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Abstract Background: Hypertension is the cardiovascular syndrome with the highest
morbidity and mortality worldwide. Hypertension caused by various stress factors is
called stress-induced hypertension (SIH). The rostral ventrolateral medulla (RVLM)
"neuroinflammatory-sympathetic overactivation" is involved in SIH formation.
Melatonin has anti-inflammatory, anti-oxidant and blood pressure lowering effects.
The present study is to explore the antihypertensive effects and mechanism of central
melatonin which based on microglia derived neuroinflammation. Methods:
Stress-induced hypertension (SIH) was induced by electric foot-shock stressors with
noise interventions in rats. Melatonin (0.01, 0.1, 1 mmol/L) was administered to
RVLM and then blood pressure (BP) and serum norepinephrine (NE) were monitored
to reflect sympathetic vasomotor activity in SIH rats. Excitatory neurotransmitter
(Glutamate) and inhibitory neurotransmitter [y-aminobutyric acid (GABA)] were
measured using ELISA kits. Markers of microglia M1 polarization (CD86) and
pro-inflammatory cytokines (PICs (IL-1B, TNF-a)) expression in the RVLM were
measured by RTQPCR. Results: (1) Stress induced increase in blood pressure and
serum NE concentration; RVLM microinjection melatonin attenuated the elevation of
blood pressure and increasing of plasma NE in SIH rats in a dose-dependent manner.
(2) The expression of CD86, PICs (IL-1p, TNF-a) and c-fos were increased in SIH
rats; RVLM injection melatonin attenuated RVLM neuroinflammation and its effect is
concentration dependent. (3). Stress induced increase in glutamate concentration in
RVLM; RVLM injection melatonin reduced glutamate level and increased GABA
level in SIH rats in a concentration-dependent manner. Conclusion: RVLM injection
of melatonin inhibits M1 polarization and has anti-hypertensive effects. Melatonin
reduce M1 polarization in microglia might be a novel target and new strategy for
anti-stress induced-hypertension.
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1. Introduction

Hypertension (HTN) is the major cause of morbidity and mortality throughout
the world. More than half of the clinical cases of stroke and ischemic heart disease
can be attributable to hypertension. Various stress factors contribute to stress-induced
hypertension (SIH) development. However, it is uncertain exactly how stress might
contribute to the pathogenesis of SIH. It is well established that microglia-derived
neuroinflammation in cardiovascular center rostral ventrolateral medullar (RVLM)
contribute to sympathetic overactivation and hypertension development [1, 2].
Chronic stress cause potent glial cell activation and release of immune and
proinflammatory mediators in RVLM, which leads to persistent low-grade
neuroinflammation [3, 4]. Melatonin exhibits various pharmacological activities such
as anti-inflammatory, anti-aging, hypolipidemic, hypotensive, cardio-protective and
neuro-protective effects. The decrease of melatonin is associated with the increase of
blood pressure and the occurrence of non-dipper blood pressure rhythm [5, 6]. We
previously reported that exogenous administration of melatonin in the
pre-hypothalamic region (AHA) of SIH rats produced hypotensive effects. However,
none of the previous studies have explored the antihypertensive targets of central
melatonin against SIH. In this study, we observed that melatonin can suppress
stress-induced RVLM microglial M1 polarization and neuroinflammation, in turn,
inhibiting sympathetic activation in SIH rats.

2. Methods
2.1 Reagents

A total of 36 male SD rats (220g+10g) were provided by the experimental animal
center of Fudan University and randomly divided into 6 groups: blank control group
(Ctrl), stress group (SIH), stress+artificial cerebrospinal fluid control group
(SIH+aCSF), SIH+0.01mm melatonin intervention group [SIH+Mel(0.01mM)],
SIH+0.1mm melatonin intervention group [SIH+Mel(0.1mM)], and SIH+1mM
melatonin intervention group [SIH+Mel(ImM)], with 6 rats in each group. All
experiments were performed in accordance with the Animal Care Committee of
Shanghai Medical College of Fudan University, and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and every effort was made to
minimise the number of animals used, as well as any pain and discomfort. Melatonin
was purchased from SIGMA. RNAeasy™ cell RNA extraction kit (centrifugal
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column) was purchased from Beyotim (Nanjing, PRC). Primers of objective genes
and internal reference gene were synthesized by Sangon (Shanghai, PRC). Quant one
step qRT-PCR Kit (SYBR Green) (FP303) reaction Kit was purchased from Qiagen
(Beijing, PRC). Rabbit anti-rat CD86, TNF-a, IL-1 monoclonal antibodies were
purchased from Abcam. Antibody-tubulin was purchased from Santa cruz. The study
was approved by Shanghai Medical college of Fudan University with the approval
number: QF1703.

2.2 Preparation of rat model of stress induced hypertension

The rat model of stress induced hypertension was prepared with reference to our
published paper [7]. The rats were stimulated by low frequency and low voltage
alternating current (ac). The rats were stimulated twice a day for 2h for 15 days. The
current intensity of electrical stimulation is 2~4 mA, the voltage output is 75V, the
pulse interval is 5~30s, and the wave width is 50~100ms.The model was successfully
constructed by stimulating rats to achieve systolic blood pressure of 150mm Hg after
15 days.

2.3 Measurement of blood pressure and heart rate of rats and RVLM injection

(D Preparation before the operation: after weighing, intraperitoneal injection of
pentobarbital sodium (40mg/kg), the rats were fixed on the operating table and
intubated with endotracheal intubation and right femoral arteriovenous intubation.
Blood pressure and heart rate were monitored using a pressure sensor connected to a
biometric recording system. The animal is placed in the prone position with its head
fixed on the stereotactic locator. Endotracheal intubation was connected with animal
ventilator, and 1% triiodoquaternary phenol (10mg/kg, 3mg/kg injection every 0.5h)
was injected into femoral vein to brake. Cut the craniotomy top to the back skin along
the midline, remove part of occipital bone and cerebellum, fully expose the medulla
oblongata, and adjust the medulla oblongata to the horizontal position. Urethane
supplementation (0.4g/kg) was used to maintain appropriate anesthesia throughout the
operation. The anal temperature of the rats was maintained at around 37°C by

infrared lamp irradiation.

(2 RVLM injection: after the operation, the rats were administered after the vital
signs were stabilized for 3 min. According to the stereotypic mapping of rat brain [8],
the coordinates take the bar of medulla oblongata as the origin. RVLM is 2.5-2.9mm
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to the end, 1.6-2.0mm to the side, and the depth of penetration is 3-3.4mm.Melatonin
or artificial cerebrospinal fluid (CSF) were injected into three self-made glass
microelectrodes (20~30 cm outside the tip).The three microelectrodes were installed
on the micromanipulator for injection. The volume of drug injection was 100nL and

the injection time was 5-10s.

(3 RVLM identification: bilateral microinjection of glutamate (2nmol) caused a
rapid increase in systolic blood pressure of 20-30mmhg. The dose of both side
injection drugs was 50nL, and the injection was completed within 1min. Before the
end of the experiment, 50nL Evans blue was injected into both RVLM to identify the
injection site. After the rats were anesthetized, their brains were taken out and soaked
in 10% formalin solution for a week. The injection site was identified by brain biopsy.
Experimental data that were not at the injection site in the RVLM area were not

statistically processed

2.4 Detection of glutamate, a-aminobutyric acid and norepinephrine expression in
RVLM tissues by ELISA

RVLM tissues of each group were taken under the ice bath, and the ultrasonic
lysis tissues were taken under the ice bath for 30s.Centrifuge at low temperature for
30min at 4°C, with a speed of 14000r/min. After centrifugation, the supernatant was
extracted with 0.22 m filter membrane, and the filtrate was used as the sample
solution. Under the ice bath, 5ml of rat venous blood was taken, and after
anticoagulation with heparin, 15009 centrifugal force was used for 5min to separate
the plasma. The expression of glutamate, p-aminobutyric acid and plasma
norepinephrine in RVLM tissues was detected by GeneChem (Shanghai, PRC).

2.5 Detection of the expression of CD86, TNF-, il-1 and c-fos mRNA in RVLM
tissues by real-time PCR

Total RNA was extracted from the RNAeasy™ cellular RNA extraction kit
(centrifugal column). The target protein and internal reference primers were
synthesized by Sangon (Shanghai, PRC). The reaction Kit of Quant one step
gRT-PCR Kit was used, and the reaction system and amplification conditions were
configured as recommended by the Kit instructions. PCR amplification was
performed on ABI7700 real-time quantitative PCR instrument. The program
automatically calculated the ratio of PCR product of target gene mRNA to internal
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reference GAPDH absorbance value as the relative expression of target gene. The

PCR primers used were as follows:

CD86: 5’-AATCCTTTTCTCGGTGTTGG-3’ (sense) and
5’-CTCGGGCTTATGTTTTGAGC-3’ (anti-sense); TNF-a.:
5’-ACAAGGCTGCCCCGACTAT-3’ (sense) and
5’-CTCCTGGTATGAAGTGGCAAATC-3’ (anti-sense); I1L-1p:
5’-CACCTCTCAAGCAGAGCACAG-3’ (sense) and
5’-GGGTTCCATGGTGAAGTCAAC-3’ (anti-sense); c-fos: 5°-ACCATGATGT
TCTCGGGTTTCAAC-3’ (sense) and 5’-GAGATGGCTGTCACCGTGGGGAT-3’

(anti-sense).
2.6 Statistics analysis

All data are presented as mean * standard error of the mean (SEM). For
experiments that involved two groups of samples, Student’s unpaired t test was used.
For experiments that involved multiple groups, one-way or two-way analysis of

variance with repeated measures were used to assess group means.
3. Results

3.1 RVLM injection of melatonin reduced blood pressure and reduced plasma NE
concentration in SIH rats

The systolic blood pressure of the SIH rats was 176mmHg (x6mmHg),
significantly higher than that of the control group [112mmHg+4mmHg, P<0.05].
RVLM injection of melatonin significantly reduced blood pressure in SIH rats, and
the hypotensive effect was concentration dependent (p<0.05), while artificial
cerebrospinal fluid injection had no significant effect on blood pressure in SIH rats
(Figure 1). The plasma NE level of SIH rats was significantly higher than that of
control group (p<0.05). Consistent with the effect of melatonin injection by RVLM on
blood pressure of SIH rats, different concentrations of melatonin significantly reduced
the plasma NE concentration of SIH rats, which also showed a concentration gradient
dependence (Figure 2).

3.2 Melatonin inhibited M1 polarization and inflammatory factor release in RVLM
microglia in SIH rats

The expression of M1 polarization marker protein CD86 in SIH rats RVLM
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microglia was significantly increased compared with control group (p<0.05). RVLM
injection of melatonin significantly decreased the expression of CD86 with a
concentration dependent effect (all p<0.05), while artificial cerebrospinal fluid
injection had no significant effect on the expression of CD86 in SIH rats (Figure 3).

The expression of RVLM inflammatory factors in SIH rats was significantly
higher than that in Ctrl group (p<0.05). Consistent with the effect of melatonin
injection by RVLM on the expression of inflammatory factors in SIH rats, melatonin
at different concentrations significantly reduced the expression of inflammatory
factors in RVLM in SIH rats, and the concentration was also gradient dependent
(Figure 4).

3.3 Melatonin decreased the expression of excitatory neurotransmitter glutamate and
c-fos expression in stress-induced RVLM rats, and increased the expression of
inhibitory neurotransmitter-aminobutyric acid

The expression of excitatory neurotransmitter glutamate in SIH rats was
significantly increased compared with control group (p<0.05), while the expression of
inhibitory neurotransmitter GABA was not changed. Melatonin injection into RVLM
significantly decreased glutamic acid expression and increased GABA expression,
both of which were concentrate-dependent (p<0.05), while artificial cerebrospinal
fluid injection had no significant effect on glutamate and GABA expression in SIH
rats (Figure 5-6). The c-fos expression in RVLM of SIH rats was significantly higher
than that in the control group (p<0.05). Consistent with the effect of melatonin
injection by RVLM on glutamic acid expression in SIH rats, all test concentrations of
melatonin significantly reduced the expression of c-fos in SIH rats, which also
showed a concentration gradient dependence (Figure 7).

4. Discussion

The pathogenesis of hypertension is complicated, such as heart rate, cardiac
output and total peripheral resistance. With the deepening understanding of the
pathogenesis of neurogenic hypertension, it has been found that the pathogenesis of
hypertension is closely related to environmental stress, mental tension, sympathetic
excitability, neurological dysfunction and other mechanisms. The central nervous
system and sympathetic nerves play an important role in the regulation of blood
pressure. In both humans and animals, changes in stress response regulation of the
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hypothalamic-pituitary-adrenal  axis, sympathetic adrenal medulla system,
renin-angiotensin-aldosterone system, and sympathetic nervous system can occur
under certain stress [9]. The regulation of sinoatrial baroreceptors and peripheral
blood vessels, as well as the significant increase of catecholamines in blood and urine,
cause the continuous increase of blood pressure. Chronic social psychological stress,
emotion, sound, light, electricity, cold, wind and other stimuli are important causes of
SIH [10, 11].

RVLM is the most basic cardiovascular center, and its local renin-angiotensin
system (RAS) is involved in the occurrence of hypertension independently of
circulating RAS, and the complexity of its regulation of central hypertension is related
to the pro-inflammatory factor mechanism dependent on glial cells. Microglial
activation is a marker of neuroinflammation. It has been confirmed that RVLM
"neuroinflammation-sympathetic activation” is involved in the formation of SIH. We
and other researchers have reported that neuroinflammation, microglial activation and
oxidative stress in the RVLM region are involved in SIH regulation [13, 14].
Microglia are immune cells in the brain. When activated at rest, microglia (MO)
present two phenotypes, M1 and M2. The transformation of MO microglia cells into
these two phenotypes is called microglia polarization.M1-type is classically activated,
releasing inflammatory cytokines including cytotoxic substances such as nitric oxide
(NO), oxygen free radicals, proteolytic enzymes, and IL-13, TNF-a, IFN-y, which are
associated with neurotoxicity. The M2-type is the alternative activated type, which
can secrete anti-inflammatory factors such as TGF-p and IL-10, and has the function
of inhibiting inflammatory response and secreting neurotrophic factor, which is
related to the repair and regeneration of nerve tissue. During the process of
maintaining microenvironmental homeostasis, there was a dynamic balance between
M1 and M2 microglia. Li et al [15] reported that mental abnormalities were associated
with microglia polarization: compared with mice with mild anxiety, microglia in mice
with severe anxiety were more polarized into M1-type. This suggests that the
polarization phenotype of microglia is related to the degree of stress. Some scholars
believe that the occurrence of cardiovascular diseases, such as hypertension, may be
related to the loss of microglia cells' homeostasis in maintaining the physiological

activities of sympathetic neurons in the cardiovascular center [16].

The pineal gland was called the "biological timer" because melatonin secretion

was associated with the body's aging process. Melatonin is widely found in various
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organs of the body. It is a hormone with multiple functions, including promoting sleep,
anti-aging, immune regulation, neuroprotection, anti-tumor, other endocrine
regulation, and promoting cell growth. Previous studies have shown that abnormal
blood pressure circadian rhythm is significantly correlated with target organ damage
and cardiovascular events, and is an important risk factor independent of blood
pressure level [17]. Melatonin has anti-inflammatory, antioxidant and hypotensive
effects. Nocturnal hypertension and gestational hypertension can cause higher
mortality and mortality. Numerous studies have found that patients with high blood
pressure levels have relatively low melatonin levels in the body than normal and
taking melatonin can help reduce blood pressure in patients with hypertension,
because melatonin can act on peripheral blood endodermal cells, exert vasodilatory,
antioxidant, free radical scavenging, improve diastolic function, regulate metabolism
and anti-inflammatory effects. Melatonin plays an important role in protecting the
damaged vascular endothelial cells, thereby reducing blood pressure, which is the
peripheral mechanism of melatonin in lowering blood pressure [18-20]. However, the

central antihypertensive mechanism of melatonin remains unclear.

A large number of studies have shown that melatonin has two types of receptors,
namely melatonin receptor 1 (MLT1) and melatonin receptor 2 (MLT2). Melatonin
excited specific receptor activates the corresponding second signal transduction
system in the cell, and then influences the expression of neurotrophic factor (BDNF)
through the third messenger in the nucleus, such as CAMP response element binding
protein (CREB), thereby changing the function of nerve cells and playing a regulatory
role in sleep, biological rhythm and mood. In recent years, many researchers use
agonists and blockers to regulate the two subtype receptors of MLT1 and MLT2, and
the results of their pharmacological properties are also different. Neu-pll, a novel
melatonin  receptor agonist, has antihypertensive effects in spontaneously
hypertensive rats, which may be related to promoting the synthesis and release of NO
in serum and reducing the content of serum ET-1 [21]. As the body ages, the thymus
gland atrophies, resulting in a decrease in the number of T lymphocytes. The effect of
melatonin on immune regulation is mainly to increase the weight of the thymus gland,
enhance the activity of helper T cells, promote the proliferation of T lymphocytes and
B lymphocytes, and further enhance the toxicity of natural killer cells [22, 23].
Melatonin promotes both innate and acquired immunity. However, it is not clear

whether melatonin directly regulates the cytokines releasing from microglia cells, thus
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resulting in the mechanism of immune regulation. Studies have shown that the active
substances produced by the vascular endothelial system in body fluids, such as
endothelin, nitric oxide and angiotensin aldosterone system (RAAS), show significant
circadian rhythm changes and are significantly correlated with the circadian rhythm of
blood pressure. In patients with hypertension, the changes of these humoral factors
may be the pathological basis of abnormal blood pressure rhythm. Previous studies
have shown that melatonin can reduce blood pressure by affecting vascular
endothelial system and RAAS system [24, 25], but the mechanism is not completely
clear. In this study, the stress-induced hypertension rat model was adopted to observe
the antihypertensive effect of melatonin, and the central antihypertensive mechanism
and target of melatonin were explored based on the neuroinflammation triggered by
M1 polarization of microglia cells, providing experimental basis for further clarifying

the mechanism of melatonin's involvement in regulating blood pressure.
5. Conclusions

We found that RVLM injection of melatonin can inhibit microglia-mediated
neuroinflammation caused by stress, block "neuroinflammation-sympathetic
activation”. Our research may provide an experimental basis for the prevention and

treatment of stress hypertension.
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Figure 1. Effects of RVLM injection of melatonin at different
concentrations on systolic blood pressure in SIH rats. The systolic blood pressure
of SIH rats was significantly higher than that of control group. RVLM injection of
melatonin significantly reduced blood pressure in SIH rats, and the hypotensive effect
was concentration dependent. However, artificial cerebrospinal fluid injection had no
significant effect on blood pressure of SIH rats. (n=6, *p<0.05, **p<0.01)
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Figure 2. Effects of RVLM injection of melatonin at different
concentrations on plasma NE concentration in SIH rats. The plasma NE
concentration of SIH rats was significantly higher than that of control group. RVLM
injection of melatonin significantly reduced the plasma NE concentration in SIH rats,
and the effect was concentration dependent. However, injection of artificial
cerebrospinal fluid (CSF) had no significant effect on plasma NE concentration in
SIH rats. (n=6, *p<0.05, **p<0.01)
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Figure 3. Effects of different concentrations of melatonin on CD86
expression in RVLM tissues in SIH rats after injection of RVLM. The expression
of CD86 in RVLM of SIH rats was significantly higher than that in control
rats.Injection of melatonin into RVLM significantly reduced the expression of CD86
in RVLM of SIH rats, and the effect was concentration-dependent.However, injection
of artificial cerebrospinal fluid had no significant effect on CD86 expression in
RVLM of SIH rats. (n=6, *p<0.05, **p<0.01)
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Figure 4. Effects of different concentrations of melatonin on the expression of
inflammatory factors in RVLM tissues of SIH rats injected with RVLM. The
expression of inflammatory factors in RVLM tissues of SIH rats was significantly
higher than that of control rats. Injection of melatonin into RVLM significantly
reduced the expression of inflammatory factors in RVLM tissues of SIH rats, and the
effect was concentration dependent. However, the injection of artificial cerebrospinal
fluid had no significant effect on the expression of inflammatory factors in RVLM
tissues of SIH rats. (n=6, *p<0.05, **p<0.01)
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Figure 5. Effects of different concentrations of melatonin on glutamate
expression of RVLM in SIH rats. The expression of glutamate in RVLM tissues of
SIH rats was significantly higher than that of control rats. Melatonin injection into
RVLM significantly reduced glutamate expression in RVLM tissues of SIH rats, and
the effect was concentration dependent. However, injection of artificial cerebrospinal
fluid had no significant effect on glutamate expression in RVLM tissues of SIH rats.
(n=6, *p<0.05, **p<0.01)
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Figure 6. Effects of different concentrations of melatonin on the
expression of RVLM aminobutyric acid in SIH rats injected with RVLM. The
expression of amino butyric acid in RVLM tissues of SIH rats was significantly
higher than that of control rats. Injection of melatonin into RVLM significantly
reduced the expression of RVLM amino butyric acid in SIH rats, and the effect was
concentration dependent. However, the injection of artificial cerebrospinal fluid had
no significant effect on the expression of RVLM -aminobutyric acid in RVLM tissues
of SIH rats. (n=6, *p<0.05, **p<0.01)
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Figure 7. Effects of different concentrations of melatonin on the
expression of c-fos in RVLM in SIH rats. The expression of c-fos in RVLM
immediate early gene in SIH rats was significantly higher than that in control rats.
Injection of melatonin into RVLM significantly reduced the expression of c-fos in the
early gene of RVLM in SIH rats, and the effect was concentration dependent.
However, injection of artificial cerebrospinal fluid (CSF) had no significant effect on
the expression of RVLM gene c-fos in SIH rats. (n=6, *p<0.05, **p<0.01)
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