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Abstract: The rapid growth of obesity worldwide has made it a major health problem, while the
dramatic increase in the prevalence of obesity has had a significant impact on the magnitude of
chronic kidney disease (CKD), especially in developing countries. A vast amount of researchers have
reported a strong relationship between obesity and chronic kidney disease, and obesity can serve
as an independent risk factor for kidney disease. The histological changes of kidneys in obesity-
induced renal injury include glomerular or tubular hypertrophy, focal segmental glomerulosclerosis
or bulbous sclerosis. Furthermore, inflammation, renal hemodynamic changes, insulin resistance and
lipid metabolism disorders are all involved in the development and progression of obesity-induced
nephropathy. However, there is no targeted treatment for obesity-related kidney disease. In this
review, RAS inhibitors, SGLT2 inhibitors and melatonin would be presented to treat obesity-induced
kidney injury. Furthermore, we concluded that melatonin can protect the kidney damage caused by
obesity by inhibiting inflammation and oxidative stress, revealing its therapeutic potential.
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1. Introduction

Obesity is prevalent in the context of the world, especially in developed countries
where the obese population continues to increase [1]. Between 2005 and 2015, the obesity
rate in the US was around 30-34%, and the prevalence of obesity in the UK was between
23-24% [2]. In general, the rates in low- and middle-income countries are relatively low
compared to those in high-income countries. Probably due to the wide availability and
accessibility of deeply processed foods, developing countries have shown an increase in
the number of overweight and obese people; nevertheless, these processed foods are high
in calories but lack nutritional value [3,4]. Obesity is now regarded as a growing and
a disturbing global public health crisis, and China is the most affected country [5]. In
particular, the adult overweight rate in China has almost tripled from 11.7 to 29.2% between
1991 and 2009 [6].

According to data from the World Health Organization (WHO), obesity is not only
associated with an increased incidence rate, mortality and shortened life expectancy, but
also the main risk factors for many chronic diseases, including type-2 diabetes, hyperten-
sion, cardiovascular diseases, dyslipidemia, non-alcoholic fatty liver disease and chronic
kidney disease [7-9]. Actually, in addition to chronic kidney disease, there is also the
classification of acute kidney injury (AKI) in kidney disease. There is evidence that patients
with AKI have increased mortality or that AKI survivors are at further risk of developing
CKD [10,11].

The rates of obesity have risen sharply in developing countries such as China and
have had a major impact on the patterns of CKD [12]. On the flip side, a health diet is useful
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in the prevention and treatment of obesity and CKD [13]. Hence, in this review, the types
and mechanisms of kidney damage caused by obesity are introduced in detail, along with
the introduction of drugs for treating obesity-induced nephropathy. Moreover, melatonin
is a better therapeutic drug.

2. Obesity-Induced Nephropathy

It has been nearly a century since the earliest research linking obesity and kidney
disease [14]. Since then, the research on the relationship between obesity and kidney
disease has carried forward. To reveal the relationship between CKD (estimated glomeru-
lar filtration rate <60 mL/min/1.73 m?) and obesity (defined by a body mass index
(BMI) > 25 kg/m?), a large-scale study with 320,000 people found that the risk of end-
stage renal disease (ESRD) increased in a stepwise fashion as BMI rose, after adjusting for
the presence of hypertension, diabetes, a history of smoking and cardiovascular disease
in patients [15]. A recent human experimental study showed that obese individuals had a
higher risk of CKD compared to metabolically healthy normal-weight subjects, regardless
of their metabolic status, even in the absence of remarkable metabolic abnormalities [16].
Moreover, obesity causes kidney disease in CKD and can also accelerate the loss of kidney
function in patients with various primary renal diseases and decompensated renal function,
such as IgA glomerulonephritis, kidney transplantation and diabetic nephropathy [17-19]
(Figure 1). In short, accumulating evidence has suggested that obesity and kidney disease
are closely related. Next, according to the histological level, kidney diseases caused by
obesity will be divided into glomerular injury and renal tubular injury, and described
further (Table 1).
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Figure 1. The influence of high-fat food on the progression of renal disease. The kidney has a urinary
function. Essentially, dissolved materials in the liquid fraction of blood (plasma) are formed into
a filtrate by the action of the kidneys. In this way, the kidneys remove waste and recycle filtered
nutrients. In addition, the kidney can affect blood pressure by regulating the urine volume and blood
volume or secreting vasoactive substances. The kidney also has the function of producing some
hormones with endocrine activity, such as 1,25-dihydroxycholecalciferol [1,25-(OH) 2D3], renin, renal
prostaglandin and erythropoietin. The body intake of high-calorie food increases the degree of fat
accumulation. When a large amount of fat accumulates in the kidney, it accelerates a series of kidney
damage, such as inflammation, oxidative stress and subsequent fibrosis. Long-term fat accumulation
further leads to proteinuria, glomerular and tubular diseases.
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Table 1. Studies on obesity-related kidney damage.

Types of Kidney Injury Pathological Damage in Kidney References
Global or focal segmental glomerulosclerosis [20,21]
Glomerulomegaly (glomerular volume > 3.27 x 10° um?) with or [22-24]
Glomerular injury without FSGS
Low glomerular density [23]
Glomerulosclerosis [21]
Glomerular filtration barrier defect [25]
Tubular atrophy [19]
. Proximal tubular epithelial hypertrophy [26]
Renal tubular injury Tubular cell apoptosis 1 [25]

Oxidative stress in tubular cells

Others

The measured parenchymal volume and the estimated cortical volume of the
kidneys 1
-Oxidative stress
-Enhanced renal lipid deposition
-Renal TGF-f1 and collagen type IV expression 1
Glomerular and tubular lesion scores 1

[21]

‘1’ represents an increase. FSGS, focal segmental glomerulosclerosis; TGF-$1, transforming growth factor-f31.

2.1. Glomerular Injury

As the most familiar and well-known chronic renal complication of obesity, obesity-
associated glomerulopathy (ORG) is a condition that has been identified as occurring
specifically in obese individuals. Essentially, ORG is defined as a proteinuric renal disease
in patients with BMI values of >30 kg/m? and without clinical and histopathological
evidence of other renal diseases [20]. Not surprisingly, in recent years, likely due to
the increasing incidence of obesity and its complications in the general population, the
prevalence of ORG is also increasing. On the one hand, the incidence of obesity-associated
glomerulopathy increased more than tenfold from 1986 to 2015, and on the other hand,
the average BMI of ORG patients was higher than that of normal people [22]. Especially,
chronic kidney disease associated with diabetes was shown to be more common than
glomerulonephritis, which had been the leading cause of ESRD in China [27]. Accordingly,
it is more noticeable that individuals with obesity show the clinical and histopathological
characteristics of typical ORG in early stage.

So how does the ORG specifically influence the kidney’s histology? The earliest study
found that renal biopsy shows glomerular hypertrophy and focal segmental glomeruloscle-
rosis (FSGS) lesions in patients with proteinuria caused by obesity [28]. Since then, a large
number of studies on ORG have appeared, and it has been continuously verified that the
previous studies are correct. Studies have shown that another characteristic histological
change in patients with ORG may be the low glomerular density associated with glomeru-
lomegaly [29]. In other words, a reduced total number of nephrons may lead to glomerular
enlargement in patients with ORG. It has been hypothesized that glomerulomegaly en-
largement may be due to an increased metabolic demand, and manifested functionally
by an increased renal plasma flow (RPF) and glomerular filtration rate (GFR), which is
generally considered to be a classical index for assessing the level of renal function [23,24].
A recent study found that the patients with ORG had a larger glomerular volume, a lower
glomerular density and more glomerulosclerosis in the presence of similar total nephrons.
Interestingly, the estimated total GFR was higher in ORG patients than in non-obese or
obese controls [21]. Consequently, the results certified that glomeruli become enlarged with
increasing obesity, and GFR also increased accordingly.

With a moderate to severe development of ORG proteinuria, glomerular hypertrophy
commonly causes the lesions of FSGS [28]. FSGS in obesity-associated kidney disease is
mediated by an adaptive increase in podocyte size that cannot keep up with glomerular
expansion, which in turn leads to podocyte failure [22]. Specifically, in the early stage
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of ORG, obesity causes glomerular hypertrophy, which may cause glomerular podocytes
to enlarge glomerular podocytes to cover the expanded glomerular capillary loops [30].
Afterwards, since glomerular podocytes cannot undergo division and dedifferentiation,
a series of catastrophic events began, with foot process effacement, the detachment of
podocytes and enhanced glomerular permeability. After the detachment of a large number
of podocytes, the damage of FSGS followed. The glomerular clusters collapsed and were
replaced by matrix deposition, accompanied by a total glomerular structural and functional
loss during the final stage [31]. Nevertheless, not all patients with ORG have FSGS at the
same time, which may be due to differences in obesity or renal insufficiency. For instance,
Chen et al. observed no significant differences in glomerulus size and the number of cases
with FSGS among groups with different BMI after the detection of 10,093 kidney biopsy
samples from patients [32]. In short, under normal circumstances, ORG is morphologically
diagnosed as glomerulomegaly with or without FSGS lesions (Figure 2).
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Figure 2. Pathophysiological changes of glomerulus in obesity-related nephropathy. Normal glomeru-
lar tissue consists of three parts: endothelial cells in the inner layer, glomerular basement membrane
in the middle layer and podocytes in the outer layer. Glomerular hypertrophy and low glomerular
density are associated with early obesity-related renal injury, followed by increased glomerular
filtration rate and proteinuria. However, podocytes cannot catch up with the speed of glomerular
expansion, podocyte failure, further regression and shedding, namely focal segmental glomurular
selerosis (FSGS). Finally, glomerulosclerosis leads to severe renal damage.

2.2. Renal Tubular Injury

This could be due to the complicated structure of the renal tubules, which is not easy
to analyze, and there are only a few studies on the structural and functional impairment of
the renal tubules associated with obesity compared to the ORG. A study retrospectively
found that the cross-sectional area of proximal tubular epithelial cells and the lumen of
the proximal tubular cells were larger in proteinuric obese patients compared to non-
obese patients with proteinuria [26]. Although tubular hypertrophy is a risk factor for
the development of chronic kidney disease, the presence of tubular hypertrophy in obese
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individuals is meaningful because it maintains the structural basis for causing renal tubular
hyperfunction. In a large number of animal experiments, obesity can cause renal tubular
damage, including renal tubular hypertrophy, the appearance of lipid cytoplasmic inclu-
sions, tubulo-interstitial inflammation and fibrosis [33,34] (Figure 3). In addition, studies
have also shown that losing weight through drugs or daily diet adjustment can treat renal
tubular damage in animal models [25]. For example, Qiao et al. found that melatonin can
treat the edema/atrophy of renal tubules and proteinuria in obese rats [35].

Nephron
Normal Renal tubule Obesity Related Nephropathy
Renal Tubule Tubulointerstitial
Inflammation
D
: Proteinuria . ..
Blood Capillary Tubulointerstitial
Fibrosis

Figure 3. The changes of renal tubules in obesity-related nephropathy. Renal tubules are tubules
surrounded by monolayer epithelial cells, which can reabsorb and secrete some components in
urine. Obesity-related kidney disease is characterized by tubular hypertrophy, basement membrane
thickening and then interstitial inflammation and fibrosis, and it may thus set the stage for renal
failure later in life. In the right picture, red indicates renal interstitial inflammation, and the line
indicates renal interstitial fibrosis.

In addition, as in diabetic nephropathy, the cause of tubular damage may be closely
linked to obesity-related hyperfiltration. Specifically, the major site of renal glucose re-
absorption is the proximal tubule (PT), and two active cross-linkers, sodium-dependent
glucose transporter 1 (SGLT1) and sodium-dependent glucose transporter 2 (SGLT2), are
expressed at the apical brush border of the PT [36]. Increased reabsorption of glucose
and sodium by PT via SGLT1 and SGLT2 results in a reduced sodium load in the macula
densa and distal tubule, which in turn activates tubulo-glomerular feedback, inducing
increased preglomerular vasodilation and glomerular filtration rate [37]. On the whole
kidney level and in normoglycemia, SGLT2 is responsible for the reabsorption of approx-
imately 97% of the filtered glucose. Recently, SLGT2 inhibitors have been suggested to
have a potentially important renoprotective effect, as evidenced by the fact that these drugs
reduce the glomerular filtration rate and albuminuria in hyperfiltered diabetic patients [38].
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The potential benefits of SGLT2 inhibitors in obesity-related kidney disease also raises an
essential issue and is worthy of further investigation.

3. The Mechanism of Obesity-Induced Nephropathy

Adipose tissue affects the kidneys through a series of secretory factors, including
cytokines, adipokines and metabolites, which are important to maintain a normal re-
nal function. Yet, high levels of tumor necrosis factor-o (TNF-«), interleukin-6 (IL-6),
adiponectin and angiotensin II and dysregulated metabolites are associated with obesity-
induced kidney injury. These factors increase the changes of renal inflammation, insulin
resistance and RAAS system activation, and eventually lead to renal injury (Figure 4).
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Figure 4. The mechanism by which obesity contributes to kidney injury. In obese individuals, adipose
tissue secretes TNF-«, IL-6 and adiponectin. Among them, the pro-inflammatory factor TNF-c, the
increase of IL-6 and the decrease of anti-inflammatory factor adiponectin promote the inflammatory
response and insulin resistance, and cause the corresponding kidney injury. The lipids in the human
body can be roughly divided into cholesterol and neutral fat (triglyceride, phospholipid). Free fatty
acid is one of the substances decomposed from neutral fat. When the body is obese, the contents of
triglyceride and FFA increase. Then, they are deposited in the kidney, causing toxicity and damage to
the kidney and leading to serious lipid metabolism diseases. Similarly, RAAS can also be activated
by obesity and promote macrophage infiltration, inflammation, renal vasodilation and glomerular
ultrafiltration through a cascade reaction, leading to proteinuria and kidney injury. FFA, free fatty
acids; IL-6, interleukin- 6; TNF-&, tumor necrosis factor-o.. “1” represents an increase, and “]”
represents a decrease.

3.1. The Inflammatory Response and Insulin Resistance

Adipose tissue is the primary place for the storage of excess energy in the form of
triglycerides and is composed mainly of adipocytes [39]. As a result of changes in food
intake or body metabolism, during energy balance, adipose tissue accumulates energy
in lipid droplets rich in adipocytes. Generally, according to the structure and function
of adipose cells, adipose tissue can be broadly divided into two types: white adipose
tissue (WAT) and brown adipose tissue (BAT). WAT, the best-known adipose tissue in
the organism, contains white adipocytes, which is where energy is stored [40]. A large
number of studies have shown that the obese state is characterized by what has been
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called low-grade systemic inflammation, which is associated with WAT [41]. WAT occurs
throughout the body in association with multiple organs, including the kidneys, and acts
as an endocrine organ that secretes various biologically active substances that, because of
their origin, are called adipokines or adipocytokines [42,43]. Under normal circumstances,
the adipose tissue, accumulating around the kidneys, secretes adipokines, which are
involved in immune response regulation and vascular homeostasis. However, in the
obese state, adipose tissue might be releasing excess pro-inflammatory adipokines such as
TNF-a and IL-6, and decrease beneficial adipokines, including leptin and adiponectin [44].
Among them, these pro-inflammatory cytokines are all involved in the process of cellular
hypertrophy, extracellular matrix accumulation and renal fibrosis, and correlate positively
with the urine albumin/creatinine ratio, which is a marker of renal injury [39,45]. These
suggest that adipokines play an integral role in the development of obesity-induced kidney
damage [46,47]—for example, elevated levels of TNF-«, and IL-6 are associated with a more
accelerated progression of CKD [48,49]. Among these, the close associated of cytokines
with obesity, TNF-«, IL-6 and adiponectin are further introduced.

TNF-«, as the first and most prominent inflammatory mediator in the inflammatory
response process, induces a respiratory burst of neutrophils accompanied by the release of
free radicals, while increasing the permeability of vascular endothelial cells, thus promoting
renal injury [50]. In the same way, IL-6 is also a vital inflammatory factor in the initial
stage of inflammation, and is highly expressed in various chronic inflammatory diseases.
There have been many experimental studies and clinical observations showing that TNF-«
and IL-6 also play a major role in the pathogenesis of chronic kidney disease through
the induction of inflammatory processes. As a case in point, a study has shown that
monocyte chemoattractant protein-1 (MCP-1) could stimulate the synthesis and release
of TNF-« and IL-6 in renal cells, initiate programmed inflammation and further cause
kidney damage [51]. TNF-« can induce the expression of MCP-1 in renal mesangial
cells via the p38 mitogen-activated protein kinase (MAPK) signaling pathway [52]. On
the other hand, the absence of TNF-« reduced obesity-related markers in the kidney to
varying degrees, thereby decreased glomerular and tubular damage, and mitigated renal
fibrosis [53,54]. Furthermore, as an integral part of the complex inflammatory network,
TNF-« is able to initiate a cytokine cascade that controls the synthesis and expression of
its linked cytokines and their receptors. The neutralization of TNF-« in rats with renal
failure would lower the nuclear factor kappa B (NF-«B) activity and improve the release
of nitric oxide (NO), which in turn has the potential to reduce renal inflammation and
fibrosis, as well as oxidative stress [55,56]. Likewise, the blockade of the IL-6 receptor
prevents the progression of proteinuria and renal lipid deposit as well as the mesangial cell
proliferation associated with severe hyperlipo-proteinemia [57]. Thus, obesity may cause
kidney damage by promoting the production of IL-6 and TNF-c.

On the flip side, there are also elements to adjust the activity of the inflammation to
prevent extremes. Adiponectin is the most abundant adipocytokine in plasma, secreted
predominantly by adipose tissue, and is thought to be involved in anti-inflammatory,
anti-atherosclerotic and insulin-sensitizing effects in in vivo and in vitro experimental
studies [58,59]. Unlike TNF-« and IL-6, adiponectin’s serum concentrations decrease with
obesity [36], and recent studies have shown that a high serum adiponectin also signifies a
renal dysfunction [60]. In addition, adiponectin can stimulate the expression of the anti-
inflammatory cytokine IL-10 and reverse the pro-inflammatory effects of TNF-«, IL-6 and
other cytokines in healthy persons and patients with type-2 diabetes and cardiovascular
disease [61]. Adiponectin has now been identified to have a nephroprotective effect against
lipotoxicity and oxidative stress by enhancing the AMPK/PPAR« pathway and ceramidase
activity. In fact, AMPK and PPAR are primary targets activated by AdipoR1 and AdipoR2,
respectively [62]. In the regulation of biological metabolism, AMPK is a key molecule
capable of mediating the intracellular signaling pathway of class O forkhead box (FOXO)
proteins to regulate the expression of antioxidant enzymes [63] or to inhibit the NF-«B
activation and anti-inflammatory effects [64]. The adipoR2-induced activation of PPAR«x
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enhances the oxidative capacity of the mitochondria to diminish oxidative stress and
further facilitates the reduction of lipid accumulation in the target organ [65,66]. Therefore,
the possible decrease in adiponectin levels by obesity can cause kidney damage in obese
individuals, and the overproduction of adiponectin in adipose tissues can even exacerbate
kidney inflammation in obese individuals [67].

There is, in addition, one further point to make. In the obese state, systemic chronic
inflammation is strongly associated with insulin resistance. Several inflammatory biomark-
ers are elevated in the blood of obese patients with concomitant insulin resistance, such
as C-reactive protein, IL-6 and TNF-« [68]. Similarly, experimental studies revealed that a
dysfunctional lipid metabolism in adipose tissue results in an accumulation of circulating
free fatty acids, initiating the inflammatory signaling cascades. As mentioned earlier, adi-
pose tissue is an appreciable source of pro-inflammatory factors, which contribute to the
development of insulin resistance and further adverse consequences [69,70]. The feedback
effects of pro-inflammatory cytokines exacerbates this pathological state, promoting further
cytokine secretion, and disrupts the insulin resistance in the same way [70]. In a study that
evaluated insulin resistance by the insulin sensitivity index suggested that participants
with CKD and obesity had a lower insulin sensitivity index [71]. In contrast, the adjustment
for physical activity and diet partially attenuated the associations of CKD with insulin
sensitivity and insulin [72]. The animal study also showed that modulating insulin signal
transduction cascades could alleviate the high-fat diet (HFD)-induced insulin resistance
and CKD in obese rats [73]. Consequently, in the development of obesity-related kidney
disease, the hypothesis that insulin resistance plays a factor can be confirmed.

3.2. Renin—Angiotensin—Aldosterone System

The renin—-angiotensin—aldosterone system (RAAS) is a kind of pressure-boosting
regulation system produced by the kidney in the body, causing vascular smooth muscle
contraction and water and sodium retention, and producing a pressure-boosting effect.
Most components of RAAS have modest increases, predominantly in both animal and
human visceral adipose tissue, which is the characteristic of obesity [74]. Tain et al. observed
that the HFD diet was able to induce RAAS, that most components of RAAS did not differ
with sex and that it caused renal damage in response to HFD exposure, although in another
animal experiment a sex-dependent renal program within RAAS was found [75]. In the
pathophysiology, one of the most influential elements in CKD and obesity is not circulating
RAAS, but intrarenal RAAS, because of the role of intrarenal RAAS in sodium reabsorption
and inflammation and fibrosis in the kidney [76]. Moreover, compared with non-obesity
animals, the overactivation of RAAS activity in obese animals may be a factor causing
glomerulomegaly and podocyte stress, eventually leading to glomerulosclerosis. Briefly,
increasing evidence indicates that the activation of the RAAS plays a pivotal role during
the progression of obesity-related kidney disease.

Concretely, renin near the ball of the juxtaglomerular apparatus granulosa cells releases
a proteolytic enzyme and stimulates the plasma angiotensin I, which is further hydrolyzed
into active angiotensin II [77]. Firstly, renin is the speed-limiting enzyme of the renin—
angiotensin system, and its level can regulate the activity of RAAS. Secondly, angiotensin II,
which is generated mostly in adipocytes and transported to the kidneys via the circulation,
can promote the secretion of aldosterone. Angiotensin II exerts effects in the kidney through
the activation of its receptors, including type-1 angiotensin II receptor (AT1) and type-
2 angiotensin II receptor (AT2). Of interest, AT1 expression is increased in adipocytes
and kidneys and vice versa [78], presumably owing to impaired macrophage polarization,
increased macrophage infiltration and enhanced inflammation, and the deletion of the AT1a
receptor (AT1AR, the major isoform of AT1) enhanced hyperlipidemia-induced structural
kidney damage in mice [79]. However, the oral administration of a high dose of losartan (a
selective AT1 receptor antagonist) slowed down the polarization of macrophages to pro-
inflammatory macrophages and the infiltration of adipose tissue and kidney by inhibiting
the up-regulation of AT1AR-mediated macrophages [80].
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Besides, aldosterone is a steroid hormone (mineralocorticoid family) that enhances
the kidney’s ability to reabsorb ions and water molecules. Aldosterone enhances the ef-
fects of angiotensin II, induces vascular inflammation and remodeling, and stimulates
the mineralocorticoid receptors (MR) in the kidney [81]. MR activation may contribute to
renal vasodilation and further impair the renal excretion function in obesity. When aldos-
terone activated MRs expressed on macula densa cells, the macula densa cells increased
their production of NO and induced an increase in renal vasodilation and glomerular
filtration [82]. On the contrary, blocking NO synthesis can eliminate aldosterone-induced
hypertension [74]. Moreover, MR signaling can be stimulated by Rac1l and increase the
levels of Racl in renal epithelial cells in the obese groups. From another perspective, the
Racl inhibitor alleviates proteinuria and kidney damage [83]. High aldosterone levels can
accelerate the onset and progression of renal diseases and predispose for diabetes and
hyperlipidemia [84,85]. All in all, as described by the pathophysiological effects of MR, the
inhibition of aldosterone with MR antagonists or by blocking the RAAS could slow the
progression of renal disease.

3.3. Lipotoxicity

Because of lipid metabolism disorders, the amount of fat exceeds the normal range
and is deposited on organs that should not be deposited, causing toxicity and damage to
the organs, and this phenomenon is known as lipotoxicity [86]. At the whole-body level,
lipotoxicity has been suggested to perform an important function in obesity, normally af-
fecting the kidneys, liver, heart and skeletal muscle. Therefore, renal lipotoxicity may cause
chronic kidney damage, a process that involves the accumulation of intracellular free fatty
acids (FFA), triglycerides and toxic metabolites such as ceramides in renal glomerular and
tubulointerstitial cells [87,88]. That said, the role of lipid dysregulation in inducing kidney
injury in obese individuals has been widely reported [89]. More and more documents
indicate that all cellular injury mechanisms of lipotoxicity can cause kidney injury, includ-
ing inflammation, oxidative stress, fibrosis, alterations in intracellular signaling pathways
and lipid-induced apoptosis [90]. Especially under obese conditions, in the presence of
excessive reactive oxygen species (ROS) production or inflammatory response, the kidney
will have a high chance of being exposed to cellular stress [91].

Nonetheless, previous studies have shown that the interaction between adipose tissue
and the kidney, known as the adipose-kidney axis, acts in the response to injury and in
the maintenance of kidney function [92]. Large amounts of lipid accumulation lead to
lipotoxicity, where short-chain fatty acids rely on a passive diffusion of CD36, and fatty
acids transport proteins to enter the cell [93], while long-chain fatty acids can only enter
the cell through CD36 [94]. The CD36 pathway is involved in the uptake of free fatty acids
and oxidized low-density lipoproteins, and its addition assists in mitigating lipotoxicity
and proximal tubular and podocyte injury, while the ablation of CD36 attenuates renal
injury [95]. Consistent with these findings, CD36 deletion almost completely reversed the
ectopic renal lipid deposition in obese mice with inflammation and prevented renal in-
jury [96]. Subsequently, FFA is internalized by carrier acylation, with a particular emphasis
on the long-chain fatty acyl CoA formed by the esterification of the plasma membrane
LCA-CoA synthase. LCA-CoA is transported through the carnitine shuttle to the mito-
chondrial matrix for fatty acid oxidation (FAO), and then, mitochondrial FAO produces
mainly large amounts of ATP, which is the source of the increased ROS production that
leads to early kidney damage [97,98]. Furthermore, there are several mechanisms: (1) in the
obese state stimulation of malonyl CoA production by adipocytes due to insulin deficiency,
which in turn promotes an increased oxidation of free fatty acids; (2) excessive production
of saturated long-chain fatty acids; (3) activation of lipid-activated NADPH oxidase activity
through the downstream production of ceramides, all of which can promote the accumula-
tion of ROS [99]. As indicated in the previously, the effect of lipotoxicity on kidney may be
due to the accumulation of ROS, which indirectly leads to kidney injury.
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4. Treatment Drugs for Obesity-Induced Nephropathy

Drugs or treatments for other kidney diseases may not be appropriate for obesity-
related kidney disease, given the specific and complex pathogenesis of obesity. To this end,
dedicated studies are needed to test interventions designed to treat renal disease in patients
with obesity. In previous studies of patients with obesity-related kidney disease, a series of
pharmacological interventions have offered the possibility of slowing disease progression

(Table 2)

Table 2. Studies on the effects of different drugs on kidney injury and dysfunction.

Animal/Model Drug/Dose Renal Function Kidney Injury Reference
Human
Obesity ACEI Proteinuria | Glomerulomegaly [20]
FSG
Fluman Proteinuria/renal insufficienc
Obesity ACEI n ¥ N/A [100]
RK or URA serum creatinine |
Human Proteinuria |
Obesity ACEI BP burden N/A [101]
ESRD urae
Male Wistar rats ACE]I, telmisartan, Local expression Of adlpogenesm
Obesit (8 mg/kg/d, gastriclavage) N/A markers and adiponectin T [102]
y 8/%8/d. & g IL-6, MCP-1 |
Humg n Low-dose spironolactone + ACEI Blood pressures, proteinuria | N/A [103]
Obesity
Human s . . . .
Type 2 diabetes SGLT2 inhibitors, dapagliflozin Blood pressures, proteinuria 1 N/A [104]
(5 and 10 mg) Serum creatinine 1
CKD
Akita mice SGLT2 inhibitors, empagliflozin . GLUT1/GLUT2,
Diabetic (300 mg/kg) Systolic blood pressure | inflammation, CD14,IL-6, TIMP2 | (105]
Sprague-Dawleyrats Melatonin RAS, oxidative stress, Interstitial
5/6 Nx (10 mg/100 mL /drink) Blood pressure | fibrosis | [106]
CKD & ’ Antioxidant activity 1
Wistar Albino rat Melatonin Oxidative strelflslé_lll(\];()f, p38-MAPK,
Unilateral ureteral (1 mg/kg/day, N/A [107]
obstruction (UUO) intraperitoneal) The development of leukocyte
P infiltration and interstitial fibrosis |
. . Melatonin, .
Boscat whlte rabbits 1mg/kg Blood pressure, serum'hplds, blood GSH-PX 1 [108]
Obesity glucose, atherogenic index |
(sub-cutaneously)
Wistar albino rats Melatonin Blood pressure | Oxidative injury, plasma LDH, CK [109]
Renovascular hypertension (10 mg/kg/day) P and ADMA levels |
Ziicker rats Melatonin,
Obesity (2 g/Land Proteinuria | NOx, HFR, GSH/GSSG | [110]
Diabetic 20 mg/L, drink)
Anti-inflammatory
Wistar albino rats Anti-oxidation
MSCs + Melatonin (5 uM, in vitro) N/A TNF-«, TGF-31 | [46]

Diabetic nephropathy

IL-10, SOD, Beclin-1, glomerular
sclerosis T

Abbreviation: ACEI, angiotensin-converting enzyme inhibitor; ADMA, asymmetric dimethylarginine; BP, blood
pressure; CK, creatine kinase; CKD, chronic kidney disease; Drp1, dynamin-related-protein 1; ESRD, end stage
renal disease; FSG, focal segmental glomerulosclerosis; GLUT, glucose transporter; GSH, glutathione; GSH-PX,
glutathione peroxidase; GSSG, L-glutathione oxidized; HFR, hydroxyl free radicals; IL-6, interleukin-6; IL-10,
interleukin-10; iNOS, inducible nitric oxide synthase; LDH, lactate dehydrogenase; MAPK, mitogen-activated
protein kinase; MCP-1, monocyte chemoattractant protein-1; Mfn2, mitofusin2; MSC, mesenchymal stem cell;
NF-kB, nuclear factor kappa-B; NOx, NADPH oxidase; Nx, nephrectomized; N/A, not applicable; Opal, optic
atrophy 1; RAS, renin-angiotensin system; RK, remnant kidney; SGLT2, sodium-dependent glucose transporters
2; SOD, superoxide dismutase; TBARS, thiobarbituric acid-reacting substances; TGF-$1, transforming growth
factor-p1; TIMP2, tissue inhibitor of metalloproteinases-1; TNF-«, tumor necrosis factor-«; URA, unilateral renal
agenesis; UUO, unilateral ureteral obstruction. “1” represents an increase, “]” represents a decrease, and “—"
represents no effect.

4.1. RAS Inhibitors

How to suppress the renin-angiotensin system is a clinical issue that needs to be
considered to slow down the progression of kidney disease. In general, RAS inhibitors are
usually used to treat patients with proteinuria and diabetic nephropathy, as a way to reduce
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the incidence of proteinuria and CKD in ORG patients [69,111]. Moreover, compared to
patients with normal BMI, obese patients may be more sensitive to the renoprotective
function exerted by RAS inhibitors [112]. Representative drugs of RAS inhibitors include
angiotensin-converting enzyme inhibitor (ACEI) and angiotensin-receptor blockers (ARB),
which can inhibit and control high blood pressure, correct local hemodynamic abnormalities
in the kidney, reduce proteinuria, reduce inflammation and protect the renal function [113]
(Figure 5). Approximately 80% of the patients were taking ACEI or ARB at baseline as part
of their standard care [114]. Particularly, in a post hoc analysis of renal disease treatment,
it was shown that obesity predicted a higher incidence of nephropathy events, but the
risk of nephropathy progression was significantly lower in obese patients on ramipril (a
potent ACEI) than in non-obese patients [100]. An array of ARB has been invented to treat
kidney disease in obese individuals as well. Telmisartan, an angiotensin II type-1 receptor
antagonist, exerts a renoprotective effect by decreasing fat mass, promoting adipogenesis
consumption and decreasing the perirenal WAT-derived leptin level [101]. Besides, the
activation of MR can also ameliorate the adverse effects of obesity and metabolic syn-
drome [102], typically by adding spironolactone to an ACE inhibitor to reduce albuminuria
and blood pressure in obese patients [115]. Nevertheless, it has also been suggested that,
over time, the beneficial effects of RAS inhibitors may become depleted as some partic-
ipants gain further weight [116]. Thus, this evidence leads to the speculation that RAS
inhibitors are effective in inhibiting the development of obesity-induced kidney injury in
the short term.

4.2. SGLT?2 Inhibitors

Inhibitors of SGLT2 were first introduced as a new class of hypoglycemic agents, a
new pharmacological option for the treatment of type-2 diabetes. As research continues to
advance, SGLT2 inhibitors can also block the renal reabsorption of glucose and excrete the
excess glucose from the urine, lower blood sugar and have protective effects on the kidney
and the heart [36,103]. As a new target of hypoglycemic agent, SGLT2 also has the advan-
tage of selective inhibition—a specific action in the kidney without significant effects on
other tissues and organs [117]. At the same time, the benefits of SGLT2 inhibitors on the kid-
neys might not be explained solely by improving glucose control. As demonstrated, SGLT2
inhibitors may act on the kidneys by reducing fat and blood pressure [118], and are even
able to reduce the SGLT2 expression in the high-glucose state [119]. They seem to have a
great potential to improve the kidney damage caused by obesity. A large number of studies
in patients and animals have reported that SGLT2 inhibitions were beneficial in regulating
renal lipid metabolism, improving inflammation, preventing nephropathy and enhancing
the cumulative effect of weight loss, natriuresis and osmotic diuresis [104,120,121]. Addi-
tionally, by using SGLT2 inhibition to reduce the reabsorption of glucose and sodium in the
proximal tubule, glomerular hyperfiltration can be improved, and the progression of renal
disease can be slowed [122]. The glomerular and tubular hemodynamic and hydrodynamic
effects of SGLT2 inhibition play a major role in the afforded renoprotection. The inhibition
of proximal tubular reabsorption abates glomerular hyperfiltration in obese non-diabetic
subjects [123] (Figure 6). Thus, SGLT2 inhibition could theoretically have a renoprotective
effect in obesity-induced glomerular hyperfiltration. In summary, a better understanding of
the mechanism by which SGLT2 inhibitors exert their renal protective effects and whether
this represents a unique effect has the potential to further improve the care of patients with
obesity-related kidney disease.
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Figure 5. The role of the RAAS system and RAAS inhibitors in obesity-related kidney injury. The
renin—angiotensin-aldosterone system (RAAS) is comprised of a series of peptide hormones and
corresponding enzymes and is a significant humoral regulatory system. Renin secreted by renal juxta-
glomerular cells can convert the angiotensinogen in the blood into angiotensin I without physiological
activity. Angiotensin I forms angiotensin II under the action of an angiotensin-converting enzyme
(ACE). Adipose tissue can promote the secretion of angiotensin II, which stimulates the secretion of
aldosterone and promotes the reabsorption of water and sodium in renal tubules, improves the renal
filtration rate and causes proteinuria. Aldosterone stimulates NO synthesis through the mineralo-
corticoid receptor (MR) or Racl, which leads to glomerular hyperfunction, renal vasodilation and
renal injury. RAAS inhibitors, ARB and ACEI correct the renal filtration efficiency by inhibiting the
corresponding substance level in the RAAS system, and then alleviate renal injury. ACE, angiotensin
converting enzyme; ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor
blocker; AT1AR, angiotensin type 1A receptor; AT2AR, angiotensin type 2A receptor; NO, nitrogen
oxide; Racl, ras-related C3 botulinum toxin substrate 1. “|” represents a decrease.

4.3. Melatonin

Melatonin is an indole compound that is widely found in nature, from bacteria to
humans [124]. In mammals, melatonin is one of the hormones produced by the pineal
gland and, with its superior lipophilic effect, is readily released into the bloodstream and
exerts its biological activity through melatonin receptors [105]. In terms of individual
organisms, melatonin receptors are located throughout the body in multiple parenchy-
mal organs, including the brain, retina, heart, blood vessels, liver, spleen, intestines and
kidneys [125]. The wide distribution means that the application or lack of melatonin can
affect many functions for human beings. As is well known, melatonin, a molecule that
transmits photoperiod information to organisms, is predominantly produced at night and
is essential in the regulation of normal circadian rhythms in the body [126]. It is necessary
to emphasize that melatonin, in addition to its function in regulating the biological clock,
plays a function in many organismal responses, such as anti-inflammatory, antioxidant and
anti-apoptotic responses, the protection of the endothelial cell function and the inhibition
of the sympathetic nerve’s activity [121]. When melatonin is added exogenously to the
organism, the structure and function of the kidney are improved in models of kidney injury,
including spontaneously hypertensive rats, rats with unilateral ureteral obstruction, rats
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with adriamycin-induced nephropathy and rats with 5/6 nephrectomy [106,107,127]. Of
interest in this regard, the specific effect of melatonin on the kidney has recently been
confirmed in an animal model with obesity [107]. More specifically, melatonin alleviates
the inflammatory response after kidney injury and then further inhibits the subsequent
activation of the oxidative stress pathways, since rats suffering from vascular hypertension
with obesity showed an improvement in hypertension after melatonin treatment [108]. In
the same way, melatonin exerts an antioxidant effect on the kidneys of obese rats with
type-2 diabetes and Zucker diabetes, and its mechanism includes the increase of glutathione
peroxidase (GPX) activities, the kidney superoxide dismutase (SOD) level and catalase
(CAT) enzyme activity [35,109]. The above-mentioned SOD, CAT and GPX are used by
cells to scavenge excess ROS, the production and release of which leads to inflammation,
oxidative stress, tissue damage and disease progression [110]. Likewise, in obese kidney tis-
sue of humans, oral melatonin therapy can significantly improve the antioxidative defense
and lipid distribution. Therefore, the maintenance of a stable antioxidant enzyme activity
and the exertion of its own antioxidant effect is an important reason why melatonin can be
used as a therapeutic agent for obesity-related kidney diseases.

Tubular epithelial cells

SGLT? Inhibitors /_\‘
Inflammatory factors
Lipid Proximal

Tubule

1 SGLTl_“
P Wi

SGLT2

Glomerular vasodilatation
Glomerular filtrationt
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Figure 6. The mechanism of SGLTs and SGLT-2 inhibitors in obesity-related kidney injury. The
reabsorption of glucose in the kidney mainly depends on sodium glucose cotransporters (SGLTs),
through which glucose and Na + are transported across the membrane. SGLT-2 was mainly expressed
in the kidney, while SGLT-1 was partially expressed in the kidney. About 90% of the glucose was
reabsorbed by SGLT-2 in the S1 segment (the beginning of the proximal convoluted tubule and the
first 1/3 of the convoluted part in the kidney) of the proximal convoluted tubule. However, SGLT-2
can also regulate inflammatory factors and lipids in proximal tubules, activate glomerular feedback
and decrease the glomerular filtration rate, so as to slow down the progression of kidney disease.
SGLT-1, sodium-dependent glucose transporters 1, SGLT-2, sodium-dependent glucose transporters
2. “1” represents an increase, and “]” represents a decrease.

On the other hand, melatonin levels can also alleviate obese states. Evidence suggests
that melatonin is able to regulate energy metabolism, including maintaining body weight,
insulin sensitivity and glucose tolerance levels [128]. A large body of data shows that
melatonin acts at every step of the energy balance, including food intake, energy storage
and expenditure. In addition, the addition of exogenous melatonin after a pinealectomy
may reduce body weight, reduce food intake and increase energy expenditure in brown
adipose tissue [129]. Several mechanisms have been proposed for the physiological and
pharmacological beneficial effects of melatonin in obesity, with particular attention to
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antioxidant and anti-inflammatory effects [130,131]. As previously mentioned, obesity is a
chronic inflammation of the body, which can cause kidney damage through inflammatory
pathways, and melatonin can reduce pro-inflammatory cytokines, adipokines, chemokines
and adhesion molecules [130]. Some of these actions respond to transcription factor modu-
lation, such as NF-«B, nuclear factor erythroid-2-related factor 2 (Nrf2) and others [132].
The latest study also found that melatonin’s protective actions included inhibition effects
on inflammasomes [133]. Among them, the NLRP3 inflammasome is involved in obesity-
related kidney disease development and may serve as a key modulator of obesity-related
kidney disease [134]. The NLRP3 inflammasome can promote IL-1f3 (interleukin-1§3) and
IL-18 (interleukin-18) maturation [135]. Moreover, IL-18 can cause damage to the kidney by
promoting the production of TNF-, IL-1f3 and intercellular adhesion molecules via mono-
cytes and macrophages [136]. Thus, the inhibition of NLRP3 inflammasome activation
could attenuate obesity-related kidney disease.

In short, there are promising experimental data to suggest that melatonin, as an anti-
inflammatory and immunoregulating molecule, a free radical scavenger, antioxidant and
circadian rhythm regulator, could improve and even mitigate the progression of kidney
disease in persons with obesity (Figure 7).

'd

q Melatonin

Inflammation!

Oxidative stress! Proinflammatory
Mitochondrial mediators |

dysfunction

Figure 7. Therapeutic effect of melatonin on obesity-related kidney injury. Melatonin acts through
melatonin receptors on the cells of the kidney. Melatonin can eliminate the excessive free radicals
produced by mitochondria through antioxidant enzymes, alleviate mitochondrial dysfunction and
play an antioxidant role. Melatonin can down-regulate NLRP3 inflammasome, which participates
in the development of renal disease associated with obesity and may be a key regulator of obesity.
Melatonin can also inhibit transcription factors including NF-kB, reduce the transcription of pro-
inflammatory mediators, thereby reducing the level of inflammation, and fundamentally treat the
kidney damage caused by obesity. GPx, Glutathione peroxidase; IL-1(3, interleukin-1{3; MR, melatonin
receptor; NF-«B, nuclear factor kappa-B; NLRP3, NLR Family Pyrin Domain Containing 3; NOX,
NADPH oxidase; ROS, reactive oxygen species. “|” represents a decrease.
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5. Perspective

At present, there are inadequate treatments for obesity-related kidney disease, and
the main treatment for this disease is fat loss or the use of therapeutic drugs. For example,
sleeve gastrectomy is used extensively in severely obese patients with renal failure [137].
Studies have shown that RAS inhibitors can delay the occurrence of microalbuminuria
and its progression to macroalbuminuria in diabetic patients [138]. Startlingly, with the
emergence of SGLT2 inhibitors, it can be used to improve kidney function [139]. Still, to
evaluate the therapeutic effects of these drugs, a large number of experiments is required.

In view of previous reports, melatonin can be used as a drug to treat obesity-related
kidney diseases [140]. It has been widely accepted that melatonin has a significant effect
on regulating a series of biological functions—in other words, that it is a hormone that
regulates circadian rhythms to relieve sleep disorders. From the results of previous animal
experiments, it is known that taking melatonin can potently protect the kidney [108,141]. On
the contrary, melatonin deficiency may increase the risk of developing numerous conditions,
such as diabetes, obesity, cardiovascular disease and kidney disease. As an endogenous
substance, melatonin works through the regulation of the endocrine system. It has its
own metabolic pathway in the body and does not cause the accumulation of metabolites
in the body. Moreover, its biological half-life is short, and so it has the characteristics of
minimal toxicity [127]. Therefore, melatonin can be an adjuvant drug in the treatment of
obesity-related kidney diseases. Simultaneously, there is a need for more precise melatonin
treatments targeting the kidneys.

6. Conclusions

The obesity problem is becoming more and more serious all over the world, and its
complications have also received more attention, especially obesity-related kidney disease.
Kidney damages caused by obesity include glomerular hypertrophy and focal segmental
glomerulosclerosis, renal tubular hypertrophy, renal tubular interstitial inflammation and
fibrosis. Obesity promotes the secretion of pro-inflammatory adipokines by fat cells,
which mediate inflammation and insulin resistance. Obesity also reduces the level of
adiponectin, a fat factor involved in anti-inflammatory and insulin sensitization, thereby
increasing kidney damage. In addition, obesity can also promote kidney damage through
the progressive activation of RAAS and lipotoxicity. Clinically, both ACEI and SGLT2
inhibitors can treat obesity-related kidney disease, but both have their shortcomings. A
large amount of data shows that melatonin has a potential renal protective effect on kidney
damage, and it obviously has no major side effects. Melatonin plays a beneficial role in
inhibiting oxidative stress and the inflammation of kidney cells through direct or indirect
mechanisms. Therefore, the use of melatonin to prevent and treat obese or diabetic patients
may be promising. However, further research is needed, such as the study of the dose-
response relationship of melatonin, to expand the use of melatonin in clinical practice,
prevention and treatment.

Author Contributions: Writing—original draft preparation, M.W.; writing—review and editing,
MW, YD, Z.W. and Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant
nos. 31972633, 31572476, 31272483) and National Natural Science Foundation of Beijing (grant no.
6172022, 6212018).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Min, ],; Zhao, Y;; Slivka, L.; Wang, Y. Double burden of diseases worldwide: Coexistence of undernutrition and overnutrition-
related non-communicable chronic diseases. Obes. Rev. 2018, 19, 49-61. [CrossRef]
2. Chooi, Y.C; Ding, C.; Magkos, F. The epidemiology of obesity. Metabolism 2019, 92, 6-10. [CrossRef]


http://doi.org/10.1111/obr.12605
http://doi.org/10.1016/j.metabol.2018.09.005

Int. . Mol. Sci. 2022, 23, 747 16 of 21

@

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

James, W.P.T. The epidemiology of obesity: The size of the problem. J. Intern. Med. 2008, 263, 336-352. [CrossRef]
Zukiewicz-Sobczak, W.; Wréblewska, P.; Zwoliriski, J.; Chmielewska-Badora, J.; Adamczuk, P.,; Krasowska, E.; Zagorski, J.;
Oniszczuk, A.; Piatek, J.; Silny, W. Obesity and poverty paradox in developed countries. Ann. Agric. Environ. Med. 2014, 21,
590-594. [CrossRef] [PubMed]

Wang, Y.; Xue, H.; Sun, M.; Zhu, X.; Zhao, L.; Yang, Y. Prevention and control of obesity in China. Lancet Glob. Health 2019, 7,
e1166—e1167. [CrossRef]

Gordon-Larsen, P.; Wang, H.; Popkin, B.M. Overweight dynamics in Chinese children and adults. Obes. Rev. 2014, 15 (Suppl. 1),
37-48. [CrossRef]

Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera, S.F,;
et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: A systematic
analysis for the Global Burden of Disease Study 2013. Lancet 2014, 384, 766-781. [CrossRef]

Szewczyk-Golec, K.; Wozniak, A.; Reiter, R.J. Inter-relationships of the chronobiotic, melatonin, with leptin and adiponectin:
Implications for obesity. Pineal Res. 2015, 59, 277-291. [CrossRef] [PubMed]

Meguid El Nahas, A.; Bello, A K. Chronic kidney disease: The global challenge. Lancet 2005, 365, 331-340. [CrossRef]

Li, PK.T.; Burdmann, E.A.; Mehta, R.L. Acute kidney injury: Global health alert. Transplantation 2013, 95, 653—-657. [CrossRef]
Chawla, L.S.; Eggers, PW.; Star, R.A.; Kimmel, P.L. Acute kidney injury and chronic kidney disease as interconnected syndromes.
N. Engl. |. Med. 2014, 371, 58-66. [CrossRef] [PubMed]

Yang, C.; Wang, H.; Zhao, X.; Matsushita, K.; Coresh, J.; Zhang, L.; Zhao, M.-H. CKD in China: Evolving spectrum and public
health implications. Am. J. Kidney Dis. 2020, 76, 258-264. [CrossRef] [PubMed]

Joshi, S.; McMacken, M.; Kalantar-Zadeh, K. Plant-based diets for kidney disease: A guide for clinicians. Am. J. Kidney Dis. 2021,
77,287-296. [CrossRef] [PubMed]

Preble, W. Obesity: Observations on one thousand cases. Boston Med. Surg. J. 1923, 188, 617-621. [CrossRef]

Hsu, C.-Y,; McCulloch, C.E,; Iribarren, C.; Darbinian, J.; Go, A.S. Body mass index and risk for end-stage renal disease. Ann.
Intern. Med. 2006, 144, 21-28. [CrossRef] [PubMed]

Alizadeh, S.; Esmaeili, H.; Alizadeh, M.; Daneshzad, E.; Sharifi, L.; Radfar, H.; Radaei, M.K. Metabolic phenotypes of obese,
overweight, and normal weight individuals and risk of chronic kidney disease: A systematic review and meta-analysis. Arch.
Endocrinol. Metab. 2019, 63, 427-437. [CrossRef] [PubMed]

Berthoux, F.; Mariat, C.; Maillard, N. Overweight/obesity revisited as a predictive risk factor in primary IgA nephropathy.
Nephrol. Dial. Transplant. 2013, 28 (Suppl. 4), iv160-iv166. [CrossRef]

Curran, S.P; Famure, O.; Li, Y.; Kim, S.J. Increased recipient body mass index is associated with acute rejection and other adverse
outcomes after kidney transplantation. Transplantation 2014, 97, 64-70. [CrossRef] [PubMed]

Gross, M.-L.; Amann, K,; Ritz, E. Nephron number and renal risk in hypertension and diabetes. J. Am. Soc. Nephrol. 2005, 16
(Suppl. 1), 527-529. [PubMed]

Tsuboi, N.; Koike, K.; Hirano, K.; Utsunomiya, Y.; Kawamura, T.; Hosoya, T. Clinical features and long-term renal outcomes of
Japanese patients with obesity-related glomerulopathy. Clin. Exp. Nephrol. 2013, 17, 379-385. [CrossRef]

Okabayashi, Y.; Tsuboi, N.; Sasaki, T.; Haruhara, K.; Kanzaki, G.; Koike, K.; Shimizu, A.; D"Agati, V.D.; Yokoo, T. Single-nephron
GEFR in patients with obesity-related glomerulopathy. Kidney Int. Rep. 2020, 5, 1218-1227. [CrossRef] [PubMed]

D’Agati, V.D.; Chagnac, A.; de Vries, A.PJ.; Levi, M,; Porrini, E.; Herman-Edelstein, M.; Praga, M. Obesity-related glomerulopathy:
Clinical and pathologic characteristics and pathogenesis. Nat. Rev. Nephrol. 2016, 12, 453-471. [CrossRef]

Okabayashi, Y.; Tsuboi, N.; Sasaki, T.; Haruhara, K.; Kanzaki, G.; Koike, K.; Miyazaki, Y.; Kawamura, T.; Ogura, M.; Yokoo, T.
Glomerulopathy associated with moderate obesity. Kidney Int. Rep. 2016, 1, 250-255. [CrossRef] [PubMed]

Levey, A.S.; Becker, C.; Inker, L.A. Glomerular filtration rate and albuminuria for detection and staging of acute and chronic
kidney disease in adults: A systematic review. JAMA 2015, 313, 837-846. [CrossRef] [PubMed]

Sun, Y; Ge, X.; Li, X;; He, J.; Wei, X.; Du, J.; Sun, J.; Li, X; Xun, Z.; Liu, W.; et al. High-fat diet promotes renal injury by inducing
oxidative stress and mitochondrial dysfunction. Cell Death Dis. 2020, 11, 914. [CrossRef] [PubMed]

Tobar, A.; Ori, Y.; Benchetrit, S.; Milo, G.; Herman-Edelstein, M.; Zingerman, B.; Lev, N.; Gafter, U.; Chagnac, A. Proximal tubular
hypertrophy and enlarged glomerular and proximal tubular urinary space in obese subjects with proteinuria. PLoS ONE 2013,
8, €75547. [CrossRef]

Zhang, L.; Long, |.; Jiang, W.; Shi, Y.; He, X.; Zhou, Z.; Li, Y,; Yeung, R.O.; Wang, ].; Matsushita, K.; et al. Trends in chronic kidney
disease in China. N. Engl. . Med. 2016, 375, 905-906. [CrossRef] [PubMed]

Kambham, N.; Markowitz, G.S.; Valeri, A.M.; Lin, J.; D’Agati, V.D. Obesity-related glomerulopathy: An emerging epidemic.
Kidney Int. 2001, 59, 1498-1509. [CrossRef]

Tsuboi, N.; Utsunomiya, Y.; Kanzaki, G.; Koike, K.; Ikegami, M.; Kawamura, T.; Hosoya, T. Low glomerular density with
glomerulomegaly in obesity-related glomerulopathy. Clin. J. Am. Soc. Nephrol. 2012, 7, 735-741. [CrossRef]

Chen, H.-M,; Liu, Z.-H.; Zeng, C.-H.; Li, S.-].; Wang, Q.-W.; Li, L.-S. Podocyte lesions in patients with obesity-related glomeru-
lopathy. Am. J. Kidney Dis. 2006, 48, 772-779. [CrossRef]

Hodgin, ].B.; Bitzer, M.; Wickman, L.; Afshinnia, F; Wang, S.Q.; O’Connor, C.; Yang, Y.; Meadowbrooke, C.; Chowdhury, M;
Kikuchi, M.; et al. Glomerular aging and focal global glomerulosclerosis: A podometric perspective. J. Am. Soc. Nephrol. 2015, 26,
3162-3178. [CrossRef]


http://doi.org/10.1111/j.1365-2796.2008.01922.x
http://doi.org/10.5604/12321966.1120608
http://www.ncbi.nlm.nih.gov/pubmed/25292135
http://doi.org/10.1016/S2214-109X(19)30276-1
http://doi.org/10.1111/obr.12121
http://doi.org/10.1016/S0140-6736(14)60460-8
http://doi.org/10.1111/jpi.12257
http://www.ncbi.nlm.nih.gov/pubmed/26103557
http://doi.org/10.1016/S0140-6736(05)17789-7
http://doi.org/10.1097/TP.0b013e31828848bc
http://doi.org/10.1056/NEJMra1214243
http://www.ncbi.nlm.nih.gov/pubmed/24988558
http://doi.org/10.1053/j.ajkd.2019.05.032
http://www.ncbi.nlm.nih.gov/pubmed/31492486
http://doi.org/10.1053/j.ajkd.2020.10.003
http://www.ncbi.nlm.nih.gov/pubmed/33075387
http://doi.org/10.1056/NEJM192304261881701
http://doi.org/10.7326/0003-4819-144-1-200601030-00006
http://www.ncbi.nlm.nih.gov/pubmed/16389251
http://doi.org/10.20945/2359-3997000000149
http://www.ncbi.nlm.nih.gov/pubmed/31365625
http://doi.org/10.1093/ndt/gft286
http://doi.org/10.1097/TP.0b013e3182a688a4
http://www.ncbi.nlm.nih.gov/pubmed/24056619
http://www.ncbi.nlm.nih.gov/pubmed/15938029
http://doi.org/10.1007/s10157-012-0719-y
http://doi.org/10.1016/j.ekir.2020.05.013
http://www.ncbi.nlm.nih.gov/pubmed/32775821
http://doi.org/10.1038/nrneph.2016.75
http://doi.org/10.1016/j.ekir.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/29142929
http://doi.org/10.1001/jama.2015.0602
http://www.ncbi.nlm.nih.gov/pubmed/25710660
http://doi.org/10.1038/s41419-020-03122-4
http://www.ncbi.nlm.nih.gov/pubmed/33099578
http://doi.org/10.1371/journal.pone.0075547
http://doi.org/10.1056/NEJMc1602469
http://www.ncbi.nlm.nih.gov/pubmed/27579659
http://doi.org/10.1046/j.1523-1755.2001.0590041498.x
http://doi.org/10.2215/CJN.07270711
http://doi.org/10.1053/j.ajkd.2006.07.025
http://doi.org/10.1681/ASN.2014080752

Int. . Mol. Sci. 2022, 23, 747 17 of 21

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chen, H.-M,; Li, S.-].; Chen, H.-P.,; Wang, Q.-W.; Li, L.-S.; Liu, Z.-H. Obesity-related glomerulopathy in China: A case series of 90
patients. Am. J. Kidney Dis. 2008, 52, 58—65. [CrossRef]

Vallon, V.; Thomson, S.C. Renal function in diabetic disease models: The tubular system in the pathophysiology of the diabetic
kidney. Annu. Rev. Physiol. 2012, 74, 351-375. [CrossRef] [PubMed]

Decléves, A.-E.; Zolkipli, Z.; Satriano, J.; Wang, L.; Nakayam, T.; Rogac, M.; Le, T.P,; Nortier, J.L.; Farquhar, M.G.; Naviaux, R.K,;
et al. Regulation of lipid accumulation by AMK-activated kinase in high fat diet-induced kidney injury. Kidney Int. 2014, 85,
611-623. [CrossRef] [PubMed]

Liu, D.J.X,; Stock, E.; Broeckx, B.J.G.; Daminet, S.; Meyer, E.; Delanghe, J.R.; Croubels, S.; Devreese, M.; Nguyen, P;
Bogaerts, E.; et al. Weight-gain induced changes in renal perfusion assessed by contrast-enhanced ultrasound precede increases
in urinary protein excretion suggestive of glomerular and tubular injury and normalize after weight-loss in dogs. PLoS ONE 2020,
15, €0231662.

Qiao, Y.-F,; Guo, W.-]; Li, L; Shao, S.; Qiao, X.; Shao, ].-].; Zhang, Q.; Li, R.-S.; Wang, L.-H. Melatonin attenuates hypertension-
induced renal injury partially through inhibiting oxidative stress in rats. Mol. Med. Rep. 2016, 13, 21-26. [CrossRef]

Nespouy, J.; Vallon, V. SGLT2 inhibition and kidney protection. Clin. Sci. 2018, 132, 1329-1339. [CrossRef]

Novikov, A.; Vallon, V. Sodium glucose cotransporter 2 inhibition in the diabetic kidney: An update. Curr. Opin. Nephrol.
Hypertens. 2016, 25, 50-58. [CrossRef]

Alicic, R.Z.; Johnson, E J.; Tuttle, KR. SGLT2 Inhibition for the Prevention and Treatment of Diabetic Kidney Disease: A Review.
Am. ]. Kidney Dis. 2018, 72, 267-277. [CrossRef] [PubMed]

Jung, U.J.; Choi, M.-S. Obesity and its metabolic complications: The role of adipokines and the relationship between obesity,
inflammation, insulin resistance, dyslipidemia and nonalcoholic fatty liver disease. Int. J. Mol. Sci. 2014, 15, 6184-6223. [CrossRef]
[PubMed]

Fantuzzi, G. Adipose tissue, adipokines, and inflammation. J. Allergy Clin. Immunol. Pract. 2005, 115, 911-919. [CrossRef]
Villarroya, E; Cereijo, R.; Gavalda-Navarro, A ; Villarroya, J.; Giralt, M. Inflammation of brown/beige adipose tissues in obesity
and metabolic disease. J. Intern. Med. 2018, 284, 492-504. [CrossRef]

Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev. Immunol. 2011, 11,
85-97. [CrossRef]

Reilly, S.M.; Saltiel, A.R. Adapting to obesity with adipose tissue inflammation. Nat. Rev. Endocrinol. 2017, 13, 633-643. [CrossRef]
Chen, S.; Zhou, S.; Wu, B.; Zhao, Y,; Liu, X,; Liang, Y.; Shao, X.; Holthdfer, H.; Zou, H. Association between metabolically unhealthy
overweight/obesity and chronic kidney disease: The role of inflammation. Diabetes Metab. 2014, 40, 423-430. [CrossRef]
Rashed, L.A.; Elattar, S.; Eltablawy, N.; Ashour, H.; Mahmoud, L.M.; El-Esawy, Y. Mesenchymal stem cells pretreated with
melatonin ameliorate kidney functions in a rat model of diabetic nephropathy. Biochem. Cell Biol. 2018, 96, 564-571. [CrossRef]
Rister, C.; Wolf, G. Adipokines promote chronic kidney disease. Nephrol. Dial. Transplant. 2013, 28 (Suppl. 4), iv8-iv14. [CrossRef]
[PubMed]

Miyamoto, T.; Carrero, J.J.; Stenvinkel, P. Inflammation as a risk factor and target for therapy in chronic kidney disease. Curr.
Opin. Nephrol. Hypertens. 2011, 20, 662-668. [CrossRef] [PubMed]

Navaneethan, S.D.; Kirwan, J.P.; Remer, EM.; Schneider, E.; Addeman, B.; Arrigain, S.; Horwitz, E.; Fink, ]J.C.; Lash, J.P;
McKenzie, C.A ; et al. Adiposity, physical function, and their associations with insulin resistance, inflammation, and adipokines
in CKD. Am. | Kidney Dis. 2021, 77, 44-55. [CrossRef] [PubMed]

Amdur, R.L,; Feldman, H.I; Gupta, J.; Yang, W.; Kanetsky, P.; Shlipak, M.; Rahman, M.; Lash, J.P; Townsend, RR; Ojo, A,; et al.
Inflammation and progression of CKD: The CRIC study. Clin. J. Am. Soc. Nephrol. 2016, 11, 1546-1556. [CrossRef] [PubMed]
Rubin-Kelley, V.E.; Jevnikar, A.M. Antigen presentation by renal tubular epithelial cells. J. Am. Soc. Nephrol. 1991, 2, 13-26.
[CrossRef]

Decleves, A.-E.; Mathew, A.V,; Cunard, R.; Sharma, K. AMPK mediates the initiation of kidney disease induced by a high-fat diet.
J. Am. Soc. Nephrol. 2011, 22, 1846-1855. [CrossRef]

Pruijm, M.; Ponte, B.; Vollenweider, P.; Mooser, V.; Paccaud, F.; Waeber, G.; Marques-Vidal, P.; Burnier, M.; Bochud, M. Not all
inflammatory markers are linked to kidney function: Results from a population-based study. Am. J. Nephrol. 2012, 35, 288-294.
[CrossRef]

Wang, H.; Li, J.; Gai, Z.; Kullak-Ublick, G.A.; Liu, Z. TNF-« Deficiency prevents renal inflammation and oxidative stress in obese
mice. Kidney Blood Press. Res. 2017, 42, 416-427. [CrossRef]

Wen, Y; Lu, X,; Ren, J.; Privratsky, ] R.; Yang, B.; Rudemiller, N.P.,; Zhang, J.; Griffiths, R.; Jain, M.K.; Nedospasov, S.A.; et al. KLF4
in macrophages attenuates tnf-mediated kidney injury and fibrosis. J. Am. Soc. Nephrol. 2019, 30, 1925-1938. [CrossRef]
Therrien, FJ.; Agharazii, M.; Lebel, M.; Lariviere, R. Neutralization of tumor necrosis factor-alpha reduces renal fibrosis and
hypertension in rats with renal failure. Am. J. Nephrol. 2012, 36, 151-161. [CrossRef]

Eo, H.; Park, ].E.; Jeon, Y.-J.; Lim, Y. Ameliorative effect of ecklonia cava polyphenol extract on renal inflammation associated with
aberrant energy metabolism and oxidative stress in high fat diet-induced obese mice. J. Agric. Food Chem. 2017, 65, 3811-3818.
[CrossRef]

Kizer, J.R. Adiponectin, cardiovascular disease, and mortality: Parsing the dual prognostic implications of a complex adipokine.
Metabolism 2014, 63, 1079-1083. [CrossRef] [PubMed]


http://doi.org/10.1053/j.ajkd.2008.02.303
http://doi.org/10.1146/annurev-physiol-020911-153333
http://www.ncbi.nlm.nih.gov/pubmed/22335797
http://doi.org/10.1038/ki.2013.462
http://www.ncbi.nlm.nih.gov/pubmed/24304883
http://doi.org/10.3892/mmr.2015.4495
http://doi.org/10.1042/CS20171298
http://doi.org/10.1097/MNH.0000000000000187
http://doi.org/10.1053/j.ajkd.2018.03.022
http://www.ncbi.nlm.nih.gov/pubmed/29866460
http://doi.org/10.3390/ijms15046184
http://www.ncbi.nlm.nih.gov/pubmed/24733068
http://doi.org/10.1016/j.jaci.2005.02.023
http://doi.org/10.1111/joim.12803
http://doi.org/10.1038/nri2921
http://doi.org/10.1038/nrendo.2017.90
http://doi.org/10.1016/j.diabet.2014.08.005
http://doi.org/10.1139/bcb-2017-0230
http://doi.org/10.1093/ndt/gft191
http://www.ncbi.nlm.nih.gov/pubmed/24179016
http://doi.org/10.1097/MNH.0b013e32834ad504
http://www.ncbi.nlm.nih.gov/pubmed/21825982
http://doi.org/10.1053/j.ajkd.2020.05.028
http://www.ncbi.nlm.nih.gov/pubmed/32798563
http://doi.org/10.2215/CJN.13121215
http://www.ncbi.nlm.nih.gov/pubmed/27340285
http://doi.org/10.1681/ASN.V2113
http://doi.org/10.1681/ASN.2011010026
http://doi.org/10.1159/000335934
http://doi.org/10.1159/000478869
http://doi.org/10.1681/ASN.2019020111
http://doi.org/10.1159/000340033
http://doi.org/10.1021/acs.jafc.7b00357
http://doi.org/10.1016/j.metabol.2014.06.011
http://www.ncbi.nlm.nih.gov/pubmed/25038728

Int. . Mol. Sci. 2022, 23, 747 18 of 21

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Matsubara, T.; Mita, A.; Minami, K.; Hosooka, T.; Kitazawa, S.; Takahashi, K.; Tamori, Y.; Yokoi, N.; Watanabe, M.; Matsuo, E.-L,;
et al. PGRN is a key adipokine mediating high fat diet-induced insulin resistance and obesity through IL-6 in adipose tissue. Cell
Metab. 2012, 15, 38-50. [CrossRef] [PubMed]

Song, S.H.; Oh, T.R,; Choi, H.S.; Kim, C.S.; Ma, S.K.; Oh, KH.; Ahn, C.; Kim, SSW.; Bae, E.H. High serum adiponectin as a
biomarker of renal dysfunction: Results from the KNOW-CKD study. Sci. Rep. 2020, 10, 5598. [CrossRef]

Kim-Mitsuyama, S.; Soejima, H.; Yasuda, O.; Node, K; Jinnouchi, H.; Yamamoto, E.; Sekigami, T.; Ogawa, H.; Matsui, K. Total
adiponectin is associated with incident cardiovascular and renal events in treated hypertensive patients: Subanalysis of the
ATTEMPT-CVD randomized trial. Sci. Rep. 2019, 9, 16589. [CrossRef] [PubMed]

Jia, T; Carrero, ].].; Lindholm, B.; Stenvinkel, P. The complex role of adiponectin in chronic kidney disease. Biochimie 2012, 94,
2150-2156. [CrossRef] [PubMed]

Kim, Y.; Park, C.W. Mechanisms of adiponectin action: Implication of adiponectin receptor agonism in diabetic kidney disease.
Int. J. Mol. Sci. 2019, 20, 1782. [CrossRef] [PubMed]

La Russa, D.; Marrone, A.; Mandala, M.; Macirella, R.; Pellegrino, D. Antioxidant/anti-inflammatory effects of caloric restriction
in an aged and obese rat model: The role of adiponectin. Biomedicines 2020, 8, 532. [CrossRef]

Mao, X.; Kikani, C.K,; Riojas, R.A.; Langlais, P.; Wang, L.; Ramos, EJ.; Fang, Q.; Christ-Roberts, C.Y.; Hong, ].Y.; Kim, R.-Y,;
et al. APPL1 binds to adiponectin receptors and mediates adiponectin signalling and function. Nat. Cell Biol. 2006, 8, 516-523.
[CrossRef]

Kersten, S. Integrated physiology and systems biology of PPARx. Mol. Metab. 2014, 3, 354-371. [CrossRef]

Pessoa, E.D.A.; Convento, M.B.; Castino, B.; Leme, A.M.; de Oliveira, A.S.; Aragao, A.; Fernandes, S.M.; Carbonel, A.; Dezoti, C,;
Vattimo, M.D.F,; et al. Beneficial effects of isoflavones in the kidney of obese rats are mediated by PPAR-gamma expression.
Nutrients 2020, 12, 1624. [CrossRef]

Decleves, A.-E.; Sharma, K. Obesity and kidney disease: Differential effects of obesity on adipose tissue and kidney inflammation
and fibrosis. Curr. Opin. Nephrol. Hypertens. 2015, 24, 28-36. [CrossRef]

Roberts-Toler, C.; O’Neill, B.T.; Cypess, A.M. Diet-induced obesity causes insulin resistance in mouse brown adipose tissue.
Obesity 2015, 23, 1765-1770. [CrossRef]

Céamara, N.O.S,; Iseki, K.; Kramer, H.; Liu, Z.-H.; Sharma, K. Kidney disease and obesity: Epidemiology, mechanisms and
treatment. Nat. Rev. Nephrol. 2017, 13, 181-190. [CrossRef]

McArdle, M.A; Finucane, O.M.; Connaughton, R.M.; McMorrow, A.M.; Roche, H.M. Mechanisms of obesity-induced inflamma-
tion and insulin resistance: Insights into the emerging role of nutritional strategies. Front. Endocrinol. 2013, 4, 52. [CrossRef]
Ahmad, I; Zelnick, L.R.; Robinson, N.R.; Hung, A.M.; Kestenbaum, B.; Utzschneider, K.M.; Kahn, S.E.; de Boer, I.H. Chronic
kidney disease and obesity bias surrogate estimates of insulin sensitivity compared with the hyperinsulinemic euglycemic clamp.
Am. ]. Physiol. Metab. 2017, 312, E175-E182. [CrossRef]

De Boer, LH.; Zelnick, L.; Afkarian, M.; Ayers, E.; Curtin, L.; Himmelfarb, J.; Ikizler, T.A.; Kahn, S.E.; Kestenbaum, B.;
Utzschneider, K. Impaired glucose and insulin homeostasis in moderate-severe CKD. J. Am. Soc. Nephrol. 2016, 27, 2861-2871.
[CrossRef] [PubMed]

Du, H.; Wang, Q.; Yang, X. Fu brick tea alleviates chronic kidney disease of rats with high fat diet consumption through
attenuating insulin resistance in skeletal muscle. J. Agric. Food Chem. 2019, 67, 2839-2847. [CrossRef]

Hall, J.E.; do Carmo, ].M.; da Silva, A.A.; Wang, Z.; Hall, M.E. Obesity-induced hypertension: Interaction of neurohumoral and
renal mechanisms. Circ. Res. 2015, 116, 991-1006. [CrossRef] [PubMed]

Tain, Y.-L.; Lin, Y.-J.; Sheen, J.-M.; Yu, H.-R.; Tiao, M.-M.; Chen, C.-C.; Tsai, C.-C.; Huang, L.-T.; Hsu, C.-N. High Fat diets
sex-specifically affect the renal transcriptome and program obesity, kidney injury, and hypertension in the offspring. Nutrients
2017, 9, 357. [CrossRef]

Ohashi, N.; Ishigaki, S.; Isobe, S. The pivotal role of melatonin in ameliorating chronic kidney disease by suppression of the
renin-angiotensin system in the kidney. Hypertens. Res. 2019, 42, 761-768. [CrossRef] [PubMed]

Passos-Silva, D.G.; Brandan, E.; Santos, R.A.S. Angiotensins as therapeutic targets beyond heart disease. Trends Pharmacol. Sci.
2015, 36, 310-320. [CrossRef]

Cole, B.K; Keller, S.R.; Wu, R.; Carter, ].D.; Nadler, ].L.; Nunemaker, C.S. Valsartan protects pancreatic islets and adipose tissue
from the inflammatory and metabolic consequences of a high-fat diet in mice. Hypertension 2010, 55, 715-721. [CrossRef]

Ma, L.-J,; Corsa, B.A.; Zhou, ].; Yang, H.; Li, H.; Tang, Y.-W.; Babaev, V.R.; Major, A.S.; Linton, M.E,; Fazio, S.; et al. Angiotensin type
1 receptor modulates macrophage polarization and renal injury in obesity. Am. J. Physiol. Renal Physiol. 2011, 300, F1203-F1213.
[CrossRef] [PubMed]

Miao, J.; Liu, J.; Niu, J.; Zhang, Y.; Shen, W.; Luo, C.; Liu, Y,; Li, C,; Li, H.; Yang, P; et al. Wnt/3-catenin/RAS signaling mediates
age-related renal fibrosis and is associated with mitochondrial dysfunction. Aging Cell. 2019, 18, €13004. [CrossRef] [PubMed]
Lelis, D.d.E; Freitas, D.F.d.; Machado, A.S.; Crespo, T.S.; Santos, S.H.S. Angiotensin-(1-7), adipokines and inflammation.
Metabolism 2019, 95, 36-45. [CrossRef] [PubMed]

Fu, Y; Hall, J.E;; Lu, D,; Lin, L.; Manning, R.D.; Cheng, L.; Gomez-Sanchez, C.E; Juncos, L.A.; Liu, R. Aldosterone blunts
tubuloglomerular feedback by activating macula densa mineralocorticoid receptors. Hypertension 2012, 59, 599-606. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.cmet.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22225875
http://doi.org/10.1038/s41598-020-62465-2
http://doi.org/10.1038/s41598-019-52977-x
http://www.ncbi.nlm.nih.gov/pubmed/31719604
http://doi.org/10.1016/j.biochi.2012.02.024
http://www.ncbi.nlm.nih.gov/pubmed/22980197
http://doi.org/10.3390/ijms20071782
http://www.ncbi.nlm.nih.gov/pubmed/30974901
http://doi.org/10.3390/biomedicines8120532
http://doi.org/10.1038/ncb1404
http://doi.org/10.1016/j.molmet.2014.02.002
http://doi.org/10.3390/nu12061624
http://doi.org/10.1097/MNH.0000000000000087
http://doi.org/10.1002/oby.21134
http://doi.org/10.1038/nrneph.2016.191
http://doi.org/10.3389/fendo.2013.00052
http://doi.org/10.1152/ajpendo.00394.2016
http://doi.org/10.1681/ASN.2015070756
http://www.ncbi.nlm.nih.gov/pubmed/26823551
http://doi.org/10.1021/acs.jafc.8b06927
http://doi.org/10.1161/CIRCRESAHA.116.305697
http://www.ncbi.nlm.nih.gov/pubmed/25767285
http://doi.org/10.3390/nu9040357
http://doi.org/10.1038/s41440-018-0186-2
http://www.ncbi.nlm.nih.gov/pubmed/30610209
http://doi.org/10.1016/j.tips.2015.03.001
http://doi.org/10.1161/HYPERTENSIONAHA.109.148049
http://doi.org/10.1152/ajprenal.00468.2010
http://www.ncbi.nlm.nih.gov/pubmed/21367915
http://doi.org/10.1111/acel.13004
http://www.ncbi.nlm.nih.gov/pubmed/31318148
http://doi.org/10.1016/j.metabol.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30905634
http://doi.org/10.1161/HYPERTENSIONAHA.111.173195
http://www.ncbi.nlm.nih.gov/pubmed/22311906

Int. . Mol. Sci. 2022, 23, 747 19 of 21

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Fujita, T. Mechanism of salt-sensitive hypertension: Focus on adrenal and sympathetic nervous systems. J. Am. Soc. Nephrol. 2014,
25,1148-1155. [CrossRef] [PubMed]

Brown, N.J. Contribution of aldosterone to cardiovascular and renal inflammation and fibrosis. Nat. Rev. Nephrol. 2013, 9, 459-469.
[CrossRef] [PubMed]

Liao, W.-H.; Suendermann, C.; Steuer, A.E.; Pacheco Lopez, G.; Odermatt, A.; Faresse, N.; Henneberg, M.; Langhans, W.
Aldosterone deficiency in mice burdens respiration and accentuates diet-induced hyperinsulinemia and obesity. JCI Insight 2018,
3, 3. [CrossRef]

Nishi, H.; Higashihara, T.; Inagi, R. Lipotoxicity in kidney, heart, and skeletal muscle dysfunction. Nutrients 2019, 11, 1664.
[CrossRef]

Adeosun, S.0.; Gordon, D.M.; Weeks, M.E; Moore, K.H.; Hall, ] .E.; Hinds, T.D.; Stec, D.E. Loss of biliverdin reductase-A promotes
lipid accumulation and lipotoxicity in mouse proximal tubule cells. Am. J. Physiol. Renal Physiol. 2018, 315, F323-F331. [CrossRef]
[PubMed]

Weinberg, ].M. Lipotoxicity. Kidney Int. 2006, 70, 1560-1566. [CrossRef]

Katsoulieris, E.; Mabley, ].G.; Samai, M.; Sharpe, M.A.; Green, 1.C.; Chatterjee, P.K. Lipotoxicity in renal proximal tubular cells:
Relationship between endoplasmic reticulum stress and oxidative stress pathways. Free Radic. Biol. Med. 2010, 48, 1654-1662.
[CrossRef] [PubMed]

Bobulescu, I.A. Renal lipid metabolism and lipotoxicity. Curr. Opin. Nephrol. Hypertens. 2010, 19, 393-402. [CrossRef] [PubMed]
Choi, S.R; Lim, ] H.; Kim, M.Y,; Kim, E.N.; Kim, Y.; Choi, B.S.; Kim, Y.-S.; Kim, HW.; Lim, K.-M.; Kim, M.]; et al. Adiponectin
receptor agonist AdipoRon decreased ceramide, and lipotoxicity, and ameliorated diabetic nephropathy. Metabolism 2018, 85,
348-360. [CrossRef]

Zhu, Q.; Scherer, PE. Immunologic and endocrine functions of adipose tissue: Implications for kidney disease. Nat. Rev. Nephrol.
2018, 14, 105-120. [CrossRef] [PubMed]

Chen, Y.; Varghese, Z.; Ruan, X.Z. The molecular pathogenic role of inflammatory stress in dysregulation of lipid homeostasis
and hepatic steatosis. Genes Dis. 2014, 1, 106-112. [CrossRef]

Kang, HM.; Ahn, S.H.; Choi, P;; Ko, Y.-A,; Han, S.H.; Chinga, F,; Park, A.S.D.; Tao, J.; Sharma, K.; Pullman, J.; et al. Defective fatty
acid oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development. Nat. Med. 2015, 21, 37-46. [CrossRef]
Yokoi, H.; Yanagita, M. Targeting the fatty acid transport protein CD36, a class B scavenger receptor, in the treatment of renal
disease. Kidney Int. 2016, 89, 740-742. [CrossRef] [PubMed]

Yang, P,; Xiao, Y.; Luo, X.; Zhao, Y.; Zhao, L.; Wang, Y.; Wu, T.; Wei, L.; Chen, Y. Inflammatory stress promotes the development of
obesity-related chronic kidney disease via CD36 in mice. |. Lipid Res. 2017, 58, 1417-1427. [CrossRef] [PubMed]

Rosca, M.G.; Vazquez, E.J.; Chen, Q.; Kerner, J.; Kern, T.S.; Hoppel, C.L. Oxidation of fatty acids is the source of increased
mitochondrial reactive oxygen species production in kidney cortical tubules in early diabetes. Diabetes 2012, 61, 2074-2083.
[CrossRef] [PubMed]

Giacco, E; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058-1070. [CrossRef] [PubMed]
Gonzalez, E.; Gutiérrez, E.; Morales, E.; Hernandez, E.; Andres, A.; Bello, I.; Diaz-Gonzalez, R.; Leiva, O.; Praga, M. Factors
influencing the progression of renal damage in patients with unilateral renal agenesis and remnant kidney. Kidney Int. 2005, 68,
263-270. [CrossRef] [PubMed]

Mallamaci, F; Ruggenenti, P; Perna, A.; Leonardis, D.; Tripepi, R.; Tripepi, G.; Remuzzi, G.; Zoccali, C. ACE inhibition is
renoprotective among obese patients with proteinuria. J. Am. Soc. Nephrol. 2011, 22, 1122-1128. [CrossRef] [PubMed]

Li, H.; Li, M,; Liu, P; Wang, Y.; Zhang, H.; Li, H.; Yang, S.; Song, Y.; Yin, Y.; Gao, L.; et al. Telmisartan ameliorates nephropathy
in metabolic syndrome by reducing leptin release from perirenal adipose tissue. Hypertension 2016, 68, 478-490. [CrossRef]
[PubMed]

Bomback, A.S.; Muskala, P; Bald, E.; Chwatko, G.; Nowicki, M. Low-dose spironolactone, added to long-term ACE inhibitor
therapy, reduces blood pressure and urinary albumin excretion in obese patients with hypertensive target organ damage. Clin.
Nephrol. 2009, 72, 449-456. [CrossRef]

Strojek, K.; Yoon, K.H.; Hruba, V.; Elze, M.; Langkilde, A.M.; Parikh, S. Effect of dapagliflozin in patients with type 2 diabetes who
have inadequate glycaemic control with glimepiride: A randomized, 24-week, double-blind, placebo-controlled trial. Diabetes
Obes. Metab. 2011, 13, 928-938. [CrossRef] [PubMed]

Johnston, J.D.; Skene, D.J. 60 years of neuroendocrinology: Regulation of mammalian neuroendocrine physiology and rhythms
by melatonin. J. Endocrinol. 2015, 226, T187-T198. [CrossRef] [PubMed]

Ishigaki, S.; Ohashi, N.; Matsuyama, T.; Isobe, S.; Tsuji, N.; Iwakura, T.; Fujikura, T.; Tsuji, T.; Kato, A.; Miyajima, H.; et al.
Melatonin ameliorates intrarenal renin-angiotensin system in a 5/6 nephrectomy rat model. Clin. Exp. Nephrol. 2018, 22, 539-549.
[CrossRef] [PubMed]

Ozbek, E.; Ilbey, Y.O.; Ozbek, M.; Simsek, A.; Cekmen, M.; Somay, A. Melatonin attenuates unilateral ureteral obstruction-induced
renal injury by reducing oxidative stress, iNOS, MAPK, and NF-kB expression. J. Endourol. 2009, 23, 1165-1173. [CrossRef]
Hussein, M.R.; Ahmed, O.G.; Hassan, A.F.; Ahmed, M.A. Intake of melatonin is associated with amelioration of physiological
changes, both metabolic and morphological pathologies associated with obesity: An animal model. Int. ]. Exp. Pathol. 2007, 88,
19-29. [CrossRef] [PubMed]


http://doi.org/10.1681/ASN.2013121258
http://www.ncbi.nlm.nih.gov/pubmed/24578129
http://doi.org/10.1038/nrneph.2013.110
http://www.ncbi.nlm.nih.gov/pubmed/23774812
http://doi.org/10.1172/jci.insight.99015
http://doi.org/10.3390/nu11071664
http://doi.org/10.1152/ajprenal.00495.2017
http://www.ncbi.nlm.nih.gov/pubmed/29631357
http://doi.org/10.1038/sj.ki.5001834
http://doi.org/10.1016/j.freeradbiomed.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20363316
http://doi.org/10.1097/MNH.0b013e32833aa4ac
http://www.ncbi.nlm.nih.gov/pubmed/20489613
http://doi.org/10.1016/j.metabol.2018.02.004
http://doi.org/10.1038/nrneph.2017.157
http://www.ncbi.nlm.nih.gov/pubmed/29199276
http://doi.org/10.1016/j.gendis.2014.07.007
http://doi.org/10.1038/nm.3762
http://doi.org/10.1016/j.kint.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26994570
http://doi.org/10.1194/jlr.M076216
http://www.ncbi.nlm.nih.gov/pubmed/28536108
http://doi.org/10.2337/db11-1437
http://www.ncbi.nlm.nih.gov/pubmed/22586586
http://doi.org/10.1161/CIRCRESAHA.110.223545
http://www.ncbi.nlm.nih.gov/pubmed/21030723
http://doi.org/10.1111/j.1523-1755.2005.00401.x
http://www.ncbi.nlm.nih.gov/pubmed/15954916
http://doi.org/10.1681/ASN.2010090969
http://www.ncbi.nlm.nih.gov/pubmed/21527660
http://doi.org/10.1161/HYPERTENSIONAHA.116.07008
http://www.ncbi.nlm.nih.gov/pubmed/27296996
http://doi.org/10.5414/CNP72449
http://doi.org/10.1111/j.1463-1326.2011.01434.x
http://www.ncbi.nlm.nih.gov/pubmed/21672123
http://doi.org/10.1530/JOE-15-0119
http://www.ncbi.nlm.nih.gov/pubmed/26101375
http://doi.org/10.1007/s10157-017-1505-7
http://www.ncbi.nlm.nih.gov/pubmed/29159527
http://doi.org/10.1089/end.2009.0035
http://doi.org/10.1111/j.1365-2613.2006.00512.x
http://www.ncbi.nlm.nih.gov/pubmed/17244335

Int. . Mol. Sci. 2022, 23, 747 20 of 21

109.

110.

111.

112.

113.
114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Ersahin, M.; Sehirli, O.; Toklu, H.Z.; Stileymanoglu, S.; Emekli-Alturfan, E.; Yarat, A.; Tatlidede, E.; Yegen, B.C.; Sener, G.
Melatonin improves cardiovascular function and ameliorates renal, cardiac and cerebral damage in rats with renovascular
hypertension. J. Pineal Res. 2009, 47, 97-106. [CrossRef] [PubMed]

Winiarska, K.; Focht, D.; Sierakowski, B.; Lewandowski, K.; Orlowska, M.; Usarek, M. NADPH oxidase inhibitor, apocynin,
improves renal glutathione status in Zucker diabetic fatty rats: A comparison with melatonin. Chem. Biol. Interact. 2014, 218,
12-19. [CrossRef]

La Russa, D.; Giordano, F; Marrone, A.; Parafati, M.; Janda, E.; Pellegrino, D. Oxidative Imbalance and kidney damage in cafeteria
diet-induced rat model of metabolic syndrome: Effect of bergamot polyphenolic fraction. Antioxidants 2019, 8, 66. [CrossRef]
[PubMed]

Sikorska, D.; Grzymislawska, M.; Roszak, M.; Gulbicka, P.; Korybalska, K.; Witowski, J. Simple obesity and renal function. J.
Physiol. Pharmacol. 2017, 68, 175-180.

Tsuboi, N.; Okabayashi, Y.; Shimizu, A.; Yokoo, T. The Renal Pathology of Obesity. Kidney Int. Rep. 2017, 2, 251-260. [CrossRef]
Remuzzi, G.; Ruggenenti, P.; Perico, N. Chronic renal diseases: Renoprotective benefits of renin-angiotensin system inhibition.
Ann. Intern. Med. 2002, 136, 604-615. [CrossRef] [PubMed]

Garg, R.; Adler, G.K. Aldosterone and the mineralocorticoid receptor: Risk factors for cardiometabolic disorders. Curr. Hypertens.
Rep. 2015, 17, 52. [CrossRef]

Praga, M.; Morales, E. The fatty kidney: Obesity and renal disease. Nephron 2017, 136, 273-276. [CrossRef] [PubMed]
Jaikumkao, K.; Pongchaidecha, A.; Chatsudthipong, V.; Chattipakorn, S.C.; Chattipakorn, N.; Lungkaphin, A. The roles of
sodium-glucose cotransporter 2 inhibitors in preventing kidney injury in diabetes. Biomed. Pharmacother. 2017, 94, 176-187.
[CrossRef] [PubMed]

Vallon, V.; Thomson, S.C. Targeting renal glucose reabsorption to treat hyperglycaemia: The pleiotropic effects of SGLT2 inhibition.
Diabetologia 2017, 60, 215-225. [CrossRef]

Eleftheriadis, T.; Pissas, G.; Tsogka, K.; Nikolaou, E.; Liakopoulos, V.; Stefanidis, I. A unifying model of glucotoxicity in human
renal proximal tubular epithelial cells and the effect of the SGLT2 inhibitor dapagliflozin. Int. Urol. Nephrol. 2020, 52, 1179-1189.
[CrossRef] [PubMed]

Kohan, D.E.; Fioretto, P.; Tang, W.,; List, ].F. Long-term study of patients with type 2 diabetes and moderate renal impairment
shows that dapagliflozin reduces weight and blood pressure but does not improve glycemic control. Kidney Int. 2014, 85, 962-971.
[CrossRef]

Vallon, V.; Gerasimova, M.; Rose, M.A.; Masuda, T.; Satriano, J.; Mayoux, E.; Koepsell, H.; Thomson, S.C.; Rieg, T. SGLT2 inhibitor
empagliflozin reduces renal growth and albuminuria in proportion to hyperglycemia and prevents glomerular hyperfiltration in
diabetic Akita mice. Am. J. Physiol. Physiol. 2014, 306, F194-F204. [CrossRef]

Wang, X.X,; Levi, ].; Luo, Y.; Myakala, K.; Herman-Edelstein, M.; Qiu, L.; Wang, D.; Peng, Y.; Grenz, A.; Lucia, S.; et al. SGLT2
protein expression is increased in human diabetic nephropathy: SGLT2 protein inhibition decreases renal lipid accumulation,
inflammation, and the development of nephropathy in diabetic mice. J. Biol. Chem. 2017, 292, 5335-5348. [CrossRef]

Heerspink, H.].L.; Perkins, B.A.; Fitchett, D.H.; Husain, M.; Cherney, D.Z.I. Sodium glucose cotransporter 2 inhibitors in the
treatment of diabetes mellitus: Cardiovascular and kidney effects, potential mechanisms, and clinical applications. Circulation
2016, 134, 752-772. [CrossRef]

Zingerman, B.; Herman-Edelstein, M.; Erman, A.; Bar Sheshet Itach, S.; Ori, Y.; Rozen-Zvi, B.; Gafter, U.; Chagnac, A. Effect
of acetazolamide on obesity-induced glomerular hyperfiltration: A randomized controlled trial. PLoS ONE 2015, 10, e0137163.
[CrossRef]

Xia, Y,; Chen, S.; Zeng, S.; Zhao, Y.; Zhu, C.; Deng, B.; Zhu, G.; Yin, Y.; Wang, W.; Hardeland, R.; et al. Melatonin in macrophage
biology: Current understanding and future perspectives. . Pineal Res. 2019, 66, €12547. [CrossRef] [PubMed]

Ekmekcioglu, C. Melatonin receptors in humans: Biological role and clinical relevance. Biomed. Pharmacother. 2006, 60, 97-108.
[CrossRef]

Tordjman, S.; Chokron, S.; Delorme, R.; Charrier, A.; Bellissant, E.; Jaafari, N.; Fougerou, C. Melatonin: Pharmacology, functions
and therapeutic benefits. Curr. Neuropharmacol. 2017, 15, 434—443. [CrossRef] [PubMed]

Prado, N.J.; Ferder, L.; Manucha, W.; Diez, E.R. Anti-inflammatory effects of melatonin in obesity and hypertension. Curr.
Hypertens. Rep. 2018, 20, 45. [CrossRef] [PubMed]

Cipolla-Neto, J.; Amaral, EG.; Afeche, S.C.; Tan, D.X,; Reiter, R.J. Melatonin, energy metabolism, and obesity: A review. . Pineal
Res. 2014, 56, 371-381. [CrossRef]

Buonfiglio, D.; Parthimos, R.; Dantas, R.; Cerqueira Silva, R.; Gomes, G.; Andrade-Silva, J.; Ramos-Lobo, A.; Amaral, FG,;
Matos, R.; Sinésio, J.; et al. Melatonin absence leads to long-term leptin resistance and overweight in rats. Front. Endocrinol. 2018,
9, 122. [CrossRef] [PubMed]

Cardinali, D.P,; Cano, P,; Jiménez-Ortega, V.; Esquifino, A.I. Melatonin and the metabolic syndrome: Physiopathologic and
therapeutical implications. Neuroendocrinology 2011, 93, 133-142. [CrossRef]

Laermans, J.; Depoortere, I. Chronobesity: Role of the circadian system in the obesity epidemic. Obes. Rev. 2016, 17, 108-125.
[CrossRef]

Liu, Z,; Gan, L,; Xu, Y,; Luo, D.; Ren, Q.; Wu, S.; Sun, C. Melatonin alleviates inflammasome-induced pyroptosis through inhibiting
NF-«kB/GSDMD signal in mice adipose tissue. . Pineal Res. 2017, 63, €12414. [CrossRef]


http://doi.org/10.1111/j.1600-079X.2009.00693.x
http://www.ncbi.nlm.nih.gov/pubmed/19549002
http://doi.org/10.1016/j.cbi.2014.04.005
http://doi.org/10.3390/antiox8030066
http://www.ncbi.nlm.nih.gov/pubmed/30884780
http://doi.org/10.1016/j.ekir.2017.01.007
http://doi.org/10.7326/0003-4819-136-8-200204160-00010
http://www.ncbi.nlm.nih.gov/pubmed/11955029
http://doi.org/10.1007/s11906-015-0567-8
http://doi.org/10.1159/000447674
http://www.ncbi.nlm.nih.gov/pubmed/27414023
http://doi.org/10.1016/j.biopha.2017.07.095
http://www.ncbi.nlm.nih.gov/pubmed/28759755
http://doi.org/10.1007/s00125-016-4157-3
http://doi.org/10.1007/s11255-020-02481-3
http://www.ncbi.nlm.nih.gov/pubmed/32361978
http://doi.org/10.1038/ki.2013.356
http://doi.org/10.1152/ajprenal.00520.2013
http://doi.org/10.1074/jbc.M117.779520
http://doi.org/10.1161/CIRCULATIONAHA.116.021887
http://doi.org/10.1371/journal.pone.0137163
http://doi.org/10.1111/jpi.12547
http://www.ncbi.nlm.nih.gov/pubmed/30597604
http://doi.org/10.1016/j.biopha.2006.01.002
http://doi.org/10.2174/1570159X14666161228122115
http://www.ncbi.nlm.nih.gov/pubmed/28503116
http://doi.org/10.1007/s11906-018-0842-6
http://www.ncbi.nlm.nih.gov/pubmed/29744660
http://doi.org/10.1111/jpi.12137
http://doi.org/10.3389/fendo.2018.00122
http://www.ncbi.nlm.nih.gov/pubmed/29636725
http://doi.org/10.1159/000324699
http://doi.org/10.1111/obr.12351
http://doi.org/10.1111/jpi.12414

Int. . Mol. Sci. 2022, 23, 747 21 of 21

134.

135.

136.

137.

138.

139.

140.

141.

Ke, B,; Shen, W,; Fang, X.; Wu, Q. The NLPR3 inflammasome and obesity-related kidney disease. J. Cell. Mol. Med. 2018, 22, 16-24.
[CrossRef]

Wang, J.; Wen, Y.; Lv, L.-L.; Liu, H; Tang, R.-N.; Ma, K.-L.; Liu, B.-C. Involvement of endoplasmic reticulum stress in angiotensin
II-induced NLRP3 inflammasome activation in human renal proximal tubular cells in vitro. Acta Pharmacol. Sin. 2015, 36, 821-830.
[CrossRef] [PubMed]

Qiu, Y.-Y,; Tang, L.-Q. Roles of the NLRP3 inflammasome in the pathogenesis of diabetic nephropathy. Pharmacol. Res. 2016, 114,
251-264. [CrossRef] [PubMed]

Chintam, K.; Chang, A.R. Strategies to treat obesity in patients with CKD. Am. |. Kidney Dis. 2021, 77, 427-439. [CrossRef]
[PubMed]

Ruggenenti, P.; Cravedi, P.; Remuzzi, G. Mechanisms and treatment of CKD. J. Am. Soc. Nephrol. 2012, 23, 1917-1928. [CrossRef]
[PubMed]

Kelly, M.S.; Lewis, J.; Huntsberry, A.M.; Dea, L.; Portillo, I. Efficacy and renal outcomes of SGLT2 inhibitors in patients with type
2 diabetes and chronic kidney disease. Postgrad. Med. 2019, 131, 31-42. [CrossRef]

Onaolapo, A.Y.; Adebisi, E.O.; Adeleye, A.E.; Olofinnade, A.T.; Onaolapo, O.]. Dietary Melatonin Protects against Behavioural,
Metabolic, Oxidative, and Organ Morphological Changes in Mice that are Fed High-Fat, High-Sugar Diet. Endocr. Metab. Immune
Disord. Drug Targets 2020, 20, 570-583. [CrossRef]

Li, Z.; Wang, Y.; Sun, N.; Liu, X,; Song, E.; Zhang, Z.; Wen, ].; Zheng, T. Melatonin therapy protects against renal injury before and
after release of bilateral ureteral obstruction in rats. Life Sci. 2019, 229, 104-115. [CrossRef]


http://doi.org/10.1111/jcmm.13333
http://doi.org/10.1038/aps.2015.21
http://www.ncbi.nlm.nih.gov/pubmed/26005910
http://doi.org/10.1016/j.phrs.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27826011
http://doi.org/10.1053/j.ajkd.2020.08.016
http://www.ncbi.nlm.nih.gov/pubmed/33075388
http://doi.org/10.1681/ASN.2012040390
http://www.ncbi.nlm.nih.gov/pubmed/23100218
http://doi.org/10.1080/00325481.2019.1549459
http://doi.org/10.2174/1871530319666191009161228
http://doi.org/10.1016/j.lfs.2019.05.034

	Introduction 
	Obesity-Induced Nephropathy 
	Glomerular Injury 
	Renal Tubular Injury 

	The Mechanism of Obesity-Induced Nephropathy 
	The Inflammatory Response and Insulin Resistance 
	Renin–Angiotensin–Aldosterone System 
	Lipotoxicity 

	Treatment Drugs for Obesity-Induced Nephropathy 
	RAS Inhibitors 
	SGLT2 Inhibitors 
	Melatonin 

	Perspective 
	Conclusions 
	References

