389/fmars.2021.618779.

Pomianowski, K., Gozdowska, M., Sokotowska, E., Kulczykowska, E., 2023. The
cutaneous stress response system in three-spined stickleback and European flounder
exposed to oxidative stress: different mode of action. Comp. Biochem. Physiol. Part A
285, 111493. https://doi.org/10.1016/j.cbpa.2023.111493.

Saha, S., Singh, K.M., Gupta, B.B.P., 2019. Melatonin synthesis and clock gene regulation
in the pineal organ of teleost fish compared to mammals: similarities and differences.
Gen. Comp. Endocrinol. 279, 27-34. https://doi.org/10.1016/j.ygcen.2018.07.010.

Slominski, A., Pisarchik, A., Semak, 1., Sweatman, T., Wortsman, J., Szczesniewski, A.,
Slugocki, G., McNulty, J., Kauser, S., Tobin, D.J., Jing, C., Johansson, O., 2002.
Serotoninergic and melatoninergic systems are fully expressed in human skin. FASEB
J. 16 (8), 896-898. https://doi.org/10.1096/f].01-0952fje.

Slominski, A., Pisarchik, A., Semak, 1., Sweatman, T., Wortsman, J., 2003.
Characterization of the serotoninergic system in the C57BL/6 mouse skin. Eur. J.
Biochem. 270, 3335-3344. https://doi.org/10.1046/j.1432-1033.2003.03708.x.

Slominski, A., Wortsman, J., Tobin, D.J., 2005. The cutaneous serotoninergic/
melatoninergic system: securing a place under the sun. FASEB J. 19 (2), 176-194.
https://doi.org/10.1096/£j.04-2079rev.

Comparative Biochemistry and Physiology, Part A 297 (2024) 111731

Slominski, A., Tobin, D.J., Zmijewski, M.A., Wortsman, J., Paus, R., 2008. Melatonin in
the skin: synthesis, metabolism and functions. Trends Endocrinol. Metab. 19, 17-24.
https://doi.org/10.1016/j.tem.2007.10.007.

Slominski, A.T., Kim, T.K., Kleszczynski, K., Semak, I., Janjetovic, Z., Sweatman, T.,
Skobowiat, C., Steketee, J.D., Lin, Z., Postlethwaite, A., Li, W., Reiter, R.J., Tobin, D.
J., 2020. Characterization of serotonin and N-acetylserotonin systems in the human
epidermis and skin cells. J. Pineal Res. 68 (2), €12626 https://doi.org/10.1111/
jpi.12626.

Tan, D.X., Hardeland, R., Back, K., Manchester, L.C., Alatorre-Jimenez, M.A., Reiter, R.J.,
2016. On the significance of an alternate pathway of melatonin synthesis via 5-
methoxytryptamine: comparisons across species. Pineal Res. 61 (1), 27-40. https://
doi.org/10.1111/jpi.12336.

Tchigvintsev, A., Tchigvintsev, D., Flick, R., Popovic, A., Dong, A., Xu, X., Brown, G.,
Lu, W., Wu, H., Cui, H., Dombrowski, L., Joo, J.C., Beloglazova, N., Min, J.,
Savchenko, A., Caudy, A.A., Rabinowitz, J.D., Murzin, A.G., Yakunin, A.F., 2013.
Biochemical and structural studies of conserved Maf proteins revealed nucleotide
pyrophosphatases with a preference for modified nucleotides. Chem. Biol. 20 (11),
1386-1398. https://doi.org/10.1016/j.chembiol.2013.09.011.

Vetting, M.W., Carvalho, L.P., Yu, M., Hegde, S.S., Magnet, S., Roderick, S.L.,
Blanchard, J.S., 2005. Structure and functions of the GNAT superfamily of
acetyltransferases. Arch. Biochem. Biophys. 433 (1), 212-226. https://doi.org/
10.1016/j.abb.2004.09.003.

Weissbach, H., Redfield, B.G., Axelrod, J., 1960. Biosynthesis of melatonin: enzymic
conversion of serotonin to N-acetylserotonin. Biochim. Biophys. Acta 43, 352-353.
https://doi.org/10.1016/0006-3002(60)90453-4.

Wolfler, A., Abuja, P.M., Schauenstein, K., Liebmann, P.M., 1999. N-acetylserotonin is a
better extra- and intracellular antioxidant than melatonin. FEBS Lett. 449, 206-210.
https://doi.org/10.1016/s0014-5793(99)00435-4.

Zhang, K., Ruan, Z., Li, J., Bian, C., You, X., Coon, S.L., Shi, Q., 2017. A comparative
genomic and transcriptomic survey provides novel insights into N-acetylserotonin
methyltransferase (ASMT) in fish. Molecules 22, 1653. https://doi.org/10.3390/
molecules22101653.


https://doi.org/10.1111/jpi.12266
https://doi.org/10.1111/jpi.12266
https://doi.org/10.1007/BF01248958
https://doi.org/10.1016/j.cbpa.2019.110635
https://doi.org/10.3389/fmars.2021.618779
https://doi.org/10.3389/fmars.2021.618779
https://doi.org/10.1016/j.cbpa.2023.111493
https://doi.org/10.1016/j.ygcen.2018.07.010
https://doi.org/10.1096/fj.01-0952fje
https://doi.org/10.1046/j.1432-1033.2003.03708.x
https://doi.org/10.1096/fj.04-2079rev
https://doi.org/10.1016/j.tem.2007.10.007
https://doi.org/10.1111/jpi.12626
https://doi.org/10.1111/jpi.12626
https://doi.org/10.1111/jpi.12336
https://doi.org/10.1111/jpi.12336
https://doi.org/10.1016/j.chembiol.2013.09.011
https://doi.org/10.1016/j.abb.2004.09.003
https://doi.org/10.1016/j.abb.2004.09.003
https://doi.org/10.1016/0006-3002(60)90453-4
https://doi.org/10.1016/s0014-5793(99)00435-4
https://doi.org/10.3390/molecules22101653
https://doi.org/10.3390/molecules22101653

	Short communication: An alternative pathway for melatonin synthesis in the skin of European flounder (Platichthys flesus)
	Ethics statement
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


