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A B S T R A C T

Melatonin is an indole neuroendocrine hormone that is mainly secreted by the pineal gland to regulate circadian
rhythm, antioxidation, and immune regulation. Melatonin plays an important role in T cell-mediated immune
responses against cancer, infections, and the development of many autoimmune diseases. The aim of this study
was to investigate the immunomodulatory effects of melatonin on T/B cell activation in pinealectomy mice. The
improved pinealectomy procedure for mice presented in this study is a good animal model to be used in follow-
up studies on melatonin. After pinealectomy, the tissue removed was identified as the pineal body using HE
staining. The effects of melatonin supplementation on T cell activation and activation-related changes to the
MAPK/NF-κ B pathways were analyzed by flow cytometry and real-time PCR. We found that expression levels of
Th1, Th2 and Th17-related cytokines in peripheral blood were lower in mice that had undergone pinealectomy,
compared with normal mice. After melatonin supplementation, cytokine levels rapidly increased within a short
period of time, which resulted in the gradual recovery of cytokine expression levels. Moreover, activation of T/B
cells in mice was weakened and decreased after pineal gland removal. Melatonin was found to inhibit the
expression of TLR3, p38, JNK, and MAPK/NF-κ B within a short period (2 weeks) of melatonin replenishment.
This inhibition gradually weakened with time, since the degree of inhibition is negatively related with the
dosage of melatonin. In conclusion, melatonin may regulate the activation of T/B cells, playing a critical role in
the regulation of immune balance.

1. Introduction

The neuroendocrine and immune systems are closely interrelated,
since the secretory products of the neuroendocrine system can act on
the immune system, and vice versa. Melatonin, the main product of the
pineal gland, is considered to be an important component of the neu-
roendocrine system [1]. Based on the experiences of our international
colleagues and our group's previous pinealectomies in rats [2–4], we
developed an improved method of pineal gland excision in mice, which
is faster and with showed higher success rates.

The spleen is the largest lymphoid organ in the human body. B cells
and T cells account for 60% and 40%, respectively, of the total number
of lymphocytes in the spleen. The spleen is also as an important location

at which immune cells produce immune responses. T cell activation is
often accompanied by expression of CD38 and CD69 on T cell surfaces
[5]. CD38 is a NAD+ glycosyl hydrolase/ADP ribose cyclase, which is
involved in cell adhesion and signal transduction. It is expressed in
early activated T cells and in many immune cells (such as CD4+T cells).
During infection, expression of CD38 increases [6]. Additionally, CD69
is a classic marker of early lymphocyte and T cell activation, with ac-
tivated T cells mainly expressing CD8 + CD45RO+ [7]. It has been
shown that expression of CD38 and class II major histocompatibility
complexes (MHC-II) are related to the functioning of lipid raft micro-
domains on monocyte surfaces. The integrity of these domains are ne-
cessary for signal transduction of MHC-II and CD38 [8]. Some studies
have shown that melatonin has an ability to enhance the expression of
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MHC-II on mouse antigen presenting cells (APC) and peritoneal mac-
rophages [9]. After T cell activation, activation signals are transmitted
through p38 MAPK and NF-kappa B pathways, while additional reg-
ulation of the pineal immune axis by nuclear transcription factor NF-
kappa B [10]. Accordingly, melatonin may play an anti-inflammatory
and anti-tumor role by regulating p38 MAPK and NF-kappa B receptor
pathways [11–13]. However, the regulatory mechanism exerted by
melatonin on the MHC-II molecule, p38 MAPK pathway, and NF-kappa
B pathway during T cell activation remain unclear.

CD19 is a co-receptor that can amplify signal transduction cascades
in B cells and has a molecular weight of 95 kDa. On the surface of B
cells, CD19 can bind with CD21, CD81 and Leu-13 to play an im-
munoregulatory role in vivo. CD79a is one of two key tyrosine residues
in the tyrosine activation sequence for immune receptors and plays a
key regulatory role in signal transduction after immune receptor acti-
vation. Syk is a type of intracellular signal transduction pathway in
hematopoietic cells, by which activated immune receptors are coupled
to carry out downstream signal transduction activities for mediation of
various immune cell responses, including proliferation, differentiation
and phagocytosis. B cell junction protein (BLNK), also known as SLP-65,
is a junction protein molecule that plays an important role in B cell
activation and B cell antigen receptor (BCR) binding. BLNK plays a
regulatory role in the downstream signal transduction cascade of BCR
and is related to Syk [14,15]. It has been reported that melatonin may
significantly promote the survival of precursor B cells in mouse bone
marrow, increase the survival rate of B cells, and accordingly mediate

humoral immunity [16]. However, the specific mechanism of mela-
tonin-facilitated regulation of B cell activation remains unclear.

In other to clarify the possible mechanism of melatonin on T/B cell
activation in mice, a pineal exfoliation mice model was used to analyze
the effects of melatonin supplementation on T/B cell activation and
changes to the MHC-II molecule, p38 MAPK pathway and NF-kappa B
pathway during activation. Flow cytometry, HE staining, and real-time
PCR were used to investigate the role of melatonin in regulating im-
munity via T/B cells activation.

2. Materials and methods

2.1. Animal experiments

Four-week old specific pathogen-free (SPF) male C57BL/6 mice
were purchased from Shanghai Shrek Company. All animal treatments
were carried out in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and were approved
by the Institutional Animal Care and Use Committee of Fujian Medical
University. Animals were housed under SPF conditions.

Grouping: Except for the normal group (N, n = 5), all other mice
were treated with pineal exfoliation. 4 weeks after the pinealectomy
operation, pineal exfoliated mice were randomly divided into four
groups: a control group receiving intraperitoneal injection of melatonin
solvent (n= 5); a group receiving intraperitoneal injection of 10 mg/kg
melatonin (n = 5), a group receiving intraperitoneal injection of

Fig. 1. The pinealectomy operation. a. Incision 1was about 10 mm in length to expose the sagittal suture; b. The isosceles trapezoid-shaped incision 2 above the
herringbone suture; c. and d. The suture was bluntly separated from the skull and dura mater to cut 1 mm away from the CD edge, to make the incision 3; e. The
sagittal sinus was ligatured, and the superior sagittal sinus was cut to lift the loose skull pieces; f. The pineal gland was burned using a burning red wire/inoculation
ring. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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20 mg/kg melatonin (n = 5) and a group receiving intraperitoneal
injection of 40 mg/kg melatonin (n = 5). The mice were euthanized via
cervical vertebra dislocation after melatonin treatment for 2, 4 or
6 weeks.

The pinealectomy procedure was performed as follows:

(1) 80 mg/kg sodium pentobarbital was injected intraperitoneally to
anesthetize the mice; forehead hair on the top of the head was re-
moved and the area was disinfected;

(2) Incision 1: The mice were fixed on the operating table and a sur-
gical blade was used to make an incision about 10 mm in length
along the sagittal suture from the occipital bone to the parietal
bone, from the middle of both ears and along the central part of the
head. This exposed the herringbone suture and the periosteum on
the skull was gently scraped with the surgical blade (Fig. 1a).

(3) Incision 2: An isosceles trapezoid-shaped incision was made above
the herringbone suture. The upper side of the incision was about
3 mm long, the bottom side was 4 mm long, and the height was
4 mm, with the long sides cutting into the parietal bone and the
short side cutting into the occipital bone. Care was taken so that the
dura under the skull bone was not cut. The sagittal suture was lo-
cated between the AB and CD edges. The pressure of the dental
machine was slightly lowered to reduce rotational speed and in-
crease cutting time, in order to prevent cutting into the dura mater
and blood vessels. Finally, the AD and BC edges were cut. This
process sometimes led to minor bleeding, but gentle pressing of a
cotton ball containing saline for several seconds was used to
achieve hemostasis. At this time, the ABCD skull slices were com-
pletely loosened (Fig. 1b).

(4) Incision 3: Micro-forceps were used to gently lift the CD edge
(avoiding excessive lifting, which would result in increased
bleeding and mouse death) and No. 5–0 sutures were placed below
the CD edge. The suture was slowly pulled with both hands to
bluntly separate the skull and dura mater onto the AB edge without
stripping the bone slices. Raising the suture 45 degrees along the
axis with the AB edge simultaneously lifted the bone slice. The EF
edge, which was 1 mm away from the CD edge, was cut off using
ophthalmologic scissors to make the ED'C'F incision (Fig. 1c and d).

(5) The scalpel was used to make two incisions along the AD and BC
edges of the dura mater and under the herringbone suture while
avoiding damaging important blood vessels. The blunt end of the
suture needle used to enter the dura mater near the C'F incision was
passed under the sagittal sinus between the dura mater and the
brain of the mouse and was also passed through the DE incision.
The suture needle did not need to be pulled out and the 5–0 suture
thread penetrated 100 mm. The suture was returned from the D'E
incision to the C'F incision and the operative line simultaneously
penetrated through the C'F incision via the D'E incision. The sagittal
sinus was double ligated, which allowed for the superior sagittal
sinus to be cut. Using the AB side as the axis, the ligated surgical
line was slowly lifted 60 degrees, while loose skull pieces were also
lifted (Fig. 1e).

(6) Lifting of the bone slices resulted in lifting of the pineal gland as it
was still attached to the dura mater. At this time, the pineal gland
was clipped out or burned using a burning red wire/inoculation
ring (Fig. 1f). Lifting of the bone and dura mater resulted in minor
bleeding, therefore the pineal gland was either removed or burned
as soon as it was visible. Finally, the suture was cut, and the bone
was put back in place. Any residual bleeding was stopped by gentle
pressing with a saline cotton ball for several seconds.

(7) The last step was alignment of the 5–0 suture line for suturing of the
skin incision. A few drops of penicillin sodium were added to the
wound to prevent infection.

2.2. Histological analysis (HE staining)

Pineal gland and gastric specimens were fixed in 4% paraf-
ormaldehyde for 12 h before being dehydrated using an alcohol gra-
dient, cleared with xylene and embedded in paraffin. Paraffin blocks
were then cut into 4 μm sections and stained with hematoxylin and
eosin. All stained sections were visualized and images were digitally
captured using a ZEISS light microscope (Axioplane 2, Carl Zeiss
MicroImaging GmbH, Hamburg, Germany) for further histological
analysis.

2.3. Cytometric bead assay (CBA)

Serum levels of IL-2, IL-6, IL-10, IL-17, IFN-γ, and TFN-α were de-
tected through flow cytometry (FACSVerse, BD) using the CBA kit
(560485, BD), following the manufacturer's instructions.

2.4. Flow cytometry

Splenic single cell suspensions were prepared using the Miltenyi
Splenic Single Cell Separation Kit. The cells were stained for 20 min and
fluorescently labelled with FITC-anti-CD3 antibodies (11-0032-82,
eBioscience) PE-anti-CD38 antibodies (12-0381-82, eBioscience), PE-
anti-CD69 antibodies (12-06991-82, eBioscience), and PE-anti-i-a/i-e
antibodies (12-5321-82, eBioscience).

2.5. Real-time PCR

Total RNA was extracted using the FastPrep-24 rapid sample pre-
paration system bought from MP company, and following the instruc-
tions given. RNA was extracted using Trizol reagent (Invitrogen) and
reverse-transcription of cDNA was conducted using the TAKARA kit
(RR037A), following the instructions given. Quantitative real-time (RT-
PCR) assays were performed using the TB Premix Ex Taq Kit (RR430B,
Takara Company), following the instructions given. mRNA abundance
was normalized to that of GAPDH mRNA, as calculated by the 2−ΔΔCT
method. All primers were synthesized by Shanghai Platinum
Biotechnology Co., Ltd.

The sequence of the target gene primers used were as follows:

CD3e F: AAGTAATGAGCTGGCTGCGT
R: ATGTTCTCGGCATCGTCCTG

LAT1 F: TCTCACTGCTTAACGGCGTGTG
R: TCCCTGGCCAAGTCTAACAATG

ZAP-70 F: CGCTGCACAAGTTCCTGGT
R: GACACCTGGTGCAGCAGCT

Lck F: ACATGGAGAACGGGAGCCTA
R: GCAGGTCCCGATGGATGTAA

CD19 F: AGGTCATTGCAAGGTCAGCA
R: TTTGAAGAATCTCCTGGCGGG

CD79a F: TCATACGCCTGTTTGGGTCC
R: GACTGAAGGCTGAACCACCA

Blnk F: TACGCATTAGACAGCCCTGC
R: TTCATAGGAATCGTCGCCCG

syk F: CTACCGCATTGACAGGGACA
R: GTGACCAAGTCACGGGATGG

TLR3 F: CACAATCGCGCACCAAAAGA
R: CCCTTTCATGATTCAGCCCAGA

c-fos F: CCTACTGCTATGCCCTGTTTCA
R: GGGTAGGTGAAGACAAGGAAGA

Slp76 F: GAACACATTCCCATTGGCCC
R: AAGGGTGTCTCTTCTTCCCCA

NF-κB F: CCCTACGGAACTGGGCAAAT
R: CGGAATCGAAATCCCCTCTGT

JNK F: AGAAGCCCCACCACCAAA
R: GCTGCCCTCTTATGACTCCATT

p38 F: AAAGGACCTACCGAGAGTTGC
R: GTCACCAGGTACACGTCATT

GAPDH F: AGTGTTTCCTCGTCCCGTAG
R: CCGTTGAATTTGCCGTGAGT
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2.6. Data analysis

The data are presented as mean ± standard deviation (SD). A one-
way ANOVA and the Duttent test were used to compare differences
between the control and experimental groups, with a P value of< 0.05
being considered as statistically significant. All analyses were per-
formed using SPSS software (version 22.0; SPSS, Inc., Chicago, IL,
USA).

3. Results

3.1. Histological identification of extracted pineal glands using HE staining

The specific steps of the pineal exfoliation procedure are described
in step 1 of the materials and methods section. Pineal glands were fixed
and embedded for HE staining and pathological identification. A
burning red wire/inoculation ring was used to simulate the electric
knife to stop bleeding in the clinic, and at the same time, to burn the
pineal gland as well, to allow for visualizing the pinealectomy process
and reducing neurologic damage and bleeding. The red arrows in
Fig. 2a–c show the pineal gland tissue. The histological structure of the
extracted tissue conformed to the morphological characteristics of
pineal gland tissue cells, indicating successful removal of the pineal
gland and successful creation of a pineal gland-removed mouse model.

3.2. Detection of CD3+CD38+, CD3+CD69+ and CD3+i-a/i-e+

expression levels via flow cytometry in mice with pineal exfoliation

3.2.1. Expression of CD38 in T cells
Compared with expression levels in the normal group (N), the ex-

pression of CD3+CD38+ in the control group (Px + 0 mg/kg) was
found to be had no significant difference (Fig. 3). Additionally, ex-
pression of CD3+CD38+ after 2 weeks of 20 and 40 mg/kg, 4 weeks of
10 mg/kg and 6 weeks of 40 mg/kg melatonin supplementation were
significantly upregulated, compared with the control group.

3.2.2. Expression of CD69 in T cells
Compared with the normal group, CD3+CD69+ expression was

significantly downregulated in the Px groups 2 weeks after pineal gland
removal, and melatonin supplementation did not restore its expression,
compared with the normal group. After 4 weeks of melatonin supple-
mentation the expression level of CD3 + CD69 + in the normal group
was no difference compared with that in the pineal exfoliation group,
and the expression of CD3+CD69+ had no much difference as mela-
tonin doses increased. Additionally, after 6 weeks of pineal exfoliation,
that of CD3+ CD69+ expression level in the control group was sig-
nificantly higher than that of the normal group (Fig. 4).

3.2.3. i-a/i-e Expression in T cells
The CD4+i-a/i-e+ complex is involved in the antigen presentation

of T cells expressing CD3/TCR and CD4. Compared with expression

Fig. 2. A. Images of the pinealectomy procedure process. 1. Removal of hair from the top head of mic; 2. Incision 1which was about 10 mm in length to expose the
sagittal suture; 3–4 shows the isosceles trapezoid-shaped incision above the herringbone suture; 5–6 shows that the suture bluntly separated the skull from the dura
mater to cut 1 mm away from the CD edge, in order to make the incision; 7–8 The sagittal sinus was ligatured and cut to lift the loose skull pieces; 9–10 shows the
pineal gland which was burned using a burning red wire/inoculation ring. BeC. HE staining of the mouse pineal gland. The arrows show the pineal gland.
Magnification of B is ×20 and C is ×40. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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levels in the normal group, CD3+i-a/i-e+ expression was found to be
upregulated 4 and 6 weeks after pineal exfoliation in the pineal ex-
foliation group. Expression of CD3+i-a/i-e+ was found to be upregu-
lated in the 40 mg/kg groups, after 2 weeks of melatonin supple-
mentation. CD3+i-a/i-e+ expression in the melatonin group decreased,
compared with the control group, after 6 weeks of melatonin supple-
mentation (Fig. 5).

3.3. Detection of cytokine expression using CBA

3.3.1. Changes in plasma cytokine expression in 2 weeks post-pinealectomy
mice

Melatonin supplementation for a period of 2 weeks caused the

expression levels of IL-4, IL-10, IL-17a and IFN-gamma to significantly
increase in the normal group, compared with the control group, while
the expression levels of IL-4, IL-6, IL-10, and IL-17a in the control group
were significantly lower, compared with that of the melatonin 40 mg/
kg group (Fig. 6).

3.3.2. Changes in plasma cytokine expression in 4 weeks post-pinealectomy
mice

Expression levels of IL-4, IL-10, IL-17a and IFN-gamma in the con-
trol group were slightly lower than that of the normal group, but this
difference was not statistically significant. Melatonin supplementation
did not significantly change cytokine expression in each group, re-
gardless of the supplementation dosage (Fig. 7).

Fig. 3. Representative FACS plots showing the expression of CD38 on CD3 T cells of the spleen. FACS plots were gated on live singlets lymphocytes. A. After 2 weeks
of melatonin treatment; B. After 4 weeks of melatonin treatment; C. After 6 weeks of melatonin treatment.

Fig. 4. Representative FACS plots showing the expression of CD69 on CD3 T cells of the spleen. FACS plots were gated using live singlets lymphocytes. A. is after
2 weeks of melatonin treatment; B. After 4 weeks of melatonin treatment; C. After 6 weeks of melatonin treatment.
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3.3.3. Changes in plasma cytokine expression in 6 weeks post-pinealectomy
mice

Melatonin supplementation for 6 weeks caused the expression levels
of IL-4, IL-10, IL-17a and IFN-gamma in the normal group to be higher
than that of the control group. Expression of serum cytokines in the
40 mg/kg melatonin group increased significantly, compared with the
control group, but there were no significant differences in serum cy-
tokine expression levels for the other melatonin dose groups (Fig. 8).

3.4. Real-time PCR detection of T and B cell activation pathways and gene
expression changes related with the MAPK/NF-kappa B pathway

3.4.1. Effects of melatonin on the T cell activation pathway, the B cell
activation pathway and on the downstream gene expression in the spleen of
mice, 2 weeks after melatonin administration (Fig. 9)

(1) T cell activation pathway

Two weeks after administration of melatonin, the expression of T
cell activating factors (CD3e, lck, ZAP 70, LAT and slp76) in the pine-
alectomy group were lower than that of the normal group. Compared to

Fig. 5. Representative FACS plots showing the expression of i-a/i-e on CD3 T cells of the spleen. FACS plots were gated using live singlets lymphocytes. A. After
2 weeks of melatonin treatment; B. After 4 weeks of melatonin treatment; C. After 6 weeks of melatonin treatment.

Fig. 6. Mouse plasma cytokine expression of IL-2, IL-4, IL-6, IL-10, IL-17a and IFN-gamma in the 2 weeks post-pinealectomy group. *P < .05, **P < .01,
***P < .001.

J. Luo, et al. Life Sciences 242 (2020) 117191

6



the control group, the expression of T cell activating factors CD3e, lck
and slp76 in the 10 mg/kg, 20 mg/kg and 40 mg/kg melatonin sup-
plementation groups significantly decrease as the melatonin dosage
increase (Fig. 9A).

(2) B cell activation pathway

Compared with the normal group, the expression of B cell activating
factors (CD19, Blnk, Syk and Elk) were downregulated in control group
mice. In melatonin-supplemented mice, the expression of B cell acti-
vating factors (CD19, CD79a, Blnk, Syk and Elk) were also down-
regulated and this difference was statistically significant (Fig. 9B).

(3) T/B cell downstream pathway

The expression of T/B cell activation pathway molecules (TLR3,
p38, NF-kappa B, and c-fos) were down-regulated in the pinealectomy
group compared with the normal group. The expression of c-fos was
upregulated by melatonin supplementation, while the expression of c-
fos increased along with increasing doses of melatonin. The expression
of TLR3, p38, JNK, NF-kappa B and c-fos for all melatonin-treated
groups was found to be dose-dependent ((Fig. 9C)).

3.4.2. Effects of melatonin on the T cell activation pathway, the B cell
activation pathway and on downstream gene expression in the spleen of
mice, after 4 weeks of melatonin administration (Fig. 10)

(1) T cell activation pathway

Fig. 7. Mouse plasma cytokine expression of IL-2, IL-4, IL-6, IL-10, IL-17a and IFN-gamma in the 4 weeks post-pinealectomy group. *P < .05, **P < .01,
***P < .001.

Fig. 8. Mouse plasma expression levels of IL-2, IL-4, IL-6, IL-10, IL-17a and IFN-gamma in the 6 weeks post-pinealectomy group. *P < .05, **P < .01,
***P < .001.
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After four weeks of melatonin supplementation, expression of T cell
activating factors (CD3e, lck, ZAP 70, and slp76) in the pinealectomy
group was found to be significantly lower than that of the normal
group. Expression of T cell activating factors CD3e, lck, ZAP 70 and
slp76 were found to have increased along with melatonin dosage in-
creases in the 10 mg/kg, 20 mg/kg and 40 mg/kg melatonin-

supplemented groups, compared with the control group. This difference
was statistically significant and dose-dependent.

(2) B cell activation pathway

Compared with the normal group, the expression of B cell activating

Fig. 9. Relative mRNA expression of CD3e, lck, ZAP 70, LAT1, slp76, CD19, CD79a, Blnk, Syk, Elk, TLR3, p38, JNK, NF-kappa B and c-fos in mouse spleen, after
2 weeks of melatonin treatment, A. T cell activation pathway related genes; B. B cell activation pathway related genes; C. T/B cell downstream pathway related
genes.*P < .05,**P < .01,***P < .001.

Fig. 10. Relative mRNA expression of CD3e, lck, ZAP 70, LAT1, slp76, CD19, CD79a, Blnk, Syk, Elk, TLR3, p38, JNK, NF-kappa B, and c-fos in the mouse spleen, after
4 weeks of melatonin treatment. A. T cell activation pathway related genes; B. B cell activation pathway related genes; C. T/B cell downstream pathway related genes.
*P < .05, **P < .01, ***P < .001.
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factors (CD19, CD79a, Blnk, syk, and Elk) in control group mice were
found to be downregulated, while the expression of B cell activating
factors, CD19, CD79a, Blnk, syk, and Elk in melatonin-treated mice was
found to be upregulated as a whole and this difference was statistically
significant.

(3) T/B cell downstream pathway

Compared with the control group, the expression of downstream
molecules of the T/B cell activation pathways (TLR3, p38, JNK, NF-
kappa B, c-fos) were downregulated in the pinealectomy group.
Melatonin supplementation led to the upregulation of LR3, p38, JNK,
NF-kappa B and c-fos in pinealectomy group being significantly higher
than that of the control group.

3.4.3. Effects of melatonin on the T cell activation pathway, the B cell
activation pathway, and on downstream gene expression in the spleen of
mice after 6 weeks of melatonin supplementation (Fig. 11)

(1) T cell activation pathway

After six weeks of melatonin supplementation, compared to the
control group, expression of CD3e was increasingly upregulated in the
10 mg/kg and 20 mg/kg melatonin-supplementation groups. The ex-
pression level of LAT1 in the blank control group was found to be
higher than that of the normal group but decreased in the 10 mg/kg
melatonin-supplementation group. Expression levels of LAT1 in the
20 mg/kg and 40 mg/kg melatonin groups continued to increase as the
melatonin dosage increased. The T cell activation pathway in all mel-
atonin treated groups were dose-dependent.

(2) B cell activation pathway

Compared with the normal group, the expression of B cell activating
factors CD19, Blnk, and Syk increased in the 10 mg/kg and 20 mg/kg
melatonin supplementation groups compared with the pinealectomy
groups without supplementation, and Elk have significant differences
compare to control group. The expression of factors for B cell activation

pathways for all melatonin-supplemented groups was found to be dose-
dependent.

(3) T/B cell downstream pathway

Compared to the normal group, the expression of downstream mo-
lecules JNK was downregulated in the pinealectomy group. Melatonin
supplementation 10 mg/kg and 20 mg/kg led to significant upregula-
tion of NF-kappa B in pinealectomy group.

4. Discussion

4.1. The establishment of a mouse model without a pineal gland facilitates
further study of melatonin-related physiological and pathological
phenomena

The pineal gland is the main organ for melatonin secretion and
thereby plays an indispensable role in regulating many functions of the
body. Clinical studies have shown that removal of pineal cysts inhibit
endogenous melatonin production [17], leading to several physiolo-
gical changes in the patient. For example, curvature of the spine in-
crease significantly after the pineal gland is removed to create a chicken
model without a pineal gland [18]. Sahin et al. found that secretion of
IFN-gamma by thymocytes significantly increases, while the expression
of IL-10 significantly decreased, after removal of the pineal gland.
These changes were reversed through melatonin supplementation [4].
Another previous study reported that pineal gland removal leads to
decreased density of the thymic cortex, while an increase in the density
of the medulla. Additionally, the density of lymphocytes in female
pinealectomy rats decreased significantly, compared with that of male
pinealectomy rats. As was observed in the previous studies, these
changes were also found to have reversed by melatonin supplementa-
tion [19].

Pineal exfoliation has been successfully achieved in rats, chickens,
and zebrafish. However, previous pineal exfoliation attempts in mice
are difficult to be successful as the small size of the pineal gland in mice
has made achieving precise pineal exfoliation using brain-specific in-
jections and operations difficult. However, creating such a models are
of critical importance for melatonin research, since mice are relatively

Fig. 11. Relative mRNA expression of CD3e, lck, ZAP 70, LAT1, slp76, CD19, CD79a, Blnk, Syk, Elk, TLR3, p38, JNK, NF-kappa B and c-fos in mouse spleen, after
6 weeks of melatonin treatment. A. T cell activation pathway related genes; B. B cell activation pathway related genes; C. T/B cell downstream pathway related genes.
*P < .05, **P < .01, ***P < .001.
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small in size, easy to feed and manage, reproduce easily and disease
models can be induced easily. In previous studies, pinealectomy was
mainly used in rats, but rats have its limited in some experiments such
as gene-modified. So we improved the previous mice surgical method
[20] by bluntly separate the skull and dura mater, the sagittal sinus was
double ligated, which allowed the superior sagittal sinus to be cut, then
the ligated surgical line was slowly lifted 60 degrees while the loose
skull pieces were also being lifted, burn the pineal gland immediately
which was still attached to the dura mater as soon as you see it. The
pineal gland of mice is very small and excessive bleeding is the main
reason for the failure of pinealectomy in the past studies, we use
burning red wire/inoculation ring to simulate the electric knife used to
stop bleeding in clinic, as well as burn the pineal gland in the same
time, kill two birds with one stone, make it visualizing the pinealectomy
process and reducing neurologic damage and bleeding. The pine-
alectomy operation described in this paper facilitates the creation of
large numbers of pinealectomy mouse models within a short duration,
which is conducive to the in-depth study of the pineal gland on the
regulation of other organs and functions of the body.

4.2. Effects of pineal exfoliation on T/B cell activation and on immune
response

It is well known that melatonin is secreted not only by the pineal
gland, but also by melatonin-synthesizing enzymes in the gastro-
intestinal tract and retina [21]. The results of our study show that the
expression of cytokines in the serum of pineal exfoliated mice is lower
than that of normal mice. Dose-dependent increases in cytokine ex-
pression were observed after 2 weeks of melatonin supplementation.
However, expression of cytokines in the serum of pineal exfoliated mice
with 4 and 6 weeks of melatonin supplementation was similar to that of
the control group. Unfortunately, currently available melatonin detec-
tion kits can not detect the serum melatonin concentration of the mice,
therefore the effective concentration of melatonin in mice was not de-
tected. However, we speculate that along with an increase in time after
pinealectomy, melatonin may be secreted from other parts of the body,
such as retina and gastrointestinal tract, which, may have affected cy-
tokine expression in all groups, after 4 and 6 weeks, and could be the
probable reason for cytokines levels to show only minor changes after 4
and 6 weeks. Improved melatonin level determination methods need to
be developed to facilitate research in related fields.

Melatonin appears to perform contradictory functions in the im-
mune system, since it exerts both pro-inflammatory and anti-in-
flammatory effects. It has been reported that the pro-inflammatory ef-
fects of melatonin may be related with enhancement of the body's
resistance to pathogens. Additionally, anti-inflammatory effects of
melatonin have been reported to be exert in cases of sepsis, cerebral
ischemia-reperfusion injury and neurodegenerative diseases [22].
Melatonin is known to have five receptors in mammals, which that are
widely expressed in T cells, two of these receptors are membrane re-
ceptors (MT1, MT2) and the other three are nuclear receptors (ROR-
alpha, RORbeta and RORgamma) [23–25]. Melatonin membrane re-
ceptor MT1, which is expressed in lymphoid tissue, participates in the
regulation of inflammatory responses [26]. We found that the expres-
sion of IL-6 in pineal exfoliated mice is downregulated compared with
the normal group and that the differentiation of Th17 cells was regu-
lated by IL-6. After 2 weeks of melatonin supplementation, the ex-
pression of IL-17A in pineal exfoliated mice was restored via increases
in IL-6 expression. A positive correlation was found between the ex-
pression of IL-17A and the dosage of melatonin supplemention. Mela-
tonin plays an important role in the regulation of Th17 cells by binding
onto immunocompetent cells. The nuclear receptors RORalpha and
RORgamma play important role in regulating the expression of key
cytokines IL-17A, IL-17F, IL-23R, CCL20 and CCR6 [27–29]. This sug-
gests that melatonin may regulate the differentiation of Th17 cells by
regulating the expression of IL6.

It has been reported that melatonin receptors and their synthases
are expressed in macrophages for participation in the regulation of cell
pathways and macrophage cell differentiation. This observation is re-
late to the immunoregulatory effects of melatonin on macrophage-re-
lated diseases such as cancer and rheumatoid arthritis [30]. CD38 and
human leukocyte antigen DR (HLA-DR) are important for surface
monocyte lipid raft microdomain functions that, are necessary for the
transmission of HLA-DR and CD38 signals. A study by Zilber also found
that CD9, a member of the Tetraspanins family, is a molecular cha-
perone of CD38/HLA-DR complexes and that HLA-DR, CD38, and CD9
share a common pathway of tyrosine kinase activation in human
monocytes [8]. Brazao found that the pineal gland is involved in innate
and humoral immune responses facilitated by melatonin secretion. It
was also found that SOD activity and plasma GSH levels in middle-aged
animals treated with melatonin increase significantly under the influ-
ence of antioxidant and oxidative markers such as superoxide dismutase
SOD and glutathione GSH reduction levels. Additionally, the expression
of class II major histocompatibility complex (MHC-II) in antigen pre-
senting cells (APC) and in the peritoneal macrophages increase after
melatonin supplementation. It has been suggested that melatonin can
prevent age-related changes in the immune system. This finding has
been applied to other states of immune impairment, which further
supports the application of melatonin as a potential immunotherapy
target [9]. The results of our experiment show that the expression of
CD38 and I-A/I-E in the melatonin supplement group increase within
2 weeks of pineal gland extraction, compared with the control group.
While the expression level of CD38 in 20 mg/kg melatonin-treated
groups was significantly upregulate after 4 weeks of melatonin treat-
ment, and the expression levels of CD38 in the pineal exfoliated mice
after 6 weeks of melatonin treatment were significantly higher than
those in the control group. A possible explanation for this finding is that
cytokine expression may have been positively regulated by melatonin
synthesized by mice in the control group, over the 4 to 6 weeks period
of supplementation. However, the body sends negative feedback signals
against the expression of CD38, CD69 and I-A/I-E, when melatonin
receptors become saturated along with exogenous melatonin. Ad-
ditionally, the B cell activation pathway was significantly inhibited
after pineal exfoliation, compared with the normal group. The activa-
tion of B cells was significantly inhibited after two weeks of melatonin
supplementation, compared with the normal group, while B cell acti-
vation increased significantly in the group after four weeks of supple-
mentation and returned to levels similar to that of normal group. After
six weeks of melatonin administration, the difference between the
control group and normal group gradually decreased along with low
dosages of melatonin supplementation. When the pineal gland was re-
moved, melatonin synthesis in mice decreased significantly, compared
with the normal group, but melatonin synthesis in the retina or diges-
tive tract of mice may have gradually reversed this effect. We conclude
that melatonin plays an important role in regulating the activation of B
cells and that this effect is closely related to the concentration and
duration of administration of melatonin. Further research is needed to
elucidate the specific mechanisms of these observations.

4.3. Effects of pineal exfoliation on the splenic cell MAPK/NF-kappa B
pathway

It is known that the spleen is a secondary lymphoid organ and an
important location at which immune cells produce immune response.
Melatonin regulates many different aspects of the immune response and
this regulatory mechanism has attracted the attention of researchers. It
has been reported that melatonin may regulate the signaling pathway of
immune cells via receptor pathways. Garcia et al. reported that mela-
tonin plays an anti-inflammatory role in innate immune activation
[31]. It was found that melatonin inhibits deacetylation of NF-kappa B
by sirtuin1, inhibits the transcriptional activity of NF-kappa B in septic
mice, reduces the pro-inflammatory response mediated by NF-kappa B,
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and restores balance of redox and mitochondrial homeostasis, thus in-
hibiting the inflammatory bodies of NLRP3. Moreover, inhibition of NF-
kappa B by melatonin is weaker in RORα (sg/sg) mice, suggesting that
functional RORα transcription is involved [31]. Muxel et al. found that
lipopolysaccharides regulate the transcription of the melatonin syn-
thase aryl alkylamine-N-acetyltransferase (aa-nat) gene in B cells by
activating light chain enhancers of the nuclear transcription factor NF-
kappa B [32]. Melatonin can also inhibit p38, the MAPK pathway and
epithelial mesenchymal transition (E) in breast cancer cells, since
melatonin has been found to exert anti-invasion/anti-metastasis prop-
erties [33]. Our results show that the expression of JNK and NF-kappa B
in the pineal exfoliation group was downregulated, compared with the
normal group, and that melatonin can continuously inhibit the ex-
pression of downstream pathway factors, TLR3, p38, JNK and NF-kappa
B in T/B cells after melatonin supplementation for two weeks. After 4 or
6 weeks of pineal exfoliation, the expression of TLR3, p38, and c-fos in
the control group gradually approached that of the normal group, while
low doses of melatonin supplementation (10 mg/kg) led to increased
expression of TLR3, p38, and c-fos, high doses of melatonin supple-
mentation (40 mg/kg) led to decreased expression of TLR3, p38 and c-
fos. This suggests that the expression of these factors are negatively
correlated with melatonin dosage. Additionally, expression of TLR3,
p38, JNK, NF-kappa B and c-fos were found to be significantly higher in
the control group than in the 10 mg/kg and 40 mg/kg melatonin sup-
plementation groups.

In conclusion, we speculate that melatonin plays an im-
munoregulatory role by influencing both the activation of T and B cells
and the expression of downstream p38, NF-kappa B, JUK, and c-fos in
mice. The presence of the pineal gland is critical for the maintenance of
this regulatory role.
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