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Abstract
This study examined the effects of pinealectomy inWistar rats andmelatonin replacement therapy on the daily mRNA expression
of melatonin (Tph1, Aanat, Asmt,Mt1,Mt2, and Rorα), and steroidogenic (Star, 17βhsd3, and Lhr) related genes as well as clock
genes (Rev-erbα, Bmal1, Per1, Per2, Cry1, and Cry2) in testes. The testes of control animals express the Tph1, Aanat, and Asmt
and Per2 genes with 24-h rhythms in mRNA, reaching the maximal values during the dark phase. Pinealectomy abolished and
melatonin treatment restored the 24-h rhythmicity. Daytime differences in mRNA expression were significant for Star, Lhr,Mt1,
Mt2, Rorα, Rev-erbα, Bmal1, Cry1, and Cry2 genes in testes of control rats. Conversely, 17βhsd3 and Per1 mRNA expression
did not show a daytime difference in testes of control animals. Pinealectomy abolished the peak time of Mt1 and Mt2 mRNA
expression, phase shifted the peak time of Star, Rorα, Rev-erbα, Bmal1, and Cry2 mRNA expression, downregulated the 24-h
LhrmRNA expression, and inverted the peak time of Per1, Per2, and Cry1mRNA expression to the light phase. The melatonin
replacement therapy completely restored the control levels of Lhr, Rev-erbα, and Per1 mRNA expression patterns, partially
restored the daily control of Star,Mt2, Rorα, Bmal1, Cry1, and Cry2mRNA expression but did not re-establish the daily control
ofMt1 mRNA expression. This suggests that the daily mRNA expression of these genes is probably driven by pineal melatonin
and melatonin treatment restores (partially or completely) the daily control of gene expression patterns.

Keywords Clock genes .Melatonin receptors . Steroidogenic enzymes . Testes

Introduction

The pineal melatonin rhythm is usually associated with the
modulation of circadian rhythms [1, 2]. Pineal melatonin syn-
thesis involves tryptophan hydroxylation of by tryptophan

hydroxylase 1 (TPH1) and its decarborxylation by dopa de-
carboxylase (DDC, also known as aromatic L-amino acid
descarboxylase) leads to the formation of serotonin [3]. The
conversion of serotonin to melatonin involves the acetylation
of serotonin into N-acetylserotonin (NAS) by arylalkylamine
N-acetyltransferase (AANAT) and the conversion of NAS to
melatonin by the acetylserotonin O-methyltransferase
(ASMT). Both AANAT and ASMT are considered rate-
limiting enzymes for melatonin synthesis [4].

Melatonin is synthesized and released by pineal gland at
night and its secretion is limited to the dark phase of the light-
dark cycle. The duration of melatonin secretion transforms the
circadian information into a chemical message that is used by
the organism [5]. The circadian pattern of pineal melatonin
secretion is regulated by clock genes localized in the supra-
chiasmatic nuclei (SCN) of the hypothalamus [6]. Melatonin
has been also implicated to the regulation of the expression of
clock genes in most tissues of the body [7–10]. There is also
evidence of non-pineal sources of melatonin [11] including
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the reproductive organs where local Aanat and Asmt mRNA
and protein expressions [12–15] and AANAT and ASMT ac-
tivities [16, 17] in the females [12–14, 17] and males [15, 16]
have been detected.

Melatonin also plays an important role in the regulation of
testicular function including testosterone secretion [18].
Melatonin influences the mRNA expression of protein and en-
zymes that are essential for testosterone synthesis including ste-
roidogenic acute regulatory protein (Star) and 17βHsd3 [19, 20].
In addition, it has been also postulated that melatonin acts as a
local antioxidant neutralizing free radical-mediated damage [21].

Despite many studies indicating that melatonin has an im-
pact on testicular function, the mechanism of action remains
unknown. It was reported that the effects of melatonin on
testicular function may involve binding sites for melatonin
[22]. Membrane melatonin receptors, such as MT1 and
MT2, have been identified in testes of adult rats and during
several developmental ages [23]. Nuclear binding sites for
melatonin including RORα [24] also have been detected in
testes [25]. Additionally, it was demonstrated that the mRNA
expression of clock genes, melatonin-forming enzyme, and
melatonin receptor genes in peripheral tissues are under the
control of the circulating melatonin [13, 26].

In the present study, we investigated, in rat testes, the daily
mRNA expression of melatonin synthesizing enzyme genes
(Tph1, Aanat, and Asmt), membrane (Mt1 and Mt2), and the
putative nuclear (Rorα) melatonin receptor genes, as well as
the clock genes (Bmal1, Rev-erbα, Cry1, Cry2, Per1, and
Per2) and testosterone synthesis-related genes (Lhr, Star,
and 17βHsd3). In addition, we examined the effect of pineal-
ectomy and melatonin replacement therapy, on the diurnal
mRNA expression of these genes in the testes.

Materials and Methods

Animals

Male adult Wistar rats obtained from the Institute of Biomedical
Sciences, University of São Paulo, Brazil, were kept on a
12L:12D light-dark cycle, in a temperature-controlled room
(23 °C ± 2 °C), with food and water available ad libitum. The
Animal Care Committee of Ethics in Animal Experimentation of
the Institute of Biomedical Sciences, University of São Paulo,
approved all the procedures involving animals.

Pinealectomy

The animals were anesthetized with intraperitoneal injection
of ketamine and xilazim (0.15 mL/100 g body weight) and
submitted to the surgery according to Hoffman and Reiter’s
method [27]. The anesthetized animal was fixed in a stereo-
taxic apparatus and the scalp was opened in a sagittal manner.

To expose the lambda suture, the skin and muscles were
pushed aside. By means of a circular drill, a disc-shaped bone
was loosened over the lambda and the loosen bone was deli-
cately removed. Thereafter, the superficial pineal gland was
removed with a fine forceps. After a brief hemostasis, the skull
was closed by returning the disc-shaped bone and the scalp
was sutured with cotton suture.

Melatonin Treatment

Melatonin (Sigma-Aldrich, Saint Louis, MO, USA) solution
was prepared according to the individual daily water intake
and the body weight (1 mg/kg body weight). Melatonin solu-
tion was daily added to drinking water and given to the ani-
mals only during the 12-h of the dark phase of the light-dark
illumination cycle. At the beginning of the 12-h light phase,
the bottles were replaced by others with tap water free of
melatonin. The melatonin treatment lasted 4 weeks.

mRNA Extraction and cDNA Synthesis

Total RNA was extracted from testes using guanidine
isothiocyanate-based reagent (TRIzol®, Invitrogen,
Carlsbad, USA) according to the manufacturer’s specifica-
tions. The cDNAwas synthetized from 1 μg of total RNA in
a total reaction volume of 20μL by using reverse transcriptase
(200 U Superscript III, Invitrogen, Carlsbad, USA), DTT
(10 nM), dNTP (10 nM each), RNase inhibitor (40 U), and
random primers (150 ng).

Real-Time Quantitative PCR

Quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR) was performed (7500 Real-Time PCR System;
Applied Biosystems, Inc., [ABI] Foster City, CA) with
12 μL containing 1 μL cDNA, SYBR green (Power SYBR
green, ABI), and 200 nM specific primers (Table 1). For Tph1,
Aanat, Asmt, Mt2, Bmal1, Rev-erbα, Cry1, Cry2, Per1, and
Per2 mRNA expression, an absolute quantitative analyses
were performed and a set of 10-fold serial dilutions of internal
standard (102–106 copies/1 μL) was used to generate an ab-
solute standard curve, and all qRT-PCR assays linear within
this concentration range with correlation coefficients (r2) >
0.999. The relative expression of Mt1, Rorα, Star, Lhr, and
17βHsd3 mRNAs was calculated, using the relative analyses
by the 2–ΔΔCT method [28] and reported as arbitrary units. All
measures were performed in duplicate for each sample and
Rpl37a was indicated as most suitable reference gene by the
software GeNorm [29] since the amount ofRpl37amRNAdid
not vary according to the time.
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Experimental Design

Animals were divided in three groups: sham-operated
(CONTROL), pinealectomized (PINX), and pinealectomized
melatonin-treated (PINX-MEL). Animals (three to five ani-
mals per time point per group) were euthanized by decapita-
tion every 3 h throughout a 24-h light-dark cycle. The testic-
ular samples were collected at following zeitgeber times
(ZTs): ZT3 (3 h after light on), ZT6, ZT9, ZT12, ZT15 (3 h
after light off), ZT18, ZT21, and ZT24.

Statistical Analysis

Quantitative RT-PCR results were plotted as mean ± SEM,
calculated from at least three replications. The differences
among ZTs within each experimental group (CONTROL,
PINX, and PINX-MEL) were analyzed using one-way
ANOVA and comparisons between groups were done using
two-way ANOVA followed by Bonferroni’s post-test. When
appropriate, Student’s t test was performed. These analyses

were carried out using GraphPad Prism (GraphPad Software
version 7.00; San Diego, CA, USA). To study the presence of
24-h rhythmicity, a cosinor analysis was applied [30]. To de-
termine the peak time ofmRNA expression of those genes that
daily profile of expression was not adjusted to a cosinor curve,
an ordinary one-way ANOVA analysis was performed. It was
considered the peak time of expression the time (ZT) in whose
high level of expression was significantly different to the all
the other times (ZTs).

Results

As seen in Fig. 1 and in Tables 2 and 3, in the peripheral
testicular tissue, three essential melatonin-synthetizing en-
zyme (Tph1, Aanat, and Asmt) gene expression in
CONTROL rats show a clear 24-h rhythm variation peaking
during the night (Fig. 1 and Table 3). Most interestingly, the
absence of pineal melatonin in PINX animals either abolished
the daily rhythm of mRNA expression of Tph1 (Fig. 1a) and

Table 1 List of qRT-PCR primers used in the present research

Target and reference genes Accession numbera Primer sequence 5′–3′ Base pairs (bp)

Mt1 NM_053676.1 F: 5′ – CGTGGTGGACATCCTGGG − 3′
R: 5′ – CGAGGTCTGCCACAGCTAAACT − 3′

109

Mt2 NM_001100641.1 F: 5′ – TCCTCTCGGTGCTCAGGAAC – 3′
R: 5′ – AGGTCAGCCAAGGCCAGATT–3′

75

Rorα NM_001106834.1 F: 5′ – CAGGCAGAGCTATGCGAGC – 3′
R: 5′ – TCCACAGATCTTGCATGGAATAA − 3′

93

Tph1 NM_001100634 F: 5′ – CTCTTGGAGCTTCAGAGGAGAC – 3′
R: 5′ – GACTCTCAGCTGCCCATCTTG − 3′

98

Asmt (Hiomt) NM_144759.2 F: 5′ – TGCCCGCACCCACTTCCTGTC – 3′
R: 5′ – GACCCGGGCAAGAATGAAGAG − 3′

112

Aanat NM_012818 F: 5′ – AAAGTACACTCAGGCACCAATGT − 3′
R: 5′ – GGGAACATAGCTGCTTTATTAGTGTCAG − 3′

110

Bmal1 NM_024362.2 F: 5′ – CCGATGACGAACTGAAACACC – 3′
R: 5′ – TCTTCCCTCGGTCACATCCT − 3′

77

Rev-erbα NM_145775.1 F: 5′ – AGGTGACCCTGCTTAAGGCTG − 3′
R: 5′ – ACTGTCTGGTCCTTCACGTTGA − 3′

81

Cry1 NM_198750.2 F: 5′ – TTCGCCGGCTCTTCCAA − 3′
R: 5′ – ATTGGCATCAAGGTCCTCAAGA − 3′

74

Cry2 NM_133405.1 F: 5′ – TCAGCGTGAATGCAGGCA − 3′
R: 5′ – AGGGCAGTAGCAGTGGAAGAAC – 3′

76

Per1 NM_001034125.1 F: 5′ – CTGCCTCAGGCCCTCGA − 3′
R: 5′ – GTCCGAGTGGCCAGGATCTT − 3′

71

Per2 NM_031678.1 F: 5′ – GCAGCCTTTCGATTATTCTCCC – 3′
R: 5′ – GGACCAGCTAGTGTCCAGTGTG − 3′

75

Star NM_031558.3 F: 5′ – ATTGACCTCAAGGGGTGGCT – 3′
R: 5′ – GCTGGCGAACTCTATCTGGG – 3′

75

17βhsd3 NM_054007.1 F: 5′– CATTATCCAGGTGCTGACCCC – 3′
R: 5′ – AAACTCATCGGCGGTCTTGG – 3′

91

Lhr NM_012978.1 F: 5′ – TTCCCAGGAGCAAGTAAGCC – 3′
R: 5′– TAACGCTCTCGGTGGTATGG − 3′

84

Rpl37a NM_001108801 F: 5′ – TTGAAATCAGCCAGCACGC – 3′
R: 5′ – TGCCAACGGCTCGTCTCT − 3′

74

F forward, R reverse
a Accession number is provided by the National Center for Biotechnology Information, Bethesda, MD
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Aanat (Fig. 1b) genes or phase shifted the daily peak of Asmt
to daytime (Fig. 1c). Melatonin replacement therapy in PINX-
MEL animals re-established the 24-h rhythm and the daily
peak nocturnal phase of mRNA levels of the three enzymes
(Table 3) but not blunted the diurnal peak of Tph1 expression
provoked by pinealectomy (Table 2).

The mRNA express ion of the three tes t icular
steroidogenesis-related genes showed a clear daily variation
peaking during the night in the CONTROL rats for Star
(Fig. 2a) and Lhr (Fig. 2c) genes. In the case of Lhr gene
expression, the absence of circulating melatonin due pineal-
ectomy abolished the daily variation and its replacement
(PINX-MEL) re-established the daily profile of mRNA

expression (Table 2). In the case of the Star gene expression,
the absence of pineal melatonin phase shifted the daily peak to
earlier times during the night (Figs. 2a and 5) while melatonin
replacement prevented this early time peak but did not re-
establish the peak at latter times (Table 2). The daily mRNA
expression of 17βhsd3 gene (Fig. 2b) in testes of CONTROL
animals did not show any statistical variation during the 24-h
and this daily distribution was not altered by pinealectomy
without or with a melatonin treatment (Table 2).

Figure 3 and Table 4 document a significant daily distribu-
tion of testicular membrane and putative nuclear melatonin
receptors gene expression. The Mt1 (Fig. 3a) and Rorα (Fig.
3c) mRNA expression peaks occurred in the first half of the
light phase and Mt2 (Fig. 3b) mRNA expression peaks at the
middle of the dark phase of the light-dark cycle. In the case of
Mt1 and Mt2-melatonin receptors, the absence of pineal mel-
atonin in testes of PINX rats abolished these daily variations
and therapeutic melatonin replacement (as seen in PINX-MEL
animals) either did not re-establish the daily variation, as is the
case for the Mt1, or only partially recovered its amplitude as
seen for Mt2-melatonin receptor (Table 4). In the case of tes-
ticular Rorα gene expression (Figs. 3c and 5), the absence of
pineal melatonin provoked a phase displacement of its daily
peak from dawn to dusk of the light phase. Melatonin replace-
ment was only able to partially prevent the phase-
displacement.

In the case of testicular clock gene expressions (Fig. 4 and
Table 5), it is noteworthy that the particular daily distribution
of each of them (Bmal1, Per1, Per2, Cry1, Cry2, and Rev-
erbα) changed considerably in the absence of circulating mel-
atonin (PINX rats) and was almost completely restored to the
CONTROL pattern with melatonin replacement therapy
(PINX-MEL rats). The replacement of plasma melatonin in
pinealectomized animals (Table 5) completely restored the
daily mRNA expression profiles of Rev-erb and Per1 genes
and weakly restored the mRNA expression of Bmal1 (ZT3),
Cry1 (ZT3 and ZT6), and Cry2 (ZT3 and ZT24) genes.
However, the peak time of mRNA expression of Bmal1 gene
in testes of CONTROL animals displaced by pinealectomy
was restored with melatonin treatment (Fig. 5). A significant
circadian rhythm of mRNA expression in testes of
CONTROL rats was observed only for Per2 gene (Table 5).
Pinealectomy abolished the 24-h rhythmicity of mRNA ex-
pression of this gene and melatonin replacement restored the
circadian rhythm to that as observed in testes of CONTROL
animals.

Discussion

The present study documents the daily mRNA expression of
the melatonin-forming enzymes (Tph1, Aanat, and Asmt),
melatonin membrane (Mt1 and Mt2) and putative nuclear

Fig. 1 Daily mRNA expression of Tph1 (a), Aanat (b), and Asmt (c)
genes in testes of sham-pinealectomized (CONTROL), pinealectomized
(PINX), and pinealectomized melatonin-treated rats (PINX-MEL). A
two-way ANOVAwith Bonferroni’s multiple comparisons post-test was
used to determine significant differences between values (plotted as mean
± SEM). Asterisks represent CONTROL vs. PINX differences
(*P < 0.05, **P < 0.01, ***P < 0.001). The black bar represents the
dark phase of the light-dark cycle. ZT, zeitgeber time; ZT0 = ZT24.
Reference gene: Rpl37a
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Table 3 Cosinor analysis of
mRNA expression of melatonin-
forming enzymes (Tph, Aanat,
and Asmt) and Per2 genes in
testes of sham-pinealectomized
(CONTROL), pinealectomized
(PINX), and pinealectomized
melatonin-treated (PINX-MEL)
rats

Genes Acrophasea Amplitude Mesor Cosinor 24-h analysis (P values)

Tph

CONTROL 17.8 ± 0.329* 0.657 ± 0.035 0.703 ± 0.009* P = 0.010

PINX – – – P = 0.462

PINX-MEL 16.8 ± 0.170 0.563 ± 0.066 0.910 ± 0.045 P = 0.049

Aanatb

CONTROL 18.6 ± 0.550 2.077 ± 0.039 20.98 ± 1.262 P = 0.007

PINX-MEL 19.7 ± 0.663 3.280 ± 0.168 19.51 ± 0.770 P = 0.006

Asmt

CONTROL 19.3 ± 0.258 0.603 ± 0.092 0.627 ± 0.061 P = 0.027

PINX – – – P = 0.246

PINX-MEL 18.5 ± 0.867 0.396 ± 0.104 0.750 ± 0.063 P = 0.031

Per2

CONTROL 19.9 ± 0.051** 16.43 ± 0.703* 18.84 ± 0.687 P = 0.012

PINX – – – P = 0.970

PINX-MEL 19.3 ± 0.088 9.46 ± 0.792 19.53 ± 0.877 P = 0.073

Asterisks represent significant differences (*P < 0.05, **P < 0.01) by Student’s t test
a Acrophase is expressed as zeitgeber time (ZT)
b There were no time differences (P > 0.05) in Aanat mRNA expression in testes of PINX rats then no cosinor
24-h analysis was performed

Table 2 Results of two-way
ANOVAwith Bonferroni’s
multiple comparisons post-test of
daily mRNA expression of
melatonin-forming enzymes
(Tph1, Aanat, and Asmt) and
steroidogenesis-related genes
(Star, 17βhsd3, and Lhr) in testes
of sham-pinealectomized (C),
pinealectomized (P), and
pinealectomized melatonin-
treated (M) rats

Gene/
ZT

C vs. P C vs. M P vs. M C vs. P C vs. M P vs. M C vs. P C vs. M P vs. M

Tph1 Aanat Asmt

LP

ZT3 NS NS NS * NS * NS NS NS

ZT6 NS NS NS NS NS NS *** NS ***

ZT9 ** ** NS * NS * NS NS NS

ZT12 NS NS NS NS NS NS NS NS NS

DP

ZT15 *** NS *** *** NS *** NS NS NS

ZT18 *** NS *** *** NS *** ** NS *

ZT21 *** NS *** *** NS *** NS NS NS

ZT24 * NS * *** NS *** NS NS NS

Star 17βhsd3 Lhr

LP

ZT3 NS NS NS NS NS NS * NS *

ZT6 NS NS NS NS NS NS NS NS NS

ZT9 NS NS NS NS NS NS NS NS NS

ZT12 NS NS NS NS NS NS NS NS NS

DP

ZT15 NS NS NS NS NS NS NS NS NS

ZT18 *** NS *** NS NS NS NS NS NS

ZT21 *** NS NS NS NS NS *** NS ***

ZT24 NS NS NS NS NS NS NS NS NS

Asterisks represent significant differences (*P < 0.05, **P < 0.01, ***P < 0.001)

NS non-significant, LP light phase, DP dark phase
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(Rorα) receptor genes, clock genes (Rev-erbα, Bmal1, Cry1,
Cry2, Per1, and Per2) and steroidogenic-related (Star,
17βHsd3, and Lhr) genes in rat testes. We also demonstrated
the effect of pinealectomy and melatonin replacement therapy
on daily mRNA expression of these genes.

The testes of CONTROL animals express the melatonin-
forming enzyme (Tph1, Aanat, and Asmt) genes with 24-h
rhythm in mRNA levels similar for each gene, reaching the
maximal values during the dark phase (ZT17 to ZT19).
Pinealectomy abolished these rhythmic patterns by blunting
the nocturnal mRNA profiles and melatonin treatment re-
stored the 24-h rhythmicity model of Tph1, Aanat, and Asmt
mRNA expression as observed in testes of CONTROL ani-
mals. The presence of transcripts of melatonin-forming

enzyme genes in testes indicates possible local melatonin syn-
thesis, which remarkably, is under the daily control of pineal
circulating melatonin. The evidence that testes synthetize mel-
atonin was well documented [31] and is supported by the
presence of high enzymatic activity of ASMT and AANAT
in interstitial cells [16] and high protein expression of ASMT
and AANAT in Leydig cells, spermatocytes, and spermatids
[15]. Moreover, the mitochondria of all cells, including those
of the testes, are predicted to produce melatonin [21]. These
data suggest that local melatonin secretion could participate in
different physiological processes in testes, similar to those
observed in the ovary. It was observed that melatonin exists
in the seminal plasma [32] produced by the testes [15] and has
the function to protect the spermatozoa from oxidative dam-
age, which influences the male fertility [33]. Local melatonin

Fig. 3 DailymRNA expression ofMt1 (a),Mt2 (b), andRora (c) genes in
testes of sham-pinealectomized (CONTROL), pinealectomized (PINX),
and pinealectomized melatonin-treated (PINX-MEL) rats. A two-way
ANOVA with Bonferroni’s multiple comparisons post-test was used to
determine significant differences between values (plotted as mean ±
SEM). Asterisks represent CONTROL vs. PINX differences
(***P < 0.001). The black bar represents the dark phase of the light-
dark cycle. ZT, zeitgeber time; ZT0 = ZT24. Reference gene: Rpl37a

Fig. 2 Daily mRNA expression of Star (a), 17βhsd3 (b), and Lhr (c)
genes in testes of sham-pinealectomized (CONTROL), pinealectomized
(PINX), and pinealectomized melatonin-treated rats (PINX-MEL). A
two-way ANOVAwith Bonferroni’s multiple comparisons post-test was
used to determine significant differences between values (plotted as mean
± SEM). Asterisks represent CONTROL vs. PINX differences
(*P < 0.05, **P < 0.01, ***P < 0.001). The black bar represents the
dark phase of the light-dark cycle. ZT, zeitgeber time; ZT0 = ZT24.
Reference gene: Rpl37a
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secretion could act as an intracellular mediator or a paracrine
signal in testicular steroidogenic processes by downregulating

the steroidogenic acute regulatory (StAR) protein [34], which
is the rate-limiting step in steroidogenesis [35].

Fig. 4 Daily mRNA expression of Rev-erbα (a), Bmal1 (b), Per1 (c),
Per2 (d), Cry1 (e), and Cry2 (f) genes in testes of sham-pinealectomized
(CONTROL), pinealectomized (PINX), and pinealectomized melatonin-
treated (PINX-MEL) rats. A two-way ANOVA with Bonferroni’s
multiple comparisons post-test was used to determine significant

differences between values (plotted as mean ± SEM). Asterisks
represent CONTROL vs. PINX differences (**P < 0.01, ***P < 0.001).
The black bar represents the dark phase of the light-dark cycle. ZT,
zeitgeber time; ZT0 = ZT24. Reference gene: Rpl37a

Table 4 Results of two-way
ANOVAwith Bonferroni’s
multiple comparisons post-test of
daily mRNA expression of
melatonin receptors (Mt1, Mt2,
and Rorα) in testes of sham-
pinealectomized (C),
pinealectomized (P), and
pinealectomized melatonin-
treated (M) rats

Gene/ZT C vs. P C vs. M P vs. M C vs. P C vs. M P vs. M C vs. P C vs. M P vs. M

Mt1 Mt2 Rorα

LP

ZT3 NS NS NS NS NS NS NS *** NS

ZT6 *** *** NS NS NS NS NS NS NS

ZT9 NS NS NS NS NS NS *** NS ***

ZT12 NS NS NS NS NS NS NS NS NS

DP

ZT15 NS NS NS NS NS NS NS NS NS

ZT18 NS NS NS *** *** *** NS NS NS

ZT21 NS NS NS ** NS ** NS NS NS

ZT24 NS NS NS NS NS NS NS NS NS

Asterisks represent significant differences (**P < 0.01, ***P < 0.001)

NS non-significant, LP light phase, DP dark phase
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Our findings demonstrated that pinealectomy altered the
daily Star and Lhr mRNA expressions. The absence of circu-
lating melatonin provokes a displacement of the daily peak of
Star mRNA expression to early times during the dark phase
and melatonin replacement therapy restored the daily pattern
distribution as seen in the CONTROL animals. In contrast, the
daily pattern of testicular Lhr mRNA expression, altered by

pinealectomy was completely restored by melatonin replace-
ment therapy. Daily variation of Star mRNA expression was
previously observed in rat testis and its profile was similar to
the daily testicular testosterone levels [36]. It was also ob-
served that there is a seasonal variation of LH receptor site
bindings in rat testis, and after pineal removal, the seasonal
changes are lost [37]. In the testis, testosterone production is

Table 5 Results of two-way
ANOVAwith Bonferroni’s
multiple comparisons post-test of
daily mRNA expression of clock
genes (Rev-erbα, Bmal1, Per1,
Per2, Cry1, and Cry2) in testes of
sham-pinealectomized (C),
pinealectomized (P), and
pinealectomized melatonin-
treated (M) rats

Gene/
ZT

C vs. P C vs. M P vs. M C vs. P C vs. M P vs. M C vs. P C vs. M P vs. M

Rev-erbα Bmal1 Per1

LP

ZT3 NS NS NS *** NS *** ** NS **

ZT6 *** NS *** *** *** *** NS NS NS

ZT9 NS NS NS *** *** *** NS NS NS

ZT12 NS NS NS NS * *** NS NS NS

DP

ZT15 NS NS NS NS *** NS NS NS NS

ZT18 NS NS NS NS NS NS NS NS NS

ZT21 *** NS *** *** NS NS NS NS NS

ZT24 NS NS NS NS *** * NS NS NS

Per2 Cry1 Cry2

LP

ZT3 NS NS ** *** NS *** *** NS ***

ZT6 *** *** *** *** NS *** *** ** ***

ZT9 NS *** * NS NS ** *** *** ***

ZT12 NS NS NS NS NS NS NS NS NS

DP

ZT15 NS *** *** NS NS NS ** NS ***

ZT18 NS *** *** NS * * ** NS **

ZT21 *** *** *** *** ** NS NS NS *

ZT24 ** NS * NS NS NS * NS ***

Asterisks represent significant differences (*P < 0.05, **P < 0.01, ***P < 0.001)

NS non-significant, LP light phase, DP dark phase

Fig. 5 Peak time mRNA expression of Rorα, Bmal1, Rev-erbα, and Star
genes in testes of sham-pinealectomized (CONTROL), pinealectomized
(PINX), and pinealectomized melatonin-treated (PINX-MEL) rats. The
peak time of expression was calculated by a one-way ANOVA analysis
considering the ZT in whose high level of expression was significantly

different to the all the other ZTs within each group (CONTROL, PINX,
and PINX-MEL). There were no time differences (*P > 0.05) in Star
mRNA expression in testes of PINX-MEL rats. The gray square
represents the dark phase of the light-dark cycle
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predominantly governed by initiation of cAMP signaling
pathway due to binding of LH to its receptor coupled to G
protein regulating adenylyl cyclase by increasing production
of cAMP and subsequent activation of StAR protein which
aids the transport of free cholesterol to the inner mitochondrial
membrane where the first step of steroidogenesis occurs [38].
It has been demonstrated that melatonin reduce the stimulation
of StAR protein expression by LH or cAMP without altering
testosterone production, a physiological process mediated by
membrane melatonin receptors [39].

The dailyMt1,Mt2, and Rorα mRNA expression profiles in
rat CONTROL testes showed a marked 24-h variation with dif-
ferent peak time of expression for each gene. ForMt1 and Rorα
genes, the peak time of mRNA expression occurred during the
light phase while the peak time ofMt2mRNA expression was in
the dark phase. Our findings also demonstrated that pinealectomy
altered testicular daily RNA expression profiles ofMt1 andMt2
genes suggesting that these daily gene expression profiles are, in
some way, controlled by circulating melatonin. The absence of
pineal melatonin abolished the peak time ofMt1 andMt2mRNA
expression and phase-displaced the peak time of Rorα mRNA
expression. Melatonin replacement did not restore (Mt1) or only
partially restored (Mt2 and Rorα) the gene expression to the
levels observed in testes of control animals. Previously, it had
been demonstrated that pineal melatonin influences the expres-
sion of melatonin receptor genes in rat liver [26] and cumulus-
oocyte complexes [13] and the absence or presence of melatonin
in the blood either up- or downregulated the melatonin receptors
in a different manner. In fact, the presence of mRNA expression
ofmelatonin receptors has been detected in several testicular cells
[23, 39] including in the spermatozoa of several seasonal and
non-seasonal breeders [40]. These receptors are responsible for
mediating some melatonin actions in testes such as androgen
production [19, 39] and protection of spermatozoa against
damage-induced apoptosis [41] or they act as a modulator of
circadian clock mechanism [42, 43].

Our study revealed that the mRNA expression of clock
genes in the testis show a characteristic daily curve for each
one of the studied genes. It should be noted that a total testis
preparations were used and the obtained qPCR daily change is
a reflection of the all daily changes in the different testicular
cell types. In any case, however, it is possible to see that the
absence of pineal melatonin altered the daily distribution of all
the studied clock genes and that melatonin replacement ther-
apy restored the daily pattern to the level of the CONTROL
animals. It has been demonstrated that male clock Bmal1
knockout mice present a reduced plasma testosterone and
sperm count [44]. In fact, the male clock Bmal1 knockout
mice are infertile mainly due to the reduction of the expression
of steroidogenic genes in testes including the expression of
Star gene [45].

One physiological consequences of the absence of circulat-
ing pineal melatonin in rat testes could be gonadal

hypertrophy [46] and altered testosterone secretion, which
may be seasonally time dependent [37] since exogenous mel-
atonin treatment had a positive impact of blood testosterone
levels [47].

In conclusion, the melatonin cycle of secretion from the
pineal gland has a major role in regulating the daily pattern
of mRNA expression of most genes studied suggesting that
the absence of melatonin in the circulation could alter the
normal molecular physiology of the rat testes.
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