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Abstract

Melatonin is a hormone produced by the pineal gland, predominantly at night, and plays a pivotal role in regulating the
circadian rhythm as well as a variety of biological functions, including anti-inflammation, anti-oxidation, inhibition of
sympathetic nerve activity, and preservation of endothelial cell function. The intrarenal renin—angiotensin system (RAS) is
one of the most important contributors in the pathophysiology of chronic kidney disease (CKD) and hypertension,
independent of the circulating RAS, due to sodium reabsorption and inflammation and fibrosis in the kidney. However, the
relationship between melatonin secretion and intrarenal RAS activation has remained unknown. It has been recently shown
that impaired nighttime melatonin secretion is associated with nighttime urinary angiotensinogen excretion, a surrogate
marker of intrarenal RAS activation and renal damage in patients with CKD. Moreover, it has also been indicated that
melatonin administered exogenously exercises antioxidant effects that ameliorate intrarenal RAS activation and renal injury
in chronic progressive CKD animal models. As a result, the new roles of melatonin in suppressing RAS in the kidney via
amelioration of reactive oxygen species have been clarified. Therefore, we review the relationship between melatonin and
intrarenal RAS activation and indicate the possibility of a new strategy to suppress CKD, which is a risk factor for
cardiovascular and end-stage renal diseases.
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Introduction The intrarenal renin—angiotensin system (RAS) is one of

the most important contributors in the pathophysiology of

Melatonin is a hormone produced by the pineal gland,
predominantly at night, and plays a pivotal role in reg-
ulating the circadian rhythms of several biological systems.
Moreover, melatonin serves a variety of biological func-
tions, including anti-inflammation, anti-oxidation, inhibition
of sympathetic nerve activity, and preservation of endo-
thelial cell function. It is well known that melatonin
administration suppresses blood pressure (BP) levels and
that endogenous melatonin secretion levels decrease
according to renal dysfunction [1-7].

> Naro Ohashi
ohashi-n@hama-med.ac.jp

Internal Medicine 1, Hamamatsu University School of Medicine,
1-20-1 Handayama, Higashi-ku Hamamatsu 431-3192, Japan

Blood Purification Unit, Hamamatsu University School of
Medicine, 1-20-1 Handayama, Higashi-ku Hamamatsu 431-3192,
Japan

chronic kidney disease (CKD) and hypertension, indepen-
dent of the circulating RAS, because the intrarenal RAS
plays a role in sodium reabsorption and inflammation and
fibrosis in the kidney [8-23]. Moreover, it has also been
shown that intrarenal reactive oxygen species (ROS) are
activated in some CKD animal models and that intrarenal
ROS and RAS activation play pivotal roles in their devel-
opment [10, 19, 20, 24, 25].

However, the relationship between melatonin secretion
and intrarenal ROS and RAS activation has remained
unknown. The purpose of this review was to clarify the
above issues.

The role of melatonin including regulation
of the circadian rhythm as well as a variety
of biological functions in the kidney

Melatonin is a hormone produced by the pineal gland,
predominantly at night, which plays a major role in
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Fig. 1 Effects of controlled-release (CR) melatonin on nocturnal
systolic/diastolic blood pressure. Effects of CR melatonin on systolic
blood pressure (left panel) and diastolic blood pressure (right panel).

regulating the circadian rhythms of several biological sys-
tems [1]. In addition to regulation of the circadian rhythm,
melatonin serves a variety of biological functions, includ-
ing anti-inflammation, anti-oxidation, inhibition of sym-
pathetic nerve activity, and preservation of endothelial cell
function [2].

In the field of hypertension, a meta-analysis of the effi-
cacy of exogenous melatonin in ameliorating nocturnal BP
was performed by Grossman et al. [3]. They demonstrated
that systolic and diastolic BPs decreased significantly with
melatonin administration (systolic BP, —6.1 mm Hg; 95%
confidence interval (CI) —10.7 to —1.5; p=0.009; and
diastolic BP, —3.5mm Hg; 95% CI —6.1 to —0.9; p=
0.009) and concluded that adding melatonin to anti-
hypertensive therapy is effective in ameliorating nocturnal
hypertension (Fig. 1).

Moreover, melatonin is associated with renal function
and plays a pivotal role in the pathophysiology of the kid-
ney. First, Koch et al. [4] investigated the discrete mean
melatonin concentrations at different time points in different
renal functions of 28 patients with CKD. They showed that
patients with the worst renal function (glomerular filtration
rate (GFR) <30 mL/min) had the lowest mean melatonin
concentrations and that patients with the best renal function
(GFR >80 mL/min) had the highest melatonin concentra-
tions (Fig. 2). As a cause, it is thought that impairment in -
adrenoceptor-mediated responsiveness plays an important
role in the synthesis of serotonin N-acetyltransferase, the
key enzyme in melatonin biosynthesis [26, 27].

Melatonin has also been shown to contribute to retarding
the deterioration of renal function and ameliorating its
structure in several experimental animal models, such as 5/6
nephrectomy (Nx) rats, unilateral ureteral obstruction rats,
spontaneously hypertensive rats, and adriamycin-induced
nephropathy rats [5, 6, 28, 29]. For example, Quiroz et al.
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Fig. 2 Mean melatonin concentrations in four groups with increasingly
affected renal functions. The error bars reflect the standard deviations
of the raw data. The horizontal axis reflects the time of day (hours),
and the vertical axis reflects the mean melatonin concentrations.
Reprinted from Koch et al. [4] with permission from the publisher.
Copyright 2009, Oxford University Press

[5] demonstrated that melatonin administration improves
the course of chronic renal failure in Nx rat models. That is,
melatonin administration increased the endogenous hor-
mone levels 13- to 15-fold, and rats in the Nx+ melatonin
group had reduced oxidative stress (malondialdehyde levels
in plasma and the remnant kidney as well as nitrotyrosine
renal abundance), renal inflammation (p65 nuclear factor-
kB-positive renal interstitial cells and infiltration of lym-
phocytes and macrophages), and renal damage (histological
markers: increase in collagen, a-smooth muscle actin, and
transforming growth factor-f renal abundance and structure
(glomerulosclerosis and tubulointerstitial damage) and renal
function (plasma creatinine and proteinuria)) (Fig. 3).
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Fig. 3 The role of melatonin to ameliorate oxidative stress and pro-
gression of renal damage in 5/6 nephrectomized rats. A Nitrotyrosine
abundance in sham-operated rats (Sham), renal ablation rats without
treatment (NXx), and renal ablation rats with melatonin (Nx+MEL).
Graphic representation shows integrated optical density normalized for
the p-actin control. Open bar, sham; filled bar, Nx; shaded bar,

The prevalence of CKD, which causes
cardiovascular and end-stage renal diseases

It is known that CKD is one of the risk factors for cardio-
vascular disease (CVD) and end-stage renal disease (ESRD)
[30, 31]. In fact, more than 400,000 Americans have ESRD,
and over 300,000 of these patients require maintenance
dialysis [32]. In addition, mortality rates remain above 20%
per year with the use of dialysis, with more than half of the
deaths related to CVD [32] More than 13.3 million people
are also predicted to have CKD, and there are 0.2 million
people with CKD stage 4-+5 in Japan [33]. Moreover, it is
expected that the number of affected individuals will
increase worldwide in the future.

The association between renal damage and
intrarenal RAS or ROS

For many years, it has been known that the circulating RAS
plays a critical role in the regulation of arterial pressure and
sodium homeostasis. In addition, it has been known that
tissue-specific RAS exists in some organs, independent of
the circulating RAS [8, 9]. The RAS in the kidney plays a
role in sodium reabsorption and inflammation and fibrosis
in the kidney and is one of the most important contributors
to the pathophysiology of CKD, including IgA nephro-
pathy, diabetic nephropathy, and hypertension. In addition,
it has been reported that the activation of intrarenal RAS
contributes to renal damage using selected animal models,
including Dahl salt-sensitive rats, angiotensin II (Angll)-
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Nx+MEL. Data are presented as the means + SE; ***p <0.001 and
**p<0.01. B Collagen IV estimated by western blot in Sham,
Nx, and Nx+MEL groups. Data are presented as the means + SE;
*##%p <(0.001 and **p <0.01. Reprinted from Quiroz et al. [5] with
permission from the publisher. Copyright 2008, the American Phy-
siological Society

infused hypertensive rats, spontaneously hypertensive rats,
diabetic nephropathy rats, IgA nephropathy model mice
(high IgA of ddy (HIGA) mice), crescentic glomerulone-
phritis rats, and anti-thymocyte serum (ATS) nephritis rats
[10-23]. We have also clarified that the levels of glomerular
angiotensinogen (AGT) messenger RNA (mRNA), intrar-
enal Angll, and urinary AGT excretion in the ATS group
were increased significantly compared with those in the
control group and that administration of olmesartan, an
AnglI receptor blocker (ARB), significantly decreased the
incidence of renal lesions, proteinuria, and intrarenal RAS
activity; we have also concluded that an increase in kidney-
specific RAS activity plays an important role in the devel-
opment of ATS nephritis [22].

Moreover, it has also been shown that intrarenal ROS is
activated in patients with diabetic nephropathy and IgA
nephropathy [10, 24] and activates intrarenal RAS in
some animal models, including Dahl salt-sensitive rats,
diabetic nephropathy rats, and IgA nephropathy model
mice [19, 20, 25]. We have also clarified that the
expression of two intrarenal ROS markers (4-hydroxy-2-
nonenal and heme oxygenase-1), intrarenal Angll, and
markers of renal damage (mesangial matrix expansion and
the desmin-positive area) decreased significantly in HIGA
mice treated with olmesartan or the superoxide dismutase
mimetic tempol, but not in HIGA mice treated with RAS-
independent antihypertensive drugs (hydralazine, reser-
pine, and hydrochlorothiazide), compared with those in
untreated HIGA mice and concluded that intrarenal ROS
and RAS activation plays a pivotal role in the develop-
ment of IgA nephropathy [20].
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Fig. 4 Relationship between melatonin and brain renin-angiotensin
system (RAS) activity. A. Effects of angiotensin II (Angll) type 1
receptor antagonist (losartan) on pineal melatonin production in vivo.
Decreased pineal melatonin levels in the control (filled bar, n = 9) and
in rats treated with 10 mg/kg/day losartan for 4 days (open bar, n =
10). B. Effects of losartan on pineal melatonin production in vitro.
Decreased pineal melatonin levels in untreated (filled bar, n =23) and
losartan-treated pineal cultures (open bar, n=27). C. Effects of
losartan on pineal melatonin production in transgenic rats with
inhibited production of angiotensinogen (AGT) exclusively in the
astrocytes, TGR(ASTAOGEN) rats (open bar, n=9) and Hanover

The relationship between melatonin and
tissue-specific RAS activity

As mentioned above, the roles of melatonin for hyperten-
sion or tissue damage including the kidney have been
clarified. Next, the relationships between melatonin and
tissue-specific RAS, one of the most contributing factors to
tissue damage, especially for the kidney, are reviewed.

The relationship between melatonin and pineal RAS
activity

Some studies have reported the relationship between mel-
atonin and pineal RAS activity. Acufa et al. [34] first

demonstrated that pinealectomy results in decreased plasma
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Sprague-Dawley (SD) rats (filled bar, n =9). D. Interaction between
pineal RAS and melatonin. Angll, produced from AGT in glial cells,
acts on Angll type 1b receptors present in pinealocytes to stimulate
tryptophan hydroxylase, which is the rate-limiting enzyme in mela-
tonin synthesis. Both angiotensin and melatonin may interact to reg-
ulate rhythmicity either centrally in the suprachiasmatic nucleus (SCN)
or peripherally in clocks present in several cardiovascular organs.
Reprinted from Baltatu et al. [36] with permission of the publisher
(Fig. 4A-C). Copyright 2002, International Society for Neurochem-
istry. Reprinted from Campos et al. [37] with permission of the pub-
lisher (Fig. 4D). Copyright 2013

renin activity and that administration of indole melatonin
reverses the effects of pinealectomy. Baltatu et al. [35] also
detected local RAS in the pineal gland and, thereafter, they
demonstrated that the pineal melatonin content was sig-
nificantly decreased by ARB in vivo, in cultured glands and
in transgenic rats with inhibited production of AGT exclu-
sively in astrocytes “TGR(ASrAOGEN)” via significant
decreases in pineal 5-hydroxytryptophan, serotonin, 5-
hydroxyindole acetic acid, and N-acetylserotonin levels. In
addition, they showed that the tryptophan hydroxylase
(TPH) mRNA levels were significantly lower in TGR
(ASrAOGEN) than in control rats. Therefore, these findings
suggest that local pineal RAS mediates a tonic modulation
of indole synthesis by influencing the activity of TPH via
Angll receptors [36, 37] (Fig. 4).
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Table 1 Multiple regression .
analyses of urinary 6- (A) Daytime
sulfatoxymelatonin (a main Model 1 Model 2 Model 3 Model 4
metabolite of melatonin) per
hour (U-aMT6s/h) by age, R=045 P<0.028 R=044 P<0.034 R=044 P<0.030 R=047 P<0.014
gender, estimated glomerular B Pvalue B Pvalue B P value B P value
filtration rate (eGFR), and one of
the parameters, including blood Age —0.073  0.67 —0.17 0.31 —0.11 0.52 —0.10 0.55
pressure (BP), U/finaFY_ S Gender 0.16  0.29 0.093  0.49 0.030  0.83 0.08  0.54
angiotensinogen/creatinine ratio
(U-AGT/Cr), and urinary eGF]'Q . 020  0.30 023 022 0.18 037 0.28  0.096
albumin/creatinine ratio (U-Alb/ Daytime systolic ~ —0.26 0.16
Cr) in the daytime and the BP
nighttime Daytime diastolic —-0.18 022
BP
Daytime Log —-0.23 0.17
U-AGT/Cr
Daytime Log —-0.25 0.060
U-Alb/Cr
(B) Nighttime
Model 1 Model 2 Model 3 Model 4
R=0.66 P<0.001 R=0.65 P<0.001 R=0.68 P<0.001 R=0.69 P<0.001
5} P value f P valuee f P value P value
Age —0.069 0.63 —0.11 0.42 —-0.075 0.58 —0.083 0.53
Gender —0.009 0.94 —-0.041 0.72 —0.11 0.32 —0.025 0.82
eGFR 0.50  0.002 0.55  0.001 038  0.024 052  <0.001
Nighttime systolic —0.16 0.27
BP
Nighttime —0.046 0.72
diastolic BP
Nighttime Log U- —0.31 0.044
AGT/Cr
Nighttime Log U- —0.25 0.025
Alb/Cr

Reprinted from Ishigaki et al. [38] with permission from the publisher. Copyright 2016, Springer

The relationship between melatonin and intrarenal
RAS activity

Clinical settings

As mentioned above, melatonin is a hormone regulating the
circadian rhythm and has multiple functions, such as anti-
oxidant and anti-adrenergic effects and enhancement of
nitric oxide bioavailability. However, it was not known if
impaired endogenous melatonin secretion is related to BP,
intrarenal RAS, or renal damage in patients with CKD.
Therefore, to clarify these relationships, 24-h ambulatory
BP monitoring and collection of urine during the daytime
and nighttime were performed in 53 patients with CKD.
Thereafter, the relationships between melatonin metabolite
urinary 6-sulfatoxymelatonin (U-aMT6s), BP, renal func-
tion, urinary angiotensinogen (U-AGT), and urinary albu-
min (U-Alb) were investigated. As a result, it has been

found that patients’ U-aMT6s levels were significantly and
negatively correlated with clinical parameters, such as renal
function, systolic BP, U-AGT, and U-Alb, in both the
daytime and the nighttime, and U-aMT6s levels were sig-
nificantly associated with U-AGT and U-Alb only at night
using multiple regression analyses after adjustment for age,
sex, and estimated glomerular filtration rate (eGFR). It was
concluded that impaired nighttime melatonin secretion may
be associated with nighttime intrarenal RAS activation and
renal damage in patients with CKD [38] (Table 1).

Animal experiments

As mentioned above, melatonin is recognized as a powerful
antioxidant, and it has been clarified that impaired nighttime
melatonin secretion correlates negatively with urinary AGT
excretion in patients with CKD. However, whether mela-
tonin supplementation ameliorates the augmentation of

SPRINGER NATURE
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Fig. 5 The relationship between melatonin secretion and intrarenal
renin-angiotensin system (RAS) activity or renal damage in 5/6
nephrectomized (Nx) rats. A Immunoblot for angiotensinogen (AGT)
in the kidney. Representative immunoblot data of AGT and densito-
metric ratios of AGT/glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): densitometric ratios of AGT bands against GAPDH bands
are calculated relative to the control group. B Immunostaining for
AGT expression in the renal cortex and the degrees of immunor-
eactivity. Immunostaining for AGT expression in the control group
reveals slight expression in the proximal tubular cells and dramatically
increased expression in the 5/6 nephrectomized rats without treatment
(Nx group). AGT expression is significantly reduced in the 5/6
nephrectomized rats with melatonin (Nx+MEL group) than that in the
Nx group. Twenty random microscopic fields (x400) in the renal
cortex are examined in each experimental animal, and the average
AGT levels, excluding vascular and glomerular lesions, are obtained.
The original magnification is x400. C Immunostaining for intrarenal
Angll. Immunostaining for intrarenal Angll in the control group is
weak and observed mainly in some distal tubular cells. Immunos-
taining for Angll in the Nx group reveals significant expression in the
proximal and distal tubules, which is significantly reduced in the Nx

intrarenal RAS via the reduction of ROS production has
remained unknown. Therefore, the association between
melatonin and intrarenal RAS and ROS was investigated
using 5/6 nephrectomized (Nx) rats as a chronic progressive
CKD model. The 5/6 Nx rats were divided into untreated
and melatonin-treated Nx rats and compared with control
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+MEL group. The original magnification is x400. Twenty random
microscopic fields (x400) in the renal cortex are examined in each
experimental animal, and the average Angll-positive areas, excluding
vascular and glomerular lesions, are obtained. D Immunostaining for
a-smooth muscle actin (a-SMA) in the renal cortex. Normal positive
a-SMA staining is seen in the arterioles. Significantly increased o-
SMA-positive areas around the glomerulus and in the interstitial area
are observed in the 5/6 nephrectomized rats without treatment (Nx
group). The a-SMA-positive area is significantly reduced in the Nx
+MEL group. Twenty random microscopic fields ((x400) in the renal
cortex are examined for each experimental animal, and the average a-
SMA-positive areas, excluding vascular and glomerular lesions, are
obtained. The original magnification is x400. The open bar indicates
the control group, the filled bar indicates the Nx group, and the shaded
bar indicates the Nx+MEL group. Data are presented as the mean +
SE; *p <0.05 the control group vs. Nx and Nx+MEL groups; *p <
0.05 Nx group vs. Nx+MEL group. AGT angiotensinogen, GAPDH
glyceraldehyde-3-phosphate dehydrogenase, Nx nephrectomy, MEL
melatonin, Angll angiotensin II, a-SMA a-smooth muscle actin.
Reprinted from Ishigaki et al. [39] with permission from the publisher.
Copyright 2018, Springer

rats, and the levels of intrarenal RAS and ROS components
and renal injury were evaluated after 4 weeks of treatment.

As a result, compared with the control rats, the untreated
Nx rats exhibited significant increases in higher oxidative
stress (8-hydroxy-2’-deoxyguanosine), lower antioxidant
(superoxide dismutase) activity, intrarenal AGT, AnglI type



The pivotal role of melatonin in ameliorating chronic kidney disease by suppression of the... 767

Intrarenal ROS
,z’ activation \

PR
Melatonin Renal damage
~
AN

Intrarenal RAS
activation

Fig. 6 A scheme of the relationship between melatonin and renal
damage via intrarenal reactive oxygen species (ROS) activation or
intrarenal renin-angiotensin system (RAS) activation. Arrows indicate
increase and dashed arrows indicate suppression

1 receptor and Angll, and increased markers of interstitial
fibrosis in the remnant kidneys, and treatment with mela-
tonin significantly reversed these abnormalities (Fig. 5). It is
concluded that antioxidant treatment with melatonin was
shown to ameliorate intrarenal RAS activation and renal
injury in a 5/6 Nx rat model [39].

Conclusion

Melatonin is a hormone that plays a major role in regulating
the circadian rhythms of several biological systems. In
addition, melatonin also serves a variety of biological
functions, including anti-inflammation, anti-oxidation,
inhibition of sympathetic nerve activity, and preservation of
endothelial cell function. The intrarenal RAS is one of the
most important contributors for the pathophysiology of
CKD and hypertension. Although the relationship between
melatonin secretion and intrarenal RAS activation remained
unknown, it has been recently clarified in both patients with
CKD and chronic progressive CKD animal models.
Therefore, we observed that the antioxidative effect of
melatonin ameliorates intrarenal RAS activation and renal
injury (Fig. 6). Compared with the administration of RAS
inhibitors or melatonin alone, the simultaneous adminis-
tration of RAS inhibitors and melatonin may be a new
strategy to more effectively suppress CKD, which is one of
the risk factors for CVD and ESRD.
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