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A healthy adipose tissue (AT) is indispensable to human wellbeing. Among other roles, it
contributes to energy homeostasis and provides insulation for internal organs. Adipocytes
were previously thought to be a passive store of excess calories, however this view
evolved to include an endocrine role. Adipose tissue was shown to synthesize and secrete
adipokines that are pertinent to glucose and lipid homeostasis, as well as inflammation.
Importantly, the obesity-induced adipose tissue expansion stimulates a plethora of signals
capable of triggering an inflammatory response. These inflammatory manifestations of
obese AT have been linked to insulin resistance, metabolic syndrome, and type 2
diabetes, and proposed to evoke obesity-induced comorbidities including
cardiovascular diseases (CVDs). A growing body of evidence suggests that metabolic
disorders, characterized by AT inflammation and accumulation around organs may
eventually induce organ dysfunction through a direct local mechanism. Interestingly,
perirenal adipose tissue (PRAT), surrounding the kidney, influences renal function and
metabolism. In this regard, PRAT emerged as an independent risk factor for chronic
kidney disease (CKD) and is even correlated with CVD. Here, we review the available
evidence on the impact of PRAT alteration in different metabolic states on the renal and
cardiovascular function. We present a broad overview of novel insights linking
cardiovascular derangements and CKD with a focus on metabolic disorders affecting
PRAT. We also argue that the confluence among these pathways may open several
perspectives for future pharmacological therapies against CKD and CVD possibly by
modulating PRAT immunometabolism.

Keywords: perirenal adipose tissue, chronic kidney disease, cardiovascular disease, metabolic dysfunction,
adipose tissue inflammation
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INTRODUCTION

Adipose tissue (AT) is an active cellular complex that includes
three different cellular types: white, brown, and beige adipocytes
where extensive molecular, physiological and metabolic
heterogeneity among different adipose depots exists (1–3). The
main characteristic of white adipose tissue (WAT) is the large
unilocular lipid droplet occupying most of the adipocyte volume.
WAT functions as an excess lipid store in the form of
triglycerides and secretes free fatty acids (FFA) to fulfill
metabolic demands. Importantly, WAT regulates metabolic
homeostasis by the synthesis and secretion of adipokines (4).
Brown adipose tissue (BAT) is characterized by dispersed
pockets of multilocular adipocytes and is rich in mitochondria.
The main function of BAT is to dissipate energy through
uncoupled respiration, that is mainly mediated by uncoupling
protein-1 (UCP-1) (5). All of these AT depots are well
vascularized, innervated by nerve structures, and contain
preadipocytes, pericytes and immune cells (6). Recently,
extensive research has uncovered the crucial role of AT depots.
Not only does the physiological function of AT involve the
maintenance of local and general homeostasis, via endocrine
and paracrine activity, but also AT may contribute to the
pathogenesis of many diseases (7–9). In this respect, the
involvement of several fat depots was identified; perivascular
adipose tissue (PVAT) is involved in the pathogenesis of
hypertension (10) and epicardial AT is associated with
atherosclerosis and coronary diseases (11).

Perirenal AT (PRAT) is yet another metabolically active AT
depot. PRAT harbors an endocrine and paracrine role synthesizing
and secreting adipokines pertinent to glucose and lipid homeostasis
as well as inflammation (12). Interestingly, evidence shows that
PRATmay influence the function andmetabolism of the renal and
cardiovascular system. Here, we summarize the recent findings
regarding PRAT origin, structure and anatomical characteristics.
We elaborate on the involvement of PRAT in different pathological
conditions presentingnew insights linking cardiovascular and renal
diseases with a focus onmetabolic disorders. An argument that the
confluence exists among the pathways controlling metabolism and
inflammation is made. This knowledge may represent a keystone
for future novel approaches in metabolic, renal, and cardiovascular
therapy and may open several perspectives in the field of
PRAT immunometabolism.
PERIRENAL ADIPOSE TISSUE: ANATOMY,
HISTOLOGY, AND ORIGINS

PRAT, a fat depot in the retroperitoneal space surrounding the
kidney, was previously believed to act as mechanical support to
the kidneys (13). However, recent studies highlighted that not
only PRAT has an essential role in regulating kidney function but
is also involved with cardiovascular system control. Anatomical
studies have confirmed that PRAT exhibits an extensive blood
supply, lymphatic channels, and neuronal innervation (14–16).
Due to its interaction with renal blood vessels and possible
Frontiers in Endocrinology | www.frontiersin.org 2
exertion of physical hemodynamic effect, PRAT is believed to
modulate the renal context in a manner analogous to that of
PVAT in controlling blood pressure (17, 18).

The arterial blood supply to PRAT is derived from branches
of the left colic, lower adrenal, renal, lumbar and ovarian/
testicular arteries. This generates an abundant anastomosing
capillary network supplying PRAT with oxygen and nutrients
(19). Thus, PRAT is very well vascularized and is richly
innervated (15, 20).

Although studies on the origin of PRAT are limited, emerging
transcriptomic data provide insights into the unique nature of
PRAT (2). Recent observations on PRAT adipogenesis revealed
that preadipocytes are negative for endothelial markers (21).
Indeed, human PRAT has been demonstrated to be a hybrid
visceral AT, analogous to subcutaneous AT, and distinct from
other visceral depots (2). Nevertheless, PRAT exhibits age-
dependent molecular and morphological alterations. In human
embryos, PRAT-derived adipocyte progenitors differentiated in
vitro exhibit similar features of BAT including PRDM16 and
UCP1 expression, as well as a comparable mitochondrion copy
number, gene expression patterns, and oxygen consumption rates
(22). In newborns, PRAT predominantly consists of brown
adipocytes with a thin layer of WAT, which exhibit an age-
dependent, progressive regression, such that adult PRAT appears
to be predominantly white with dispersed pockets of multilocular
adipocytes (23, 24). However, recent studies have shown that adult
PRAT comprises spatially-distinct populations of dormant
unilocular and multilocular UCP1-expressing adipocytes (21,
24–26). While unilocular UCP1-expressing adipocytes are evenly
distributed within PRAT, multilocular UCP1-expressing
adipocytes are located around the adrenal gland, in areas
containing a higher number of sympathetic nerve endings (21).
These two types of AT are associated with preadipocytes,
mesenchymal stem cells, and several inflammatory cells (12).
PRAT arises as a focal point in regenerative medicine, it is
considered a depot for mesenchymal stem cells which manifest
the ability to differentiate into adipocyte, osteogenic, chondrogenic
and epithelial lineage (27). BAT progenitor cells are present in
PRAT regardless of specific location (21). About 30% of PRAT
population expresses UCP-1, the majority being multilocular and
about 20% of them exhibiting a unilocular phenotype (21, 25).

The variability in PRAT morphology is also gender-
dependent, PRAT is much more developed in males than
females (28). Computed tomography measurements of PRAT
were carried out in 123 individuals where males had higher
PRAT volume than females at a comparable waist circumference
(28). Another study confirmed the gender variability in PRAT
thickness and volume compared to waist circumference (29).
Gender based discrepancies are also reflected in the histological
pattern of PRAT. BAT in PRAT has higher expression levels of
UCP-1 in females than males (30). In cold weather, PRAT can
show higher levels of BAT (25). The increase in browning
capacity after cold exposure in females can be observed as heat
is rapidly dispersed throughout the body and is attributed to the
abundance of renal blood supply. Moreover, stronger browning
capacity in females is associated with specific characteristics of
August 2021 | Volume 12 | Article 707126
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mesenchymal cells of PRAT and to a much lesser extent related
to hormonal interventions (30). These findings are confirmed by
a study on a murine model showing that Y-chromosome
suppresses BAT UCP-1 expression (31).

Whencompared toother typical visceralAT,PRAT ismore active
in energy metabolism, synthesis, and secretion of several adipokines
and inflammatory cytokines (12). PRAT manifests an
immunoregulatory phenotype in response to several inflammatory
cytokines as interleukin-1 beta (IL-1b), interferon (IFN), and tumor
necrosis factor alpha (TNF-a) which could be targeted in anti-
inflammatory therapy (27). These cytokines produced can regulate
kidney function through paracrine or endocrine pathways. PRAT
contributes to a decrease in kidney function in hypertensive
individuals regardless of their body mass index (32). Furthermore,
PRAT increases in prediabetic and diabetic patients and is associated
with lower glomerular filtration rates in diabetic individuals (17, 18).
This represents a potential immunomodulatory mechanism that
could be targeted in different aspects of inflammatory conditions,
tissue injuries (27), CVD and renal dysfunction.
PERIRENAL ADIPOSE TISSUE
PHYSIOLOGY

Sympathetic Innervation
The autonomic nervous system is a key regulator of cardiovascular
as well as energy homeostasis (33–35). The sympathovagal balance
is essential in maintaining proper regulation of the cardiovascular
andmetabolic activity. Studies in human and experimental models
indicate that sympathetic overflow induces hypertension (36, 37)
and targeted end-organ damage (38, 39). Sympathetic nerve
overactivity is detected in various tissues in obesity. Increased
renal sympathetic nerve activity is reported in obese individuals
and can be assessed by kidney norepinephrine spillover (40).
Moreover, the sympathetic innervation regulates thermogenesis
and energy liberation by innervating both the brown and white
adipose pools (41–43).

The autonomic innervation into PRAT is functionally active
(Figure 1). Indeed, the activation of afferent signals in the PRAT
induces an increase in renal sympathetic activity (44). The afferent
nerves in the adipocytes controlling the sympathetic outflow are
referred to as an adipose afferent reflex (AAR) that modulates local
homeostasis regulating energy balance and lipolysis (45–47). The
activation of this sympatho-excitatory reflex in PRAT, AAR, can
elevate sympathetic nerve activity and blood pressure (48, 49). The
effect of the sympathetic innervation was even greater in
hypertensive rat models or following a high fat diet (48, 49).
Additionally, PRAT through AAR could regulate the sympathetic
flowand therefore the cardiovascular system (50). Nevertheless, the
function of the primary afferent neurons innervating PRAT
remains unclear, further studies are essential to clarify the
constituents of thispathwayand thepossiblepathogenesis involved.

Given that PRAT thermogenic activation is essentially
downstream of adrenergic stimulation, the inhibition of the
sympathetic nervous system in obese rats by carotid baroreceptor
stimulation not only alleviatedmetabolic derangements and insulin
resistance, but also reduced PRAT mass and adipocyte
Frontiers in Endocrinology | www.frontiersin.org 3
hypertrophy, among other depots, by modulating the AMPK/
PPARa/g pathway (51). This was associated with a reduction of
plasma and PRAT norepinephrine levels and an augmentation of
acetylcholine levels (51). Moreover, rebalancing the autonomic
nervous system by irradiating carotid baroreceptors in obese rats
amelioratedmetabolic dysfunction (52). This was associated with a
restoration of norepinephrine and acetylcholine levels in PRAT,
among other adipose depots, which rectified the AMPK/PPARa/g
pathway originally altered in obese rats (52). Although both
interventions altered UCP-1 expression in BAT, neither altered
UCP-1 expression in PRAT (51, 52). Nevertheless, it was
demonstrated that systemic catecholamine excess in
paraganglioma patients enhanced the prevalence of activated
brown adipocytes in PRAT (53). Additionally, it was shown that
high-fatdiets aswell as lowprotein,highcarbohydratediets induced
PRAT browning that is associated with an upregulation of UCP-1,
PRDM16, as well as b-AR expression (9, 54). Moreover, b3-AR
activation inHFD-fed obese rats not only enhanced FFA influx into
PRAT, but also its utilization, observations similar to those in rats
fed a low protein, high carbohydrate diet (54, 55). As PRAT
represents a heterogenous and unique adipose depot, contrasting
data emanating from these studies must be interpreted cautiously,
and depending on the context. Nevertheless, the function of the
primary afferent neurons innervating PRAT remains unclear,
further studies are essential to clarify the constituents of this
pathway and the possible pathogenesis involved.

Humoral Regulation-Adipokines
Adipokines encompass a group of endocrine proteins synthesized
and released by adipose tissues functioning as regulators of the
immune system and metabolism including insulin sensitivity and
energy balance (56). These properties of adipokines are linked to
metabolic dysfunction, CVD, and type 2 diabetes mellitus
pathogenesis (57, 58). PRAT is highly active in adipokine
synthesis as well as several pro-inflammatory cytokines (12, 59).
PRAT secreted adipokines could affect the function of adjacent
organs including the kidneys. Moreover, adipokines released into
the systemic circulation could regulate CVS function (60, 61).

Leptin, an adipocyte-derived hormone, is a major regulator of
hunger, energy homeostasis, and endocrine function (62).
Circulating leptin increases in obesity through Janus kinase
signal transducer and activator of transcription (JAK-STAT)
pathway (63). Hyperleptinemia exacerbates atrial fibrosis and
atrial fibrillation, as well as impaired glucose intolerance in obese
mice (64, 65). Moreover, hyperleptinemia is associated with
hypertension in obese men (66). Leptin injection into PRAT in
rats stimulated the AAR without affecting the systemic
sympathetic activity, highlighting that PRAT could directly
regulate cardiovascular function (50). Moreover, in a rat model
of metabolic syndrome (MetS), PRAT-derived leptin exacerbates
the proliferation of glomerular endothelial cells by activating the
MAPK pathway (67). Increased leptin synthesis in PRAT
induced higher leptin concentrations in kidneys increasing the
proliferation of glomerular endothelial cells through a cross-talk
between the renin-angiotensin system (RAS) and leptin pathway,
an effect that was reversed following the blockade of either RAS
or leptin pathways (67). Therefore, aside from its systemic role,
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PRAT-derived leptin could directly affect endothelial cells and
regulate RAS thereby affecting blood pressure as well.

Adiponectin is the most abundant adipokine in the human
serum showing unique insulin-sensitizing, anti-inflammatory,
cardioprotective, and antiapoptotic actions (60, 68). Adiponectin
modulates metabolism; low levels of circulating adiponectin are
linked to type 2 diabetes, atherosclerosis, and CVDs (69–71).
Moreover, the activation of peroxisome proliferator-activated
receptor delta (PPARd) increases adiponectin secretion from
PRAT, which exerts a protective effect on the renal tubular
epithelial cells (72). The high salt diet-induced PPARd activity
inhibits sodium-glucose cotrasporter-2 (SGLT2) which promotes
natriuresis and glycosuria. In diabetic states, patients show reduced
natriuresis mainly due to impaired SGLT2 function. Moreover,
reduced natriuresis in patients with uncontrolled hyperglycemia is
correlated with low adiponectin levels. As a result, a distinctive role
of adiponectin is revealed in regulating sodium and glucose
Frontiers in Endocrinology | www.frontiersin.org 4
homeostasis via SGLT2 in kidney tubules, a mechanism that is
found to be impaired in diabetes (72).

Renin-Angiotensin System
The renin-angiotensin system (RAS) is a crucial regulator of energy
metabolism, having a major role in several metabolic disorders
including obesity and insulin resistance (73). RAS modulates
adipocyte function, glucose, and triglyceride metabolism as well
as lipolysis (74, 75). The expression of all components of the RAS,
includingangiotensin II (Ang II) andangiotensin1-7 (Ang1-7) and
their receptors, have been recognized in adipocytes implying the
involvement of local RAS in regulatingAT function (74, 76). Recent
studies have revealed the counteractive role ofAng II andAng1-7 in
regulating various functions of adipocytes (77).

Divergent findings have been reported assessing the regulation
of RAS in AT depending on the type of adipose pool and different
models studied [reviewed in (78)]. In rodents, the local
FIGURE 1 | Illustrative summary of perirenal adipose tissue physiology. PRAT exhibits an extensive blood supply, lymphatic channels and neuronal innervations.
PRAT accumulation activates sympathetic activity, leptin secretion and renin angiotensin system all of which could lead to hypertension, atherosclerosis and
nephrotoxicity. AAR, adipose afferent reflex; MAPK, mitogen-activated protein kinase; RAS, renin angiotensin system.
August 2021 | Volume 12 | Article 707126
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angiotensinogen synthesis in AT is increased following increases in
food intake. In this model, angiotensinogen induced local Ang II
synthesis, promoting AT growth (79). Moreover, in mice, the
accumulation of AT is correlated with higher blood pressure an
effect that is thought to be mediated via an increase in Ang II
secretion from AT (80). In humans, Ang II has antiadipogenic
effects in preadipocytes (81, 82). On the other hand, in obese
hypertensive individuals, Ang II is increased highlighting a link
between RAS and insulin resistance (83). In line, other clinical
studies reported an increase in RAS components in obese
individuals (84–87). Indeed, the local genetic expression of RAS
in adipocytes of obese individuals is elevated (78, 88–91).

Recent studies showed that during adipogenesis, both Ang II
production and Ang II type 1 receptor (AT1R) are upregulated
(92). The stimulation of AT1R promotes leptin secretion in
human adipocytes, an effect mediated via extracellular-signal-
regulated kinases 1 and 2-dependent (Erk1/2) pathway (93). The
stimulation of AT1R in AT induces the production of several
pro-inflammatory cytokines (94), which in turn stimulate the
apoptosis of BAT and inhibit the browning of WAT (95).
However, the blockade of AT1R curbs lipid accumulation and
reactive oxygen species (ROS) generation in adipocytes. This was
associated with increases in adiponectin and apelin and a
decrease in the TNF-a, renin, and visfatin (92, 96).

On the other hand, Ang 1-7 pathway opposes the Ang II-AT1R
signaling, as it stimulates lipolysis and glucose uptake in the adipose
pools and suppresses oxidative stress (97, 98). The activation of
angiotensin-converting enzyme 2 (ACE2) in vivo reduces AT
deposition (99). Ang 1-7 administration to rats on a high-fat diet
was found to increaseACE2expression and reduceATaccumulation
(100). More studies on rats verified the previous results, in which
Ang1-7 lipolytic effects were reduced via blockade of Mas receptors
with a PI3K inhibitor (97). Nevertheless, blockers of AT1R andAT2R
in vitro did not provoke changes in the Ang1-7 function.

PRAT fat deposition is presumed to activate RAS through
compression of blood vessels, lymphatic system, and ureters,
which leads to the development of hypertension, atherosclerosis
and kidney dysfunction (101, 102). Low concentrations of Ang II
increase adipocyte differentiation of human preadipocytes
isolated from PRAT (103). Moreover, in states of metabolic
dysfunction inflammatory cytokines derived from PRAT could
be involved in nephrotoxicity (9, 104). The increase in PRAT
inflammation in diabetic mice was reduced following Ang1-7
treatment. Additionally, Ang1-7 counteracted ROS production
in PRAT (104). The functional significance of PRAT production
of RAS components is an area of intense investigation, it could
reveal a link between metabolic dysfunction, CVD, and CKD.
PERIRENALADIPOSETISSUE INFLAMMATION
ANDMETABOLICCOMPLICATIONS

Mechanisms Governing Adipose Tissue
Inflammation and Thermogenesis
Metabolic homeostasis is governed by balanced, intricate, and
opposing processes promoting energy acquisition and energy
Frontiers in Endocrinology | www.frontiersin.org 5
expenditure in order to maintain basal metabolic rates (105). An
imbalance of such processes, exemplified by an increased energy
acquisition due to caloric excess, is thought to drive early
metabolic dysfunction, eventually culminating in the
emergence of insulin resistance and its accompanying
derangements such as obesity, type 2 diabetes, and CVD (106).
Indeed, excessive caloric intake induces hyperinsulinemia, which
drives adipocyte hypertrophy, promoting the diametric
expansion of the AT beyond the diffusion potential of oxygen
(107–109). WAT exhibits a decreased blood supply during
hypertrophic remodeling resulting in a local hypoxic state.
This is accompanied by an increased adipocyte oxygen
consumption that is not made up for by proper compensatory
vascularization, which triggers hypoxia-inducible factor-1 alpha
(HIF-1a) expression and causes adipocyte death and subsequent
inflammation (108). Indeed, hypoxia induces the release of
proinflammatory cytokines, chemokines and angiogenic and
fibrotic factors from adipocytes, favoring AT dysfunction and
immune cell infiltration (61). Hypoxia-triggered expression of
HIF-1a induces NF-kB-mediated cytokine production including
IL-1b, which signals for the recruitment of circulating immune
cells, causing an imbalance between homeostatic AT-resident
immune cells and infiltrating proinflammatory immune cells (61,
110). Therefore, obesity is considered a state of chronic low-
grade inflammation, in which infiltrating immune cells
contribute to the hypoxic phenotype and to insulin resistance
(111, 112). Additionally, hypoxia-induced AT dysfunction is
associated with an extensive lipolytic activity and free fatty
acids (FFA) release, promoting endoplasmic reticulum stress
and adipocyte apoptosis (113, 114). In response to adipocyte
death, the AT initiates a self-limiting reparative response by
which infiltrating macrophages encircle apoptotic adipocytes
creating histologically-distinguishable crown-like structures
(61, 115). These macrophages aberrantly generate toxic ROS
and nitric oxide (NO), which further damage neighboring cells,
promoting tissue fibrosis (61). As the injurious signal persists,
the chronic stimulation of myofibroblasts and immune cells
exacerbates tissue damage, eventually leading to extracellular
matrix remodeling, tissue fibrosis, and AT dysfunction (116).

There exists extensive heterogeneity among different adipose
depots and among the adipocytes of a given depot itself, resulting
in differential, depot-specific susceptibilities to inflammation (1–3).
A long standing subcategorization of adipose depots differentiates
between WAT and BAT. WAT comprises unilocular adipocytes
that specialize in energy storage and adipokine secretion while BAT
comprisesmitochondria-rich,multilocular adipocytes that specialize
in energydissipation throughnon-shivering thermogenesis (5).Non-
shivering thermogenesis encompasses intricate thermogenic
pathways that are thought to occur downstream of b3-adrenergic
receptors (b3-ARs), and in response to stimuli that enhance local
sympathetic discharge including cold exposure and high fat diet
consumption (5, 117, 118). These latter stimuli promote WAT
browning, a phenomenon by which white adipocytes gain
thermogenic potential, transforming into brown-like beige
adipocytes. Emerging evidence implicates different thermogenic
pathways downstream of b3-ARs, that drive the thermogenic
August 2021 | Volume 12 | Article 707126
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potential of brown and beige adipocytes. The most efficient
and quantitatively significant thermogenic effector is the inner
mitochondrial membrane protein, UCP-1. UCP-1 is a fatty acid/
H+ symporter that uncouples mitochondrial oxidative
phosphorylation from the production of ATP (5). Moreover, the
activation of b3-ARs induces lipolysis, increasing the levels of FFA,
which further enhances UCP-1 activity. Nevertheless, it was
shown that UCP-1 is dispensable for cold-induced and diet-
induced thermogenesis (119). It was therefore hypothesized
that less-efficient thermogenic pathways contribute to adaptive
thermogenesis, the most prominent of which is creatine futile
cycling (120). Creatine futile cycling, that is the phosphorylation of
creatine by creatine kinase B and its subsequent futile hydrolysis,
appears to take place in UCP-1-positive and UCP1-negative
adipocytes (121, 122). Importantly, blocking creatine cycling in
adipocytes either by impairing its endogenous biosynthesis or its
transport, promotes diet-induced obesity and cold-intolerance
in mice (123–125). Alternative thermogenic pathways also
include lipolysis/re-esterification cycling that mediates adaptive
thermogenesis based on the ATP demand of triacylglycerol
synthesis, calcium cycling that is mediated by the SR/ER calcium
ATPase pump and phospholamban, and the UCP1-independent
proton leakby themitochondrialADP/ATPcarrier that is initiated at
high membrane potentials (5). Importantly, UCP1-dependent and
UCP1-independent uncoupling of mitochondrial respiration from
ATP production is linked to aberrant increases in the mitochondrial
oxygen consumption rates and oxygen demand, thus possibly
exacerbating AT hypoxia in states of metabolic dysfunction (7–9,
126–128).

Mechanisms Linking Perirenal Adipose
Tissue Thermogenesis and Inflammation
Several studies have shown that an augmentation of central adiposity
in overweight and obese individuals is associated with an increased
PRAT mass, and that PRAT mass independently associates with
insulin resistance and lowerHDL-cholesterol levels (129).Moreover,
PRAT thickness is associatedwith cardiovascular risk factors in a sex-
dependent manner, where significant associations exist between
increased PRAT thickness and fasting plasma glucose level,
metabolic syndrome, and waist circumference in men, and only
fasting plasma glucose level in women (130). Nevertheless, such
observationscannotbemerelyexplainedbyan increasedPRATmass.
Recentmechanistic investigationspossibly linkPRAT thermogenesis
and inflammation to renal dysfunction early in the course of
metabolic disease (9). Although it could be inferred from clinical
observations linking reduced PRAT browning to hypertension and
metabolic dysfunction that PRAT browning holds therapeutic
benefits, recent evidence in non-obese, prediabetic rats, links PRAT
thermogenesis to localized inflammation, impairing renovascular
function early in the course of metabolic disease (9, 131).

Indeed, increased UCP1 expression is consistently reported in
different animal models of diet-induced obesity, a phenotype that
is enhanced by the increased abundance of long chain fatty acids
pertinent to these models (132, 133). Such an increased
expression level of UCP1 drives diet-induced thermogenesis
and is associated with increased levels of oxygen consumption
Frontiers in Endocrinology | www.frontiersin.org 6
(134). This is of particular relevance to adipose depots with
inherently low expression levels of UCP1, such as the PRAT, in
which diet-induced thermogenesis produces profound
bioenergetic and inflammatory alterations (9). Indeed, PRAT
inflammation and enhanced oxidative stress in prediabetic rats
were associated with elevated glomerular filtration rate (GFR)
accompanied by mild proteinuria in the absence of hypertension,
hyperglycemia, obesity, and systemic inflammation (9). These
rats exhibited an acutely increased production of ROS in PRAT
which is suggested to have enhanced UCP-1 activity and
mitochondrial respiration uncoupling (9, 135). Importantly,
PRAT of HFD-fed rats exhibited an enhanced expression of
UCP-1 which is thought to exacerbate local hypoxia and increase
HIF-1a expression in the hypertrophied tissue by driving the
aberrant consumption of oxygen. While studies of the PRAT
UCP1 expression profile are scarce, the available evidence shows
alteration of UCP1 expression in PRAT adipocytes in disease
conditions such as hypertension and renal cell carcinoma (131,
136). In this context, mechanistic parallels can be drawn to PVAT,
an intrinsically hybrid tissue harboring brown adipocytes, in which
an increased UCP-1 expression exacerbates local hypoxia leading to
AT dysfunction and inflammation and subsequent vascular
derangements (8, 137). It was therefore suggested that UCP-1 may
serve as a therapeutic target in select adipose depots to mitigate
cardiovascular and renovascular derangements associated with early
phases of metabolic dysfunction (61, 137). This is of particular
relevance as the upregulation of PRAT UCP-1 expression and the
excessive uncoupling of mitochondrial respiration not only
deteriorated kidney function but were also associated with altered
expression of epithelial and mesenchymal markers supportive of
renal epithelial to mesenchymal transition (9).

Additionally, it was shown that PRAT altered adipokine profile
and enhanced oxidative stress, inflammation, and fibrosismay partly
explain the high risk of cardiovascular events observed in patients
with primary aldosteronism or hypercortisolism (138, 139). In
patients with aldosterone-producing and cortisol-producing
adenomas, PRAT expressed significantly higher levels of IL-6 and
TNF-a as well as fibrotic markers in comparison to normotensive
individuals andpatientswith essential hypertension (138, 139).These
observations are supported by in vitro experiments showing that
aldosterone treatment of isolated humanPRAT stromovascular cells,
mouse 3T3-L1, and brown preadipocytes induces the expression of
IL-6 and markers of inflammation and fibrosis (138). Additionally,
the expression level of NADPH oxidase 4 (NOX4) significantly
increased, while that of hemoxygenase-1 (HO-1) and nuclear factor
erythroid 2-related factor 2 (Nrf2) significantly decreased inPRATof
patients with cortisol-producing adenoma (139). Indeed,
dexamethasone treatment of pre-differentiated stromovascular
cells, mouse 3T3-L1, and brown preadipocytes induces marked
fibrosis and adipogenesis (139). Moreover, it was shown that
dexamethasone treatment in adrenalectomized rats promotes
hyperplastic PRAT expansion that is associated with an increased
expression and dehydrogenase activity of 11 b-hydroxysteroid
dehydrogenase type 1, an NADPH-dependent cortisone reductase
(140). Moreover, hypercortisolism in patients with active Cushing’s
syndrome inducedPRATadipocytehypertrophy, thatwas associated
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with an increasedmacrophage infiltration, andaugmented leptin and
reduced adiponectin levels (141). Additionally, PRAT brown
adipocytes were shown to be active in states of secondary
hyperaldosteronism, such as in patients with pheochromocytoma
(142). Nevertheless, the inflammatory landscape of PRAT in these
patients was not assessed. However, it could be inferred from these
studies that states of hyperaldosteronism and hypercortisolism drive
both PRAT inflammation and increased UCP-1 indicating that
possible cross-talks between both mechanisms plausibly exist.
PERIRENAL ADIPOSE TISSUE
AND RENAL DISEASES

PRAT and Chronic Kidney Disease:
A Possible Correlation
The strong correlation between body mass index and higher risk
of chronic kidney disease (CKD) was first reported in 1974 and
was found to be greatly associated with an increase in proteinuria
(143). Patients with a high body mass index had a higher risk of
CKD compared to lean individuals independent of age (144).
Moreover, urinary albumin excretion was also elevated in obese
patients who are neither hypertensive nor diabetic (145). Indeed,
CKD is an independent complication of obesity; a metabolic
profile identified as obesity-related glomerulopathy or obesity-
related kidney disease (146, 147). Several studies highlighted the
association between increased visceral adiposity, and particularly
increased PRAT mass and volume, and determinants of
metabolic and CV disease as well as kidney dysfunction (129,
148). Excess PRAT has also been associated with metabolic
anomalies including insulin resistance, abnormal fasting blood
glucose levels, hypertriglycemia, and higher uric acid excretion in
urine in patients with CKD (129, 148).

Given the intimate relation between PRAT and the kidney,
either due to their spatial proximity or due to their common
innervation and vascularization, PRAT expansion, dysfunction,
and inflammation are thought to have a pronounced impact on
renal function (149, 150). PRAT thickness is increased in patients
with MetS, which is accompanied by increases in oxidative stress
and renal microvascular proliferation (151). PRAT expansion
secondary to obesity contributes to kidney dysfunction
irrespective of obesity (12, 32). This is in line with the observation
that abdominal obesity was strongly associated with CKD
compared to overall obesity (152, 153), where an increasing body
of evidence has suggested that PRAT thickness is positively
associated with visceral adiposity and waist circumference (145,
154). In this regard, excess PRAT was associated with a higher risk
forCKDandcouldbeusedas apredictor for reducedGFR(145, 155,
156) and higher incidence of proteinuria in obese/overweight
individuals (144, 157). A positive correlation was consistently
found between PRAT thickness and microalbuminuria in obese
patients (145, 156). Importantly, excessive PRAT inflammation is
believed to exacerbate renal vascular and endothelial damage (12,
59, 158, 159). Moreover, it was recently shown that PRAT exhibits
an age-dependent inflammatory signature that is characterized by
an increased peri-organ recruitment of macrophages and
Frontiers in Endocrinology | www.frontiersin.org 7
inflammatory natural killer (NK) cells in the vascular stromal
fraction that was associated with a deleterious impact on the
microenvironment of renal transplants (160, 161). Nevertheless,
another study failed to arrive at such association, where PRAT
inflammation did not correlate with the reduced early renal graft
function observed in obese kidney donors (162). Based on the
previous findings, excess PRAT could be considered an
independent predictor of CKD. Additionally, the ultrasound
evaluation of PRAT is now proposed as a parameter that might
be useful for early assessment of obesity-induced renal
dysfunction (145).

Possible Mechanisms
The detailed mechanisms by which PRAT initiates and
exacerbates chronic renal injury have not been completely
elucidated, but several pathways are postulated (Figure 2 and
Table 1). First, the accumulation of PRAT on the kidney may
result in a direct obstruction of renal parenchyma and vessels.
This might induce increases in sodium reabsorption and higher
blood pressure as a consequence in addition to alterations in
kidney function in obese patients (24). The firm encapsulation of
the kidney could further increase the interstitial hydrostatic
pressure and reduce renal blood flow (149, 167). Consequently,
the increase is sodium absorption leads to a decreased sodium
chloride delivery to the macula densa resulting in lower
resistance in afferent arterioles which leads to increased GFR
and altered RAS (167–170). All of these processes including an
increase in interstitial hydrostatic pressure, stimulation of renin
release, glomerular filtration and sodium tubular reabsorption
accelerate renal disease progression eventually leading to GFR
reduction (24, 148, 149). Recently, a study on hypertensive
individuals has reported a decline in GFR that was correlated
to an increase in PRAT specifically among other visceral AT
depot regardless of gender (32). As a consequence of GFR
reduction, high uric acid and triglycerides were correlated with
PRAT thickness in patients with CKD (24, 148).

Second, chronic inflammation due to the increase in FFA
production is the hallmark of obesity and therefore can also be
associated with modulation of PRAT function. Indeed, the
increased volume of PRAT is positively associated with
overproduction of FFA (145). Metabolites of FFA have a direct
renal lipotoxic effect and are directly correlated with albuminuria
(145, 171). Levels of FFA in renal venous blood were significantly
higher than those in the jugular vein, this indicates the involvement
of PRAT in kidney damage through direct intercellular signaling
pathways (163). The excessive release of FFA by PRAT could
directly impair endothelial function by enhancing the oxidation
of tetrahydrobiopterin and uncoupling of endothelial nitric oxide
(NO) synthase, leading to the production of L-arginine or
superoxide instead of NO (172). The reduced NO synthesis could
lead to a compensatory mechanism synthesizing vascular
endothelial growth factor, leading to a greater albumin leak from
the glomerulus (172). Furthermore, FFA-induced renal lipotoxicity
could exacerbate chronic inflammation by increasing the
metabolism of intracellular fatty acids (171).

Third, excess PRAT can affect renal function through a local or
systemic secretion of pro-inflammatory mediators which may
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influence the kidney function in a paracrine manner (12, 21, 170,
173). In obese swine, excess PRAT secretes tumor necrosis factor-a
(TNF- a) which impairs renal endothelial function (158). This
could be also related to the loss of NO as discussed previously.
Moreover, the expression of plasminogen activator inhibitor-1
(PAI-1) in PRAT was increased in high-fat diet-induced obese
mouse model (165). PAI-1 is shown to contribute to macrophage
mediated inflammation, extracellular matrix accumulation and
thus diabetic nephropathy. The genetic deletion or the inhibition
of PAI-1 reduced PRAT inflammation, renal histological lesions
and abated renal fibrosis (165). Excessive PRAT secretion of
TNF- a and leptin could trigger renal fibrosis in murine models
(29, 174, 175). Leptin exacerbates vascular remodeling and
glomerular proliferation via activation of the p38 MAPK pathway
(67). Concomitantly, TNF- a induces direct renal endothelial
Frontiers in Endocrinology | www.frontiersin.org 8
dysfunction thus modulating GFR (67, 158). Leptin secretion
could also stimulate the sympathetic nervous activity via altering
the proopiomelanocortin-melanocortin 4 receptor pathway in the
central nervous system (160). Interestingly, our recent study on
non-obese prediabetic rats has shown that a localized PRAT
inflammation, presenting as higher IL-1b expression, evoked
renal structural and functional deterioration associated with an
altered renovascular endothelial function (9). Importantly, a recent
study reported a direct correlation between age and inflammatory
profile of donor-derived stromal vascular fraction ofPRAT (PRAT-
SVF), expressed by a local recruitment of NK cells. These NK cells
are associated with NKG2D receptor activation and encodes for
INFg, indicating that NK cells derived could be involved in the pro-
inflammatory pathway leading to renal dysfunction in elderly
patients with transplants (160).
FIGURE 2 | The emerging role of PRAT in renal and cardiovascular homeostatic function. Metabolic dysfunction triggers PRAT deposition and inflammation leading
to alterations in cardiovascular and renal function, triggering nephrotoxicity and cardiovascular diseases. CIMT, carotid intima-media thickness; CVD, cardiovascular
disease; FFA, free fatty acid; GFR, glomerular filtration rate; IL-1b, interleukin-1 beta; NO, nitric oxide; RAS, renin angiotensin system; TNFa, tumor necrosis factor
alpha; VEGF, vascular endothelial growth factor.
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Additionally, as both obesity, diabetic nephropathy, and primary
hypertension are associated with an enhanced activity of the RAS, it
becomes plausible that the enhanced activity of this system in PRAT
and in the adrenal gland participates in the pathogenesis of obesity-
associated hypertension and diabetic nephropathy, particularly
through Ang II-mediated PRAT dysfunction (101, 102). The
inhibition of ACE in a uninephrectomized rat model of chronic
renal dysfunction preventedPRATmass accumulation and led to the
emergence of multilocular thermogenic adipocytes (176). Indeed, it
was shown that Ang1-7 counteracts the detrimental effects of Ang II
on diabetic nephropathy in db/db mice (166). Ang1-7
supplementation to these mice not only reduced renal mesangial
expansion and urinary albumin secretion, but also renal fibrosis and
PRAT oxidative stress and inflammation mainly through the
attenuation of NOX-mediated ROS production (166). Nevertheless,
it remains unclear whether Ang1-7 reduced renal dysfunction by
virtue of its ameliorative effect on PRAT inflammatory and oxidative
status. Moreover, such mechanisms contributing to diabetic
nephropathy were shown in Zucker-diabetic fatty rats (159).
Inducing the heme oxygenase system in these rats reduced PRAT
adiposity, macrophage infiltration, and the production of pro-
inflammatory cytokines such as TNF-a, IL-1b, and IL-6 (159).
Moreover, the hemin-mediated enhancement of the heme
oxygenase system in PRAT reduced the proinflammatory M1
macrophage polarization while inducing the anti-inflammatory M2
macrophage polarization. These effects were accompanied by
reduced renal damage and fibrosis and enhanced kidney function.
As these models exhibit extensive damage that is associated with
diabetes, the dissection of a causality relationship between PRAT
inflammation and renal dysfunction remains marginally possible.
Another study in non-diabetic, high fat diet-fed rats highlighted
Frontiers in Endocrinology | www.frontiersin.org 9
PRAT association with increased urinary albumin excretion due to
renal vascular dysfunction caused by the activation of renal
inflammatory and oxidative stress augmenting pathways (163).
Nevertheless, the inflammatory condition of PRAT was not
assessed and thus these observations were attributed to increased
visceral adiposity, andparticularly increasedPRATmass.However, it
was shown in non-obese prediabetic rats that subtle PRAT
inflammation induces pronounced kidney dysfunction in isolation
of hyperglycemia and systemic inflammation (9). It therefore
becomes plausible that PRAT inflammation in the setting of
metabolic dysfunction might precede renal manifestations of
the disease.

PRAT thickness could aggravate renal anomalies due to
metabolic dysfunction such as abnormal insulin serum levels,
high glucose or triglycerides and uric acid, all of which are
reported in patients with CKD (129). Additionally, excess PRAT
is detected in patients with calcium phosphate apatite or uric acid
nephrolithiasis (177). However, future research into analyzing
the detailed mechanism is warranted.
RENAL DISEASES AND
CARDIOVASCULAR DYSFUNCTION:
CARDIORENAL SYNDROME

A strong relationship exists between the heart and kidney where
the proper function of one depends on the other. Cardiorenal
syndrome is defined as ‘disorders of the heart and kidney whereby
acute or chronic dysfunction in one organ may induce acute or
chronic dysfunction of the other’ ultimately leading to failure of
TABLE 1 | Main findings of studies linking perirenal adipose tissue to renal disorders.

Main finding Possible mechanism Conducted on Reference

PRAT is associated with increased
urinary albumin excretion

Low adiponectin and elevated leptin levels trigger pathways augmenting renal inflammatory and
oxidative stress leading to renal vascular dysfunction causing increased urinary albumin excretion

obese rats (163)

PRAT promotes renal arterial
endothelial dysfunction

Accumulation of PRAT showed increases in inflammation and oxidative stress, which triggered
renal endothelial dysfunction via TNF-a acting in a paracrine manner.

Pigs with obesity
and metabolic
derangements

(158)

PRAT accumulation was correlated
with a decline in GFR

– Hypertensive
patients

(32)

PRAT thickness was negatively
correlated with GFR

– Diabetic patients (164)

PRAT-derived leptin has a
detrimental effect on the kidney

PRAT hypertrophy induces an increase in leptin expression that is accompanied by an imbalance
in the expression of the Ang II–AT1R and ACE2–Ang(1–7)–Mas receptor axes. This promotes
glomerular endothelial cells proliferation by activating p38 MAPK pathway.

Rats with
metabolic
syndrome

(67)

PRAT inflammation and
macrophage infiltration are linked to
high fat diet induced nephropathy

Expression of plasminogen activator inhibitor-1 (PAI-1) in PRAT was increased. PAI-1 contributes
to macrophage mediated inflammation, extracellular matrix accumulation and thus diabetic
nephropathy.

Obese mouse
model

(165)

Localized PRAT inflammation
evoked renal impairment in early
course of metabolic deterioration

The paracrine effects of PRAT inflammation, presented as higher IL-1b expression, lead to
renovascular endothelial dysfunction, hyperfiltration, renal cortical inflammation and proteinuria.

Non-obese
prediabetic rats

(9)

PRAT Inflammation exacerbates
diabetic nephropathy.

Ang1-7 supplementation to these mice not only reduced renal mesangial expansion and urinary
albumin secretion, but also ameliorated renal fibrosis and PRAT oxidative stress and
inflammation mainly through the attenuation of NOX-mediated ROS production.

db/db mice (166)

Excessive perirenal adiposity may
constitute an independent
prognostic factor of kidney
malfunction

Inducing the heme oxygenase system in diabetic fat rats reduced PRAT adiposity, macrophage
infiltration, and the production of pro-inflammatory cytokines such as TNF-a, IL-1b, and IL-6.

Zucker-diabetic
fatty rats

(159)
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both organs (178). CKD is strongly associated with CVD, it has
been reported that patients with advanced kidney disease are at
high risk of CVD mortality and morbidity (179). Recent studies
reported a 40-50% cardiovascular mortality rate in patients with
advanced and end-stage CKD compared to 26% in patients with
normal kidney function (180, 181). Nonetheless, the correction of
the classical cardiovascular risk factors, including hypertension,
diabetes, and dyslipidemia, in patients with CKDwas not sufficient
in neutralizing the impact of CKDon cardiovascular risk (182). It is
also now being recognized that patients with early stages of CKD
also suffer from a high risk of cardiovascular events (183) possibly
implicating a role for PRAT inflammation in this observations.
Consistent with these observations, CKD is now considered an
independent risk factor for CVD (184). It is also worthmentioning
that patientswithCKDaremore likely to die fromCVDrather than
terminal end-stage kidney disease (185).
PERIRENAL ADIPOSE TISSUE AND
CARDIOVASCULAR DYSFUNCTION

Obesity and specifically visceral fat accumulation are actively
involved in the pathogenesis of CVDs including hypertension
(186) and coronary heart diseases (CHD) (187). Abdominal
obesity has a close association with MetS and CVD (188).
Excess visceral AT poses a high risk for dyslipidemia,
hypertension and cardiorenal disorders (189). Studies have
shown that risk of CVDs is more closely related to visceral fat
volume, including PRAT, compared to subcutaneous AT (130,
148, 190). However, surgical lipectomy of abdominal AT depots
was not effective in improving metabolic function or reducing
CVD risk (191). Therefore, a need exists to identify other AT
pools in which certain interventions could lower the risk of
developing CVDs. Notably, recent findings have identified PRAT
specifically as an emerging risk for CVD independent of
metabolic profile (190) (Figure 2 and Table 2).

Hypertension is a common manifestation of CVD and is even
associated with a higher risk of all-cause mortality (198).
Hypertension increases the risk of myocardial infarction,
congestive heart diseases, and stroke (12). Proper control of blood
pressure is fundamental in CVD treatment and prevention of
further complications. There is a linear relationship between
Frontiers in Endocrinology | www.frontiersin.org 10
hypertension and obesity, around 60-76% of obese individuals
have hypertension (199). Indeed, PRAT thickness is positively
correlated with blood pressure in obese and overweight patients
(190). In obese individuals, PRAT thickness is considered as an
integral parameter defining both the risk for developing arterial
hypertension and chronic renal disease (192). Twenty-four hours
mean diastolic blood pressure was reported to be a dependent
variable of PRAT and aldosterone production independent of
metabolic parameters (190). Similar results were reported in
patients with polycystic ovary syndrome, a positive correlation
between PRAT thickness and blood pressure in patients was
documented (193). Excessive PRAT accumulation compresses the
kidney, increase RAS sodium reabsorption, and induce
hypertension (149, 168). There is evidence that PRAT could
directly regulate the cardiovascular system through an amplified
afferent signals by the AAR, resulting in an increase in the renal
sympathomimetic outflow (200). PRAT hypertrophy activates
macrophage infiltration and proinflammatory cytokine release
that adversely affect systemic vascular function (201). Altogether,
these results suggest thatPRAThas adirect role in controlling blood
pressure, however; further studies are recommended to assess the
detailed mechanistic pathway behind this phenomenon.

Additionally, atherosclerosis is a key factor in inducing CVDs
and a leading cause of morbidity and mortality (202). Carotid
intima-media thickness (CIMT) assessment is considered as a
marker of subclinical atherosclerosis (203) and is therefore used
to determine the risk of CVDs in clinical trials (204). Indices of
atherosclerosis including body weight, waist circumference can
predict CHD. Alterations in AT metabolism underlie
atherosclerosis and thus CHD (205). More specifically, clinical
studies reported that body fat distribution has a significant
correlation with the severity of CHD without any clinical
evidence of CVD. Compared to other fat depots, PRAT thickness
had the highest partial correlation coefficient with CVD,
highlighting the contribution of PRAT in early cardiovascular
changes in males and females (12). Notably, excess PRAT is
positively correlated with indices that predict atherosclerosis as
CIMT, waist to height and waist to hip ratio, waist circumference,
and abdominal height (194). A thickness level of 0.26 cm of PRAT,
measured using abdominal ultrasound, was found to determine the
presence of sub-clinical atherosclerosis (194). Moreover, in HIV-
infected patients, having a high risk of CVD, similar results were
obtained. Patients with HIV and visceral adiposity exhibited high
TABLE 2 | Main findings of studies linking perirenal adipose tissue to cardiovascular disorders.

Main finding Targeted population and references

PRAT accumulation was correlated with higher blood pressure, which was also dependent on urinary concentrations of
aldosterone independent of metabolic parameters.

Obese and overweight individuals (190)

A significant direct correlation between PRAT thickness and hypertension Hypertensive and non-hypertensive obese
individuals (192)
Patients with polycystic ovary syndrome
(193)

PRAT thickness has shown to be significantly correlated with indices that predict atherosclerosis. Male and female subjects (194)
PRAT thickness was associated with atherosclerosis specifically intima-media thickness of the common carotid artery Male subjects (195)

HIV-infected patients (196)
PRAT was associated with diverse metabolic and cardiovascular risk factors including carotid intima-media thickness Asymptomatic prepubertal Caucasian

children (197)
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PRAT thickness and intima-media thickness of the common
carotid artery. This implies the association of PRAT thickness
and atherosclerosis in these individuals (196). Importantly, the
correlationbetweenPRATandCIMTwas evendetected in children
(197). Being readily available, abdominal ultrasound can easily
measure PRAT thickness and therefore a prompt initiation of
action to mitigate or prevent atherosclerosis and control CVD
can be achieved.

Considering the above-mentioned associations, excess PRAT
contributes to alterations in vascular and metabolic functions
associated with CVD. PRAT is also potentially related to
epicardial fat, both having mesothelial layers enriched with WAT
progenitors that produce adipocytes (129). The coexistence of
metabolic dysfunction, hypertension, and inflammation impacts
end organ function gradually initiating a cascade of events that
exacerbate CVD making it more resistant to treatment. These
findings confirm the suggested hypothesis that excess PRAT is a
risk factor of CVDs and a predictor for cardiac dysfunction.
FUTURE PERSPECTIVE AND
POSSIBLE TREATMENT

Proper understanding of the molecular alterations regulating AT
dysfunction could identify therapeutic targets to promote healthy
AT expansion, hence preserving renal and cardiovascular
function. AT dysfunction is the central mechanism for the
development of complications related to obesity and metabolic
diseases; therefore, most of the therapeutic approaches to
mitigate AT dysfunction are related to indices of obesity (206).
Interventions targeting AT dysfunction rely on a foundation of
lifestyle modification including low caloric intake, suitable
exercise, and fasting (207). Pharmacological tools and surgeries
could be implemented to help the patients reach their health
goals (207). As the potential harmful effects of excessive PRAT
accumulation in renal and cardiovascular diseases were outlined,
targeting PRAT inflammation emerges as a potential approach to
combat the complex mechanisms implicated in CKD and CVDs.

Bariatric surgery is an effective intervention in controlling
type 2 diabetes, dyslipidemia and quality of life of morbidly obese
patients (208). Ricci et al. (192) showed that bariatric surgery
could significantly decrease PRAT as well as blood pressure in
morbidly obese patients. Moreover, as previously mentioned,
PRAT is capable of reactivating dormant BAT into active BAT by
cold exposure or stimulation of b3- adrenergic receptors. This
property represents a promising strategy to combat AT
inflammatory conditions leading to metabolic diseases (25, 55).

Possible pharmacological interventions include several drug
classes. Beyond their lipid-lowering effects, statins, 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibitors,
were found to have anti-inflammatory, anti-oxidant and anti-
proliferative properties (209). Statins also increase adiponectin
levels, protect the endothelium and reduce urinary albumin
excretion rate in patients with diabetes (210, 211). Pravastatin
treatment for 6 months in patients with documented coronary
artery diseases significantly increase serum adiponectin
concentration (212). Higher adiponectin levels following statin
Frontiers in Endocrinology | www.frontiersin.org 11
treatment improves endothelial function (213), inhibit vascular
smoothmuscle cell proliferation (214, 215), andmodulate vascular
inflammatory cascades (216, 217).Despite thesefindings, to date no
data link statin treatmentwith changes in thePRATdepot, however
one could speculate a beneficial role of statins inPRATdysfunction.

Other pharmacological tools to modulate PRAT inflammation
are anti-diabetic drugs namely, metformin and pioglitazone. A two-
week treatment with non-hypoglycemic doses of either drug was
shown toamelioratePRAT inflammation inpre-diabetic rats onmild
hypercaloric diet. Interestingly, treatment reversed the deterioration
of renal function triggered by 12weeks of amild hypercaloric feeding
(9). Interestingly, a recent study showed treatment with a sodium/
glucose co-transporter 2 (SGLT2) inhibitor reduced urinary albumin
excretionandglomerularcell proliferation inhigh-fat fedmice,which
was accompanied with decreased PRAT inflammation and leptin
production (218). Indeed, the impact of SGLT2 inhibitors on PRAT
inflammation is proposed to proceed through the activation of
AMPK/Sirt1 pathway and potential restoration of autophagy (219).
Moreover, short-term treatment with glucagon-like peptide receptor
agonists was shown to reduce PRAT thickness and improve
renovascular function in diabetic patients (220). Specifically,
liraglutide treatment reduced perirenal adipocyte size in diabetic
mice (221). Nevertheless, identifying specific drugs to target PRAT
accumulation or inflammation require further investigation
and research.

CONCLUSION

This era ismarked bymajor changes in the traditional perception of
AT physiological and metabolic function. The proximity of PRAT
to the kidney makes its specific anatomical and morphological
features relevant to renal function and general homeostasis. In this
context, regardless of the small size ofPRATcompared tovisceral or
subcutaneous AT, the effect of the adipokines and cytokines
secreted broadens the impact of PRAT in maintaining metabolic,
renal, and cardiovascular homeostasis. The data concerning the
unique nature and pathophysiology of PRAT is limited, but studies
are underway to unveil the potential molecular factors involved in
PRAT function opening promising perspectives in developing
appropriate therapeutic and preventive approaches.
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