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Abstract

Disorders in energy homeostasis can lead to various metabolic diseases, partic-
ularly obesity. The obesity epidemic has led to an increased incidence of obesity-
related nephropathy (ORN), a distinct entity characterized by proteinuria, glomer-
ulomegaly, progressive glomerulosclerosis, and renal function decline. Obesity
and its associated renal damage are common in clinical practice, and their
incidence is increasing and attracting great attention. There is a great need to
identify safe and effective therapeutic modalities, and therapeutics using chemical
compounds and natural products are receiving increasing attention. However, the
summary is lacking about the specific effects and mechanisms of action of
compounds in the treatment of ORN. In this review, we summarize the important
clinical features and compound treatment strategies for obesity and obesity-
induced kidney injury. We also summarize the pathologic and clinical features of
ORN as well as its pathogenesis and potential therapeutics targeting renal inflam-
mation, oxidative stress, insulin resistance, fibrosis, kidney lipid accumulation,
and dysregulated autophagy. In addition, detailed information on natural and
synthetic compounds used for the treatment of obesity-related kidney disease is
summarized. The synthesis of detailed information aims to contribute to a deeper
understanding of the clinical treatment modalities for obesity-related kidney
diseases, fostering the anticipation of novel insights in this domain.

Key Words: Compounds; Obesity; Kidney injury; Obesity-related nephropathy; Clinical
features and treatment
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Core Tip: There are a few reviews and summaries on obesity-induced renal injuries. We summarize the pathologic and
clinical features of obesity-related nephropathy (ORN) as well as its pathogenesis and potential therapeutics targeting renal
inflammation, oxidative stress, insulin resistance, fibrosis, kidney lipid accumulation, and dysregulated autophagy, with an
aim to provide new insights into the clinical treatment of ORN.
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INTRODUCTION

Obesity has become one of the epidemics in our era. The prevalence of obesity has significantly surged in the majority of
developed nations over the past 20 to 30 years. Based on predictive estimations, it is anticipated that by 2030, more than
half of the American population will either be obese or at risk of developing complications associated with obesity[1,2].
The prevalence of obesity in China is increasing, which has been associated with shifts in dietary patterns characterized
by a higher intake of animal-derived products, processed grains, energy-dense foods rich in fat and sugar, as well as a
sedentary lifestyle[3]. Overweight, obesity, and complications arising from obesity contributed to 11.1% of the deaths
associated with noncommunicable diseases in 2019, placing a substantial economic burden on China’s healthcare system
[4]. Obesity is an established risk factor for several comorbidities including hypertension, dyslipidemia, atherosclerosis,
insulin resistance, diabetes, fatty liver disease, cardiovascular disease, and sleep apnea, all of which can promote chronic
kidney disease (CKD). Furthermore, obesity plays a crucial and autonomous role in increasing the risk of CKD[5]. While
kidney disease may not be widely acknowledged as a prominent component of metabolic syndrome, it is undeniable that
excessive weight gain plays a significant role in the development of hypertension and type 2 diabetes (T2D). These two
conditions collectively contribute to approximately 70% of cases that lead to end-stage renal disease (ESRD)[6]. Obesity
has been recognized as a distinct risk factor for ESRD in multivariable models, even after considering various epidemi-
ological and clinical factors such as the presence of diabetes mellitus and hypertension[7]. As the prevalence of obesity is
rising worldwide, we observed a similar increase in the incidence of obesity-related kidney disease, which markedly
impaired human health[8].

Adults with untreated obesity develop a glomerular injury that can manifest as hyperfiltration, albuminuria, obesity-
related glomerulopathy (ORG), focal segmental glomerulosclerosis (FSGS), and ESRD[9-11]. Obesity-related nephropathy
(ORN) is a condition characterized by kidney damage, with obesity being identified as a prominent contributing factor
[7]. ORG has emerged as a prominent factor contributing to the development of ESRD. A ten year retrospective study
demonstrated that ORN includes ORG, which has increased threefold from 2009 to 2018[12]. ORG has the potential to
significantly contribute to the development of ORN and can serve as a histopathological indicator for its presence. The
pathological state of ORG is characterized by glomerular enlargement and the development of adaptive FSGS. Clinical
and experimental research has also revealed that ORG is characterized by enlarged glomeruli accompanied by increasing
thickness of the basement membrane in the glomerulus, expansion of the matrix of mesangial cells, and injury to the
barrier to filtration in the glomerulus due to hyperfiltration, ultimately leading to the development of enlarged glomeruli
and FSGS. These conditions have been associated with severe obesity[13]. Severely obese patients may experience ORG as
a secondary form of FSGS, which can lead to the development of renal insufficiency or ESRD in a significant proportion
of affected individuals[14]. Podocyte failure occurs in glomerulomegaly and FSGS due to the inability of adaptive
podocyte hypertrophy to match the expansion of glomerular tuft, resulting in dysfunction. The presence of perihilar
glomerulomegaly and FSGS with relatively mild foot process effacement can be used as distinguishing features between
ORG and primary FSGS[8]. However, this unique attribute of ORG proves to be diagnostically valuable, patients with
obesity may exhibit a range of glomerular ailments, and the identification of complete nephrotic syndrome helps
distinguish ORG from primary FSGS[9,15,16]. Obesity-associated FSGS, clinicopathological features, and its long-term
outcomes indicate a poor prognosis, with almost one-half of patients developing advanced renal failure, FSG lesions with
glomerulomegaly, and absence of nephrotic syndrome despite nephrotic-range proteinuria[10]. Obesity leads to
glomerular enlargement due to increased glomerular filtration rate, renal plasma flow, filtration fraction, and tubular
sodium reabsorption, resulting in proteinuria and deterioration of kidney function[6]. While overt clinical renal manifest-
ations may not be evident in all patients with morbid obesity, various glomerular lesions such as increased mesangial
matrix, proliferation of mesangial cells, hypertrophy of podocytes, enlargement of glomeruli, and focal and segmental
glomerulosclerosis can manifest[17].
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CHARACTERISTICS AND CURRENT TREATMENT OF CKD AND ORN

CKD is conventionally classified based on the extent of albuminuria, estimated glomerular filtration rate, and various
types of kidney-specific injury. The concept of ORN has been introduced to clarify the complex relationship between
obesity, CKD, and additional cardiometabolic disorders such as high blood pressure, diabetes, abnormal lipid levels, and
systemic inflammation. Subnephrotic proteinuria is frequently observed in patients with ORN, while a minority may
exhibit nephrotic-range proteinuria and experience a gradual decline in renal function. However, complete nephrotic
syndrome occurs exceptionally rarely[8]. Patients diagnosed with ORG do not exhibit the characteristic manifestations of
nephrotic syndrome, likely due to the specific nature of podocyte damage and the gradual onset of proteinuria in
adaptive variants of FSGS[9,15,18]. Individuals diagnosed with immunoglobulin A (IgA) nephropathy who had a body
mass index (BMI) over 25 at the time of renal biopsy exhibited more severe renal lesions and higher levels of proteinuria.
Furthermore, they experienced a significantly accelerated decline in renal function and were more likely to progress to
chronic renal failure compared to patients with a BMI below 25[19]. Being overweight has also been found to be a
separate risk factor in the occurrence of high blood pressure among individuals diagnosed with IgA nephropathy[20].
Simultaneously, the presence of obesity and renal lipid buildup are crucial factors in the development and onset of
diabetic nephropathy (DN) among individuals with T2D. Consequently, DN in T2D can be classified as a form of kidney
injury associated with obesity[21,22]. Current treatments focus on addressing obesity, and non-pharmacological
approaches are crucial in managing CKD, either as standalone conditions or accompanying comorbidities. These
interventions primarily involve making lifestyle adjustments, including dietary modifications and incorporating more
physical exercise. Pharmacological measures such as renin-angiotensin system (RAAS) blockers, angiotensin-converting
enzyme inhibitors, or angiotensin II receptor blockers are advised for the treatment of CKD and albuminuria in all
patients. Sodium-glucose cotransporter-2 (SGLT-2) inhibitors and, more recently, non-steroidal mineralocorticoid
receptor antagonists (nsMRAs) have emerged as potential pharmacotherapeutic options for patients with CKD, with and
without coexisting T2D (SGLT-2 inhibitors)[23,24]. However, although SGLT-2 inhibitors and nsMRAs demonstrate
potential in mitigating the likelihood of kidney failure and cardiovascular incidents, their impact on body weight remains
minimal or insignificant, particularly among individuals with CKD. Medicines based on glucagon-like peptide-1 (GLP-1)
have been developed to assist in weight control for individuals who are overweight or obese, as well as for the treatment
of T2D, indicating potential advantages in protecting kidney health[24]. Achieving weight loss through pharmaco-
therapies may involve both direct effects on the kidneys and indirect effects such as weight reduction, blood pressure
reduction, and addressing issues like hyperglycemia, hyperinsulinemia, and excessive adipose tissue. As a result of this,
GLP-1-based therapies have potential value in preventing and alleviating ORN.

Identification of the pathogenesis of ORN is very demanding; consequently, the identification of novel therapeutic
targets and the determination of options for its management are of vital importance.

CLINICAL AND PATHOLOGIC CHARACTERISTICS OF ORN

While adopting a healthy lifestyle and addressing obesity can serve as preventive measures against ORN, it is imperative
to delve into the pathogenesis of this condition in order to discover more efficient and secure treatments or medications.
Long-term overnutrition commonly leads to obesity and its associated complications such as kidney injury. This dietary
regimen leads to excessive lipid accumulation in the kidney, as evidenced by intensified oil red O staining and signi-
ficantly elevated levels of triglycerides (TGs) and cholesterol in the renal system. The researchers also observed that a diet
high-sugar and high-fat diet (HSFD) resulted in renal morphological abnormalities characterized by enlarged glomeruli,
expanded mesangial cells, infiltration of inflammatory cells, and dilated tubules containing hyaline casts[25]. Excessive
consumption of fat leads to an overproduction of insulin and insulin resistance, and this results in increased absorption of
nutrients and a subsequent rise in electron flow within the mitochondrial respiratory chain, leading to enhanced
generation of reactive oxygen species (ROS). Consequently, oxidative stress (OS) is established, which triggers lipo-
toxicity, morphological alterations, and tissue damage in the kidneys of mice with obesity induced through a high-fat diet
(HFD)[26,27]. Injuries to the structure of the kidneys result in alterations in renal composition, such as glomerular
enlargement, expansion of mesangial cells, irregularities in podocyte foot processes, increased tension in the capillary
walls surrounding glomeruli, and vascular abnormalities observed in individuals with obesity and animals. These
modifications lead to a decrease in the rate of glomerular filtration, an increase in proteinuria or albuminuria levels, and a
deterioration of renal function[28]. Emerging data indicate that renal impairment may be present in obese individuals
without diabetes, potentially resulting in heightened kidney damage due to the exacerbation of metabolic and
hemodynamic disturbances over extended periods of obesity[29]. The primary renal physiological alterations caused by
obesity include an elevation in glomerular filtration rate, renal plasma flow, filtration fraction, and tubular sodium
reabsorption[8]. With the progression of obesity, renal dysfunction can occur due to a combination of hemodynamic and
morphological alterations, along with various factors like renal inflammation, OS, lipotoxicity, insulin resistance, dysreg-
ulated autophagy, and fibrosis. Ultimately, these factors may contribute to the development of ESRD (Figure 1).
Possible mechanisms of obesity induced by glomerular injury and renal lesions are diverse, as discussed below.

Renal inflammation, OS, and renal fibrotic lesions

Obesity is characterized by a persistent, mild inflammation caused by the excessive production of inflammatory cytokines
such as tumor necrosis factor and interleukin-6 (IL-6) in adipose tissue and kidneys[30,31]. Monocyte infiltration and
elevated renal expression of systemic proinflammatory cytokines, including tumor necrosis factor-alpha (TNF-a), IL-6,
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Figure 1 Clinical and pathologic characteristics of obesity-related kidney injures. HSFD: High-sucrose and high-fat diet; HFD: High-fat diet; ORN:
Obesity-related nephropathy; ORG: Obesity-related glomerulopathy; ESRD: End-stage renal disease; FSGS: Focal segmental glomerulosclerosis; IgA:
Immunoglobulin A; DN: Diabetic nephropathy; ABCA1: ATP-binding cassette transporter; ADRP: Adipocyte differentiation-related protein; SREBP-1: Sterol response
element binding protein-1; TGF-: Transforming growth factor-; NEFAs: Non-esterified fatty acids; TNF-a: Tumor necrosis factor-o;; IL-6: Interleukin-6; MCP-1:
Moncyte chemoattractant protein-1; IL-B: Interleukin-B; IGF-1: Insulin growth factor-1; NF-kB: Nuclear factor-kappa B; FFAs: Free fatty acids; AMPK: Adenosine 5-
monophosphate activated protein kinase.
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and monocyte chemoattractant protein-1 (MCP-1), are observed in ORN[32,33]. Furthermore, hyperlipidemia leads to
inflammation, resulting in cellular dysfunction and pathological alterations in the renal glomeruli[34,35]. In the presence
of elevated sucrose and fat consumption, disturbances in mitochondrial equilibrium can potentially result in glucotoxicity
and lipotoxicity, leading to an increase in OS and fibrogenesis[36,37]. The circulation of free fatty acids (FFAs) linked to
obesity may result in persistent inflammation, OS, insulin resistance, and cardiovascular diseases. Additionally, they can
increase the production of proinflammatory cytokines[38,39]. They have also been associated with the development of
glomerulopathy and tubulointerstitial lesions in individuals with T2D[40]. It has also been observed both in vitro and in
vivo that FFAs have the ability to activate the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB) and
mitogen-activated protein kinase (MAPK) pathways, leading to an increase in the production of inflammatory cytokines
such as TNF-q, interleukin-beta, interleukin-1beta (IL-1B) and interferon-gamma. Additionally, they also enhance the
expression of pro-adhesion genes like intercellular adhesion molecule 1 and vascular cell adhesion molecule-1[41-43].

The activation of NF-kB occurs due to an overproduction of ROS, resulting in the subsequent enhancement of
expression for pro-inflammatory and pro-fibrotic mediators in renal cells such as nitric oxide synthase, TNF-a, IL-6, IL-1,
and MCP-1[43]. The expression of adhesion molecules in renal cells is controlled by NF-kB, and recent studies have also
suggested the involvement of p38 and JNK pathways[44].

The involvement of the MAPK pathway is significant in obesity, as it has been linked to the development of complic-
ations associated with obesity, including ORG[45]. Furthermore, emerging findings indicate a potential link between
persistently elevated levels of FFAs in individuals with obesity and the presence of systemic inflammation commonly
observed in cases of CKD[44]. Therefore, FFAs act as a connection between obesity, inflammation, and CKD, suggesting
that targeting inflammation could be a promising approach for ORG treatment. In addition, the infiltration of macr-
ophages into adipose tissue, which is associated with obesity, is considered to play a crucial role in the development of
inflammation and insulin resistance. Furthermore, research experiments have demonstrated that inhibiting proinflam-
matory macrophages effectively reduces renal damage[42]. While the mechanisms responsible for ORN have not yet been
fully understood, multiple research studies have indicated that OS, which is a defining feature of being overweight[46], is
a notable factor that contributes to the development of renal damage in ORN[47]. There is a correlation between the rise
in ROS levels and/or decline in antioxidant activity, which leads to OS damage occurring in tissues or cells[48]. The
generation of ROS has the potential to cause harm to both glomeruli and renal tubules, suggesting that ROS serves as a
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crucial mediator in kidney damage and could ultimately result in ESRD[49-51]. Hence, mitigating OS damage by
decreasing the generation of ROS could be a fresh approach to treating ORN.

Disrupted lipid metabolism and buildup in the kidney contribute to OS by promoting excessive oxidation of lipids and
generating ROS within mitochondria. This process further exacerbates transforming growth factor-p (TGF-B)-mediated
renal fibrosis through lipid peroxidation[52-54]. Renal fibrosis, a process that occurs in the glomerular and tubulointer-
stitial compartments, is considered the main hallmark of DN and is the final convergent pathway to ESRD. The
development of DN is associated with various pathways that are directly or indirectly connected to inflammatory
processes, OS, and the formation of fibrous tissue in the kidneys[55-57]. The presence of inflammation in individuals with
obesity has been shown to contribute to the progression of kidney injury, resulting in renal glomerular and interstitial
fibrosis, as well as the irreversible accumulation of the extracellular matrix (ECM) in the kidneys.

In general, hyperglycemia is the primary and crucial factor responsible for initiating and advancing complications
associated with obesity, such as nephropathy. This condition leads to impaired kidney function due to the sudden release
of ROS, resulting in OS. The emergence of OS and unregulated ROS production triggers various pathways that contribute
to the progression of nephropathy related to obesity.

Renal lipid accumulation

The etiological factors underlying renal damage caused by obesity suggest that excessive intake of glucose and lipids
through dietary means prompts renal cells to excessively uptake these substances, resulting in the abnormal accumu-
lation of lipids within the kidneys[58]. Ectopic lipid deposition in the renal system occurs when there is an imbalance
between excessive energy intake and the limited storage capacity of subcutaneous white adipose tissue[59]. Renal lipid
buildup in human DN and renal diseases related to obesity primarily occurs within the tubule, although glomerular
deposits are also linked to glomerular enlargement and fibrosis of the tubulointerstitium[60]. Distinct impairments have
been reported in relevant cellular components, including podocytes, mesangial cells, endothelial cells, and macrophages
[61,62]. Lipid buildup in non-adipose tissue is linked to both structural and functional alterations in different kidney cells,
thereby playing a role in the progression of renal diseases caused by obesity[63]. In mice with obesity induced by an
HFD, the mitochondria of the intrinsic cells of the kidney became small, round, and even broken. Inhibited mitochondrial
FFA B-oxidation due to abnormal mitochondrial structure, results in kidney ectopic lipid deposition and renal dys-
function[64]. The occurrence of lipid droplets has been observed in renal cells among individuals suffering from
conditions linked to obesity and diabetes, impacting the advancement of inflammation and fibrosis in various metabolic
disorders[65,66]. The upregulation of sterol response element binding protein-1 (SREBP-1) has been observed to be
associated with the expression of adipocyte differentiation-related protein (ADRP) and lipid accumulation in the renal
tubules of mice with obesity and diabetes[67]. Elevated levels of ADRP and SREBP-1 expression can be observed in the
renal tubules of individuals with DKD who experience ectopic lipid accumulation (ELD), suggesting a potential negative
impact on renal structure and function during the early stages of metabolic syndrome triggered by obesity[68,69]. ADRP
is a major component of intracellular lipid droplet vesicles and plays an important role in the balance between lipid
storage and lipid expulsion. A significant increase in ADPR can be observed in early DN, suggesting the presence of
abnormal lipid metabolism[70].

The expression level of ADRP demonstrates a correlation with the degree of lipid accumulation and adipose-related
disorders, such as obesity and diabetes[71]. Emerging evidence indicates that sterol regulatory element-binding protein
(SREBP) transcription factors play a crucial role in regulating the synthesis of fatty acids and cholesterol within cells,
leading to abnormal lipid deposition. In diabetic mice, excessive expression of SREBP-1 in the kidney results in lipid
accumulation, glomerulosclerosis, and fibrosis in the tubulointerstitial region[72]. Increased expression of SREBP has
been observed in podocytes that are laden with lipid droplets, both in experimental studies and through a retrospective
analysis of renal biopsies from patients with DN or ORG[60,73,74], and this upregulation may lead to the expression of
TGF-B and ultimately result in an increase in deposition of the ECM[75]. A diet high in fats leads to increased lipid
accumulation and glomerulosclerosis in mice through the SREBP-1c-dependent pathway|[76]. The inhibition of SREBP-1
led to a significant improvement in the accumulation of fatty acids and TGs in the renal system[72]. The findings suggest
that SREBP-1 may play a crucial role in the development of abnormal lipid accumulation and damage to renal tubules in
DKD. Moreover, elevated lipid levels have the potential to stimulate the production of TGF-p1, promote collagen IV
accumulation in the kidneys, generate ROS, and facilitate monocyte infiltration into glomeruli[27]. TGF-B1, a crucial
regulator of fatty acid metabolism at the upstream level, triggers metabolic reprogramming in renal tubular epithelial
cells by promoting reduced utilization of fatty acids and increased lipid accumulation[77]. The overexpression of TGF-p1
is associated with mesangial cell expansion, ECM accumulation, proteinuria, and glomerulosclerosis. Glomerular lipid
accumulation occurs in DKD[60], FSGS[74], and Alport syndrome[78] and is associated with the downregulation of ATP-
binding cassette transporter (ABCA1)-mediated cholesterol efflux. The storage of lipids is additionally regulated by the
interaction between adiponectin and its receptors (AdipoRs), which play a role in modulating insulin sensitivity and
facilitating fat oxidation[79]. The adiponectin receptor agonist (AdipoRon) improved diabetes-induced OS, and inhibition
of apoptosis in the kidneys ameliorated the relevant intracellular pathways associated with lipid accumulation and
endothelial dysfunction. AdipoRon-AdipoR1/AdipoR2 interaction-induced activation of the AMP-activated protein
kinase (AMPK)/peroxisome proliferator-activated receptor (PPAR)a pathway ameliorated lipotoxicity, apoptosis, and
OS, which in turn alleviated the features of DN[22]. PPARa is another important long-chain fatty acid oxidation gene
mediated by AMPK. AdipoRon activates the AMPK/PPARa pathway and protects db/db mice from renal lipid droplet
accumulation and lipotoxic damage[80]. In addition, the activation of AMPK/PPARa was found to enhance renal lipo-
lysis by upregulating the expression of carnitine palmitoyl transferase 1, thereby facilitating the uptake of long-chain fatty
acids into mitochondria for subsequent oxidation in HFD-induced obese rats[81]. Renal lipid accumulation is increasingly
recognized as a consequence of altered fatty acid and cholesterol metabolism. Promising therapeutic approaches targeting
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lipid metabolism include the use of SREBP antagonists, PPARa agonists, FXR agonists, and TGR5 agonists, as well as LXR
agonists[8]. Thus, preventing dyslipidemia and the subsequent lipid accumulation in the kidney may be effective in
attenuating obesity-associated kidney diseases.

Dysregulated autophagy

Autophagy is a lysosomal degradation pathway that has been conserved throughout evolution and is activated in the
presence of challenging circumstances[82]. More importantly, enhanced autophagy effectively mitigated OS-induced
damage. Autophagic vacuoles have commonly been detected in the renal proximal tubules. As a result, the crucial roles
of autophagy in preserving the functionality of proximal tubular epithelial cells (PTECs) have been uncovered through
the utilization of autophagy-deficient mice, with a specific focus on PTECs. This has been achieved under both normal
and abnormal conditions[83,84]. A novel mechanism of lipotoxicity in the kidneys has been identified by a study, which
involves the inhibition of autophagy leading to mitochondrial dysfunction, activation of inflammasomes, and deve-
lopment of fibrosis[85]. It has been discovered that the inhibition of autophagy serves as a newly identified pathway for
lipotoxicity in PTECs, leading to impaired mitochondrial function, activation of inflammasomes, and the development of
kidney fibrosis[86]. As T2D and obesity are characterized by an excess of energy, including glucose and lipid stores, the
activity of AMPK, which serves as an energy sensor and a central regulator of autophagy, is reduced. Consequently, this
leads to a significant impairment in renal autophagy capacity and exacerbates renal injury[86-88]. Therefore, it is con-
ceivable that AMPK-dependent pathways may play a pivotal role in regulating autophagy in DN. Abnormal autophagy
has been linked to the development of T2D and DN[89]. Recent research has revealed additional roles of autophagy in
regulating lipid metabolism and insulin sensitivity. Dysregulated autophagy is restored, and lipid metabolism is
enhanced[90]. AMPK activation can be induced by AMPK activators and conditions of energy deprivation, leading to the
promotion of autophagy in podocytes and renal PTECs. Consequently, this process effectively suppresses OS[91,92].

Insulin resistance contributes to kidney disease

The accumulation of fat in visceral depots, commonly associated with obesity, is linked to an elevated susceptibility to
various health conditions, such as insulin resistance[93]. Glucose intolerance, insulin resistance, and compensatory
hyperinsulinemia are likely to be influenced by excess weight gain, particularly when accompanied by visceral obesity.
These metabolic effects may potentially play a role in the development of renal disease. Insulin resistance serves as the
initial stage that leads to the eventual onset of T2D and significantly contributes to kidney disease in certain individuals
with obesity. Kidney injury may be influenced by subtle abnormalities in glucose and lipid metabolism, which are
associated with insulin resistance. Therefore, the metabolic consequences of insulin resistance may play a more significant
role in the development of hypertension and kidney disease, rather than solely attributing them to hyperinsulinemia[6].
Overconsumption of dietary fat can cause an excessive release of insulin, leading to the development of insulin resistance.
This, in turn, may contribute to lipotoxicity, changes in kidney morphology, and tissue damage in mice subjected to a
HFD challenge[94]. In particular, adipose tissues influence metabolism through the release of non-esterified fatty acids
(NEFAs), glycerol, hormones, and proinflammatory cytokines such as IL-6 and insulin growth factor-1. Proinflammatory
cytokines like TNF-a secreted by macrophages found in adipose tissue play a significant role in causing insulin resistance
associated with obesity and impairing the function of B-cells[44,95,96]

Albuminuria

With the rise in obesity rates, it is crucial to gain a deeper understanding of the correlation between obesity and
albuminuria, as well as the progression of albuminuria associated with obesity. Albuminuria, which is associated with
obesity, can be considered an early indicator of declining kidney function. The potential factors connecting obesity to
albuminuria include chronic low-grade inflammation, insulin resistance and T2D, fibrosis development, and dysregu-
lation of adipokines[97]. Recent clinical research has indicated that decreased levels of adiponectin in the bloodstream
may be a crucial factor in the development of albuminuria associated with obesity. Adiponectin is believed to have a
regulatory effect on podocytes, specialized cells within the kidneys that play a significant role in maintaining the integrity
of the glomerular filtration barrier[98]. Renal cells undergo maladaptive responses to the mechanical strain caused by
hyperfiltration due to the presence of adipokines and ELD in the kidney, resulting in podocyte depletion, proteinuria,
FSGS, and interstitial fibrosis[8]. In the present investigation, scientists aimed to gather evidence regarding the
involvement of these factors associated with obesity in the development of certain renal abnormalities, specifically
albuminuria and inflammation[97]. Obesity-associated albuminuria is currently being acknowledged as not just a marker
of impaired renal function and an initial indicator of DN[99], but it also amplifies the susceptibility to cardiovascular
disease[100]. Determining the primary factor contributing to the onset of proteinuria, whether it is diabetes or obesity, can
pose a challenge[8]. Renal overexpression of the transcription factor SREBP-1c is implicated in promoting diabetic renal
diseases, resulting in increased synthesis and accumulation of TGs. This phenomenon is closely associated with the
development of renal sclerosis and proteinuria[101].

Role of hemodynamics: Systemic arterial and glomerular hypertension

Renal tubular sodium reabsorption is enhanced, pressure natriuresis is impaired, and volume expansion occurs due to
the activation of the sympathetic nervous system and RAAS. Additionally, visceral obesity can physically compress the
kidneys. Renal vasodilation and glomerular hyperfiltration are induced by obesity as initial compensatory mechanisms to
preserve sodium balance in response to increased tubular reabsorption. However, over time, these alterations, in con-
junction with elevated systemic arterial pressure, exert a hemodynamic burden on the renal system, leading to
glomerular damage[6]. An elevation in glomerular capillary wall tension, the production of ECM, and fibrosis are
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anticipated as a consequence of obesity. Glomerular hyperfiltration is a probable primary contributor to the development
of microalbuminuria, potentially leading to the initiation of inflammatory responses within the glomeruli. The aberrant
renal function appears to play a significant role both as an underlying factor and as a resultant effect of obesity and
hypertension. To effectively address obesity-related kidney damage, it is crucial to focus on restoring normal levels of
glomerular hydrostatic pressure and systemic arterial pressure.

Lipotoxicity and DN
Lipid accumulation could significantly contribute to the development of tissue injury caused by a condition known as
lipotoxicity[75,102]. Lipid deposition occurs in almost all cell types within the kidney, resulting in the condition known as
renal lipotoxicity[21]. Lipid toxicity leads to renal impairment through the initiation of inflammatory responses, OS,
disruption of mitochondrial function, cellular demise, podocyte harm, tubular injury, mesangial cell proliferation,
activation of endothelial cells, and formation of foam cells derived from macrophages[103]. Emerging findings suggest
that the accumulation of lipids in the kidneys and their harmful effects, resulting from excessive fat content, are
significant factors contributing to renal injury in individuals with metabolic syndrome[104,105]. Lipid accumulation in
the renal system can lead to damage in both glomerular and tubulointerstitial regions, thereby exacerbating the
progression of DN through its impact on renal tissues[103]. Emerging studies have revealed the significance of ELD in
promoting ORN and DN by causing renal lipotoxicity. ELD primarily occurs due to an imbalance in the uptake and
oxidation of fatty acids, leading to disruptions in lipid metabolism. These disruptions are mainly associated with the
AMPK signaling pathway. AMPK plays a crucial role in regulating several key enzymes involved in both the synthesis
and breakdown of lipids, including adipose TG lipase, fatty acid synthase (FAS), hormone-sensitive lipase, and 3-
hydroxy-3-methylglutaryl-CoA reductase[22,106]. Activation of AMPK normalizes renal lipid levels, despite prolonged
exposure to lipids, and improves the outcomes of obesity-induced renal damage through various mechanisms, such as
improving lipid metabolism, reducing inflammation and fibrosis, maintaining mitochondrial balance, promoting
autophagy, and alleviating OS[107]. By activating the AMPK/acetyl-CoA carboxylase pathway, AdipoRon, a potent
agonist of adiponectin receptors, effectively diminishes renal lipogenesis and lipid accumulation. This intervention plays
a crucial role in mitigating the initial susceptibility to obesity-related DN and its subsequent advancement toward ESRD
[22].

A comprehensive understanding of the mechanisms contributing to lipotoxicity and DN may facilitate the deve-
lopment of improved therapeutic interventions aimed at halting the progression of renal injury associated with obesity
and DN.

INTERVENTIONS FOR ORN

Despite the significant increase in the prevalence of ORN, therapeutic options remain limited. Like other chronic nephro-
pathies characterized by proteinuria, a substantial reduction in proteinuria is believed to confer renoprotective benefits
for ORN. Managing glycemic levels, inhibiting the RAAS blockade, and reducing weight gain are the primary strategies
to counteract proteinuria. Nonetheless, the incidence rate of ORN is still prevalent, and cases of ESRD are also increasing
because of the restricted effectiveness and numerous undesirable adverse reactions linked to these therapies. Therefore,
new therapeutic options for ORG need to be identified.

Numerous studies have highlighted the beneficial impacts of food components derived from organic sources, partic-
ularly medicinal flora, in alleviating the detrimental consequences and slowing down the progression or advancement of
ORN and DN. Many of these food compounds possess properties that combat oxidation and inflammation, effectively
preventing the negative effects caused by high blood sugar levels such as OS and inflammatory reactions.

Numerous research investigations have focused on exploring the potential of natural substances, artificial medications,
and compounds as promising alternatives in developing innovative agents for kidney diseases associated with obesity
and renoprotection. In this section, we provide a brief overview of observational studies indicating that certain substances
have been tested in experimental models of ORN and exhibit renoprotective effects by reducing renal inflammation, OS,
insulin resistance, fibrosis, and kidney lipid accumulation, and restoring dysregulated autophagy.

Drugs for obesity-induced kidney disease
Statins and PPAR agonists: Lipid peroxidation stress biomarkers show a significant elevation in glomeruli and renal
microvessels among individuals with T2D. Additionally, statins, known for their lipid-lowering properties, demonstrate
the ability to decrease proteinuria and slow down the progression of kidney disease in patients presenting with hyper-
cholesterolemia and proteinuria. By lowering plasma levels of both low-density lipoprotein cholesterol (LDL-C) and TGs,
statins effectively protect the glomeruli from the detrimental effects caused by injury induced by oxidized low-density
lipoprotein and activation of cell signaling pathways[108]. In the treatment of CKD, statins, which belong to a category of
medications, have been approved in addition to synthetic drugs[102]. Numerous studies have showcased their potential
in ameliorating renal impairment in rats with obesity (leptin signaling-deficient rats are employed as a representation of
obese metabolic syndrome). This is primarily achieved through the mitigation of OS, and reduced inflammation and
fibrosis, ultimately safeguarding the structure and functionality of the kidneys[109,110]. However, the activation of
AMPK seems to be closely associated with the mechanisms by which statins exert their renoprotective effects[107].

In addition to their ability to lower lipid levels, statins possess properties that can reduce inflammation, OS, and cell
proliferation. They also have the potential to protect the endothelium and enhance adiponectin levels in renal cells[80].
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Given that the interaction between statins and PPARs contributes to their beneficial effects, it is not surprising that
researchers have explored the potential of PPAR therapies in addressing obesity and diabetes. This has been de-
monstrated in studies involving mesangial cells as well as an experimental model of T2D using leptin receptor-deficient
mice (db/db). Hong et al[111] demonstrated the beneficial effects of fenofibrate in reducing albuminuria, suppressing the
accumulation of NEFAs and TGs within the kidneys, and protecting against apoptosis and OS[111]. In mice provided
with an HFD, fenofibrate demonstrated the ability to decrease OS and lipid buildup within the glomeruli. Additionally, it
effectively hindered the progression of albuminuria and glomerular fibrosis[112]. Pharmacological activation of PPAR-y
offers the opportunity to enhance the endogenous plasma levels of adiponectin, thereby further substantiating the
protective role of adiponectin in the development of obesity-related kidney disease. We also observed that mice treated
with rosiglitazone, a PPAR-y agonist that belongs to the thiazolidinedione class of drugs, displayed markedly increased
plasma levels of adiponectin, a protein predominantly secreted by adipocytes. It is well documented that adiponectin is a
cardioprotective adipokine, due to its anti-inflammatory and insulin-sensitizing properties[113]. Furthermore, tesagl-
itazar, a dual agonist of PPARa/y, exhibits beneficial effects on lipid metabolism and elevates adip-onectin levels.
Additionally, it demonstrates potential in mitigating albuminuria and renal glomerular fibrosis in mice with diabetes
[114]. The findings suggest that drugs capable of activating both PPARa and y may hold therapeutic potential in
addressing renal lipotoxicity and kidney disease caused by obesity.

GLP-1 receptor agonists: Exendin-4 and liraglutide, both as GLP-1 receptor agonists, demonstrate potential in mitigating
renal damage caused by obesity through manipulation of the AMPK pathway and promotion of ABCAl-mediated
cholesterol efflux[81,115]. The study conducted by Su et al[116] revealed that in rats with T2D, liraglutide, a long-acting
derivative of human GLP-1, effectively reduces renal SREBP-1 expression through the activation of AMPK. As a result, it
alleviates kidney damage caused by disorders in lipid metabolism[116]. Wang et al[81] demonstrated that the adminis-
tration of liraglutide effectively restores mitochondrial function in the kidneys of rats fed an HFD. This restoration is
achieved through the activation of sirtuin-1/ AMPK and PPAR-y coactivator-lo (PGC-1a) pathways. Additionally,
treatment with liraglutide leads to a reduction in renal cholesterol, TG, and fatty acid residue deposition, while simultan-
eously increasing levels of mitochondrial metabolites[81].

Sodium-glucose cotransporter 2 inhibitors: Sodium-glucose cotransporter 2 inhibitors (SGLT2i) are a recently developed
category of medications primarily used in managing individuals with T2D and its associated complications. These drugs
have significantly contributed to advancing the field of cardiorenal protective medicine. SGLT2 inhibitors, which inhibit
glucose absorption in the kidneys and reduce hyperglycemia, have also shown renoprotective effects. Relevant studies
have been conducted to evaluate the effectiveness of SGLT2 inhibitors in preventing kidney damage and progression to
ESKD related to T2D, but no significant findings have been reported regarding the efficacy of alternative hypoglycemic
medications[87,117]. Remarkably, the beneficial effects of SGLT2 inhibitors on kidney function are not related to blood
sugar regulation but instead attributed to their ability to trigger a genetic response that resembles the metabolic state of
fasting and oxygen deprivation (an energy-deprived condition)[118]. Hosokawa and colleagues have recently
demonstrated that ipragliflozin effectively reduces the accumulation of abnormal lipids in the tubular cells of mice with
diabetes[119]. Furthermore, Birnbaum et al[120] have shown that the activation of AMPK is responsible for the im-
provement in glomerular hyperfiltration observed in ob/ob mice (a mouse model for obese T2D) when they are treated
with dapagliflozin, an inhibitor of SGLT2[120]. Hawley et al[121] demonstrated that lipid synthesis was effectively
suppressed by the SGLT2 inhibitor canagliflozin, through a mechanism dependent on AMPK[121]. Therefore, the
potential protective effects of SGLT2 inhibitors on obesity-related renal injury and other obesity-related diseases may be
attributed to their ability to enhance autophagy, reduce OS, and improve lipid metabolic disorders through AMPK
stimulation. Besides, the use of combination therapy may offer a more efficient approach to treating renal injury
associated with obesity. While dapagliflozin (an SGLT2 inhibitor) has demonstrated its ability to reduce renal inflam-
mation in mice with T2D by activating AMPK (known for its diverse effects on kidney pathogenesis and dysfunction
related to obesity or T2D), the combined administration of saxagliptin (a dipeptidyl peptidase-4 inhibitor) and dapa-
gliflozin exhibits an enhanced protective effect without any additional activation of AMPK[121]. This discovery suggests
that the simultaneous use of AMPK-activating drugs and other renoprotective medications may enhance renal protection
and yield more effective treatment outcomes compared to using a single therapy, in order to combat obesity-related
kidney damage.

While further investigation is necessary, it is conceivable that in addition to the widely recognized impacts of SGLT?2i,
the potential mitigation of tubular lipid accumulation may emerge as a novel mechanism attributed to these compounds
for renoprotection[122-124]. Furthermore, it is crucial to conduct a significant amount of meticulously planned in vivo
research to determine the impact of drug interactions and potential adverse effects in renal diseases related to obesity.

Natural and synthetic compounds for treatment of obesity-related kidney disease

In recent times, numerous research investigations have focused on exploring the potential of natural substances and
artificially synthesized compounds as promising alternatives in developing renoprotective agents and new drugs for
obesity-related kidney diseases. Numerous studies have highlighted the advantageous impacts of natural food
compounds, particularly those derived from medicinal plants, in alleviating the detrimental consequences and slowing
down the progression or escalation of chronic diseases such as diabetes, ORN, and DN. Many of these food components
possess properties that combat oxidation and inflammation, effectively preventing damage caused by OS, inflammatory
reactions, insulin resistance, fibrosis, and lipid buildup in the kidneys associated with obesity, and restoring proper
regulation of autophagy (Figure 2).
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Figure 2 Summary of natural and synthetic compounds for treatment of obesity-related kidney disease. H2S: Hydrogen sulfide; NF-B: The
nuclear factor-kappa B; AMPK: Adenosine 5-monophosphate activated protein kinase; ABCA1: ATP-binding cassette transporter; LPL: Lipoprotein lipase; OSBPL7:
Oxysterol binding protein like 7; GRP55: G protein-coupled receptor 55; EPA: Eicosapentaenoic acid; IKK: IkB kinase.

Synthetic compounds: (1) Oxysterol binding protein like 7 (OSBPL7): The current study presents the discovery of a group
of 5-aryl nicotinamide compounds through phenotypic drug exploration. These compounds specifically target OSBPL7
and enhance cholesterol efflux, which is dependent on ABCA1. In preclinical models of kidney disease associated with
obesity, these compounds have demonstrated efficacy in reducing lipid accumulation in the kidneys, protecting against
podocyte loss, restoring normal levels of proteinuria, and mitigating the decline in renal function. Targeting OSBPL7 with
small-molecule drugs offers a potential and secure therapeutic approach for addressing obesity-related renal conditions
and other disorders associated with cellular cholesterol balance. This novel mode of action focuses on modulating cellular
cholesterol metabolism, providing an alternative means to enhance ABCA1 activity[125]. These agents, in addition to the
existing medications that aim to manage blood pressure or glucose levels, have the potential to meet the unmet
requirement for ORN.

(2) Lipoprotein lipase (LPL) activator-Ibrolipim: Scientists have successfully demonstrated that the consumption of a
diet rich in sucrose and fat leads to lipid accumulation in abnormal locations and a deficiency in LPL, while also reducing
the antioxidant capacity within the kidney tissue of Chinese Bama minipigs[126,127]. Therefore, increasing LPL activity
could potentially prevent lipid accumulation in the kidney. NO-1886 (also known as Ibrolipim) enhances the expression
and functionality of LPL within the kidneys, improving renal lipid accumulation and reducing microalbuminuria in diet-
induced diabetic minipigs[25]. This minipig model primarily exhibited abnormal lipid accumulation in unexpected areas,
glomerular enlargement, fusion of podocyte processes, thickening of the basement membrane, expansion of mesangial
cells, moderate glomerular damage, and fibrosis in the tubulointerstitial region. These changes were accompanied by a
slight increase in urinary albumin levels. Furthermore, Ibrolipim effectively reduced the production of ROS induced by
an HSFD, while simultaneously enhancing both expression and activity of antioxidant enzymes to promote ROS
elimination. As a result, renal ROS levels were significantly suppressed. At the same time, Ibrolipim demonstrated
inhibitory effects on the elevated expression of TGF-B and partially restored the reduced levels of matrix metallopro-
teinase 2, thus hindering the buildup of the ECM. In combination, Ibroipim demonstrates the ability to regulate renal ROS
and ECM metabolism, resulting in antioxidative and antifibrotic effects. Consequently, it effectively mitigates the
progression of nephropathy in diet-induced diabetic minipigs[58]. Liu et al[58] demonstrated that the administration of
Ibrolipim, in combination with an HSFD, for a duration of 5 mo, leads to significant reductions in hyperglycemia, hyper-
insulinemia, insulin resistance, hypertriglyceridemia, microalbuminuria, and renal fat accumulation. Additionally, it
improves pathological injury. These effects are consistent with the observed increase in renal LPL activity and expression
in minipig models of DN. This evidence suggests that the potential benefits of Ibrolipim in protecting the kidneys from
damage caused by excessive TG and cholesterol buildup may be associated with its ability to decrease the expression
levels of renal LPL mRNA and protein and its enzyme activity induced by an HSFD[25].

In summary, the involvement of renal LPL in lipid metabolism and nephropathy is significant, and activation of renal
LPL has a protective effect against diet-induced DN. Ibrolipim, an agonist of LPL, shows promising potential for pre-
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venting and treating ORG.

(3) Atypical cannabinoid ligand-O-1918: G protein-coupled receptor 55 (GPR55) plays a crucial role in enhancing
insulin action and promoting adipogenesis, and its expression is elevated in renal tissues after high-fat feeding. Research
conducted on obesity has revealed a notable disparity in the expression of GPR55 between obese individuals and those
who are lean, with significantly higher levels observed in the adipose tissue of the former[128]. Considering the potential
antagonistic effect of O-1918 on GPR55 and the known association between chronic low-grade inflammation, obesity, and
insulin resistance, it is plausible that this interaction could contribute to an increase in the circulating levels of pro-inflam-
matory cytokines throughout the body. According to Simcocks et al[129], the administration of O-1918 resulted in a
decrease in BAT mass while not affecting overall body fat or lean tissue mass. Interestingly, this compound exhibited a
positive effect in reducing albuminuria and renal tubular hypertrophy[129]. The study presents novel findings suggesting
that O-1918 has the potential to mitigate both structural and functional damage in the kidneys caused by an HFD.
Consequently, O-1918 could be considered a promising therapeutic option for addressing kidney diseases associated with
obesity. Future investigations should prioritize exploring how modulating G protein-coupled receptors targeted by O-
1602/0-1918 (such as GPR55 and GPR18) impacts specific tissues like adipose tissue or the kidney, aiming to counteract
any adverse effects observed with O-1918 on pro-inflammatory signaling pathways implicated in obesity-related kidney
disease.

(4) Resveratrol analog-Pal9: Resveratrol, derived from grapes and various plants, has garnered growing interest as a
promising therapeutic candidate in the prevention and management of atherosclerosis, cardiovascular diseases, and
cerebrovascular diseases due to its anti-inflammatory characteristics and minimal toxicity[130,131]. Various studies have
indicated that resveratrol has the potential to reduce obesity and its related complications through multiple mechanisms.
PA19 ((1e,4e)-1-{2,4-dimethoxy-6-[(e)-4-methoxystyryl] phenyl}-5-(2,4-dimethoxyphenyl) penta-1,4-dien-3-one), a newly
developed anti-inflammatory compound that has been synthesized by the Chemical Biology Research Center at Wenzhou
Medical University's School of Pharmaceutical Sciences, is a resveratrol analog; it was investigated in an established
mouse model of obesity. Treatment with PA19 for the last 12 wk of the experiment resulted in a significant decrease in
both kidney fibrosis and inflammation caused by an HFD. The results suggested that PA19 exhibits renoprotective effects
by inhibiting inflammation and inflammatory cell infiltration and effectively inhibits obesity-induced kidney tissue injury
and fibrosis[132]. These findings indicate that PA19 is a potential novel agent for treating obesity and obesity-induced
renal injury.

(5) Adiponectin receptor agonist-adiporon: Adiponectin, a hormone released by fat cells, plays a crucial role in regu-
lating fatty acid metabolism. Adiponectin exerts its effects by binding to AdipoR1 and AdipoR2 receptors, which leads to
the activation of PGC-1a through AMPK phosphorylation or PPARYy activation[133]. The activation of the AMPK-PPARy-
PGC-1a axis reduces lipid levels in both the bloodstream and ectopic tissues, such as the kidney[134]. Therefore, adi-
ponectin has been identified as a crucial target for addressing the harmful consequences of lipotoxicity. Recent research
has indicated that AdipoRon, a synthetic adiponectin agonist that can be taken orally, has positive effects in reducing
lipotoxicity and improving insulin resistance. Additionally, it has been found to benefit individuals with obesity-related
diseases such as DN and its associated complications[22]. AdipoRon effectively decreases the levels of sphingolipids,
which are strongly linked to lipotoxicity, inflammation, and insulin resistance[135]. Furthermore, the interaction between
AdipoRon and AdipoR1/AdipoR2 activates the AMPK/PPARa pathway, resulting in improved lipotoxicity, apoptosis,
and OS. Consequently, this leads to a reduction in the manifestations of DN[22]. These results indicate that the activation
of AMPK through AdipoR agonism in renal cells holds great potential as a therapeutic approach in clinical settings. In
light of these findings, AdipoRon emerges as an innovative and promising candidate to usher in a new era for the
treatment of DN and ORN.

(6) Hydrogen sulfide (H,S): H,S is a naturally occurring gas that acts as a signaling molecule in mammalian tissues. It is
produced by the enzymes cystathionine -synthase, cystathionine-y-lyase, and 3-mercaptopyruvate sulfurtransferase
[136]. All three enzymes exhibit high levels of expression in renal tissues and play a crucial role in the production of H,S
within the kidneys. Growing evidence suggests that H,S plays a significant role in both the normal functioning of the
kidneys and kidney diseases[137]. Under normal physiological circumstances, the basal levels of H,S in the kidneys play
a role in regulating tubular function and renal hemodynamics, including influencing changes in renal blood flow, sodium
and potassium ion excretion, glomerular filtration rate, and urinary excretion[138]. H,S possesses the capability to act as
an oxygen sensor in the renal medulla. In situations of low oxygen levels, it can help restore oxygen equilibrium by
enhancing blood flow in the medulla, reducing energy demands for tubular transport, and directly inhibiting mitoc-
hondrial respiration[139]. H,S concentrations exhibit notable decreases in individuals with T2D who are overweight, as
well as in obese mice induced by an HFD[140,141]. Wu et al[142] proposed that the downregulation of NF-xB expression
by H,S may lead to a decrease in kidney inflammation, potentially mitigating kidney lipid levels, enhancing kidney
function, and reducing interstitial injury and fibrosis in the kidney. Due to the potential contribution of a lack of H,S to
the progression of CKD, and the potential protective effect of administering exogenous H,S against kidney damage
associated with obesity[142], targeting H,S and its released compounds could be a promising approach for addressing
kidney damage caused by obesity.

(7) Eicosapentaenoic acid (EPA): EPA reduces TG levels without causing an increase in LDL-C levels[143]. Prior
research has suggested that EPA exhibits diverse biological impacts, including anti-inflammatory properties, potential for
cancer prevention, and cardiovascular health protection[144]. Furthermore, the presence of EPA has the potential to
impact cellular responses mediated by membrane proteins, generation of lipid mediators, signaling pathways within
cells, and regulation of gene expression across different cell types[145]. Autophagy has been observed in different cell
types upon exposure to EPA, as demonstrated by multiple research studies. Replenishing EPA in cultured PTECs
exposed to palmitic acid effectively enhances lysosomal function, leading to notable improvements in autophagic flux.
Supplementing EPA in mice fed an HFD effectively mitigates renal lipotoxicity by regulating autophagy, reducing
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phospholipid accumulation in lysosomes, improving mitochondrial function, and alleviating inflammation and fibrosis
associated with lipotoxicity[85]. In summary, EPA effectively counteracts lipotoxicity in the proximal tubule by
alleviating autophagic insensitivity, suggesting its potential as an innovative therapeutic approach for kidney diseases
associated with obesity.

And (8) IxB kinase (IKK) inhibitor: IKK, a kinase complex, is responsible for phosphorylating IxBa, an inhibitory
protein of NF-xB. This process facilitates the ubiquitination and subsequent degradation of IxBa by the proteasome. Nrf2
plays a crucial role in protecting against OS by promoting the production of antioxidant enzymes[146,147]. Cylindro-
matosis (CYLD) is an enzyme involved in the removal of ubiquitin from specific signaling molecules, thereby regulating
their process of ubiquitination[148]. Recent research has revealed that the activation of IKK leads to the phosphorylation
of CYLD, resulting in the inhibition of its deubiquitination activity. As a result, this process enhances Nrf2's ubiquit-
ination and exacerbates OS-induced damage. These findings provide a solid foundation for the management of kidney
injury caused by ORN. A compound that inhibits IKK was found to decrease the phosphorylation of CYLD and hinder
the ubiquitination process of Nrf2, resulting in an improvement in kidney injury induced by OS in ORNJ[149].
Furthermore, IKK inhibitors may potentially reduce lipid deposition and OS injury, which could be a specific mechanism
contributing to kidney damage in ORN.

Natural compounds: (1) Quercetin and crocin: Quercetin is the primary active constituent found in Eucommia species,
while crocin is the main active component present in Gardenia species. In the past few years, numerous studies have
effectively identified herbs or herbal extracts that exhibit inhibitory effects on renal fibrosis in both live organisms and
laboratory settings. Eucommia ulmoides is rich in five primary active components, namely, phenylpropanoids, iridoids,
lignans, polysaccharides, and flavonoids. It exhibits various biological activities such as antibacterial properties, anti-
inflammatory effects, fever-reducing capabilities, blood pressure-regulating abilities, antioxidant actions, cholesterol-
lowering effects, and more[150,151]. Gardenia is recognized for its efficacy in preventing weight gain and enhancing
abnormal lipid levels, high insulin levels, impaired glucose tolerance, and lipid peroxidation due to the presence of three
primary active components: Iridoids, flavonoids, and crocin[152]. The significant attention garnered by their therapeutic
benefits in addressing obesity and diabetes cannot be overlooked. Lai ef al[153] extracted quercetin and crocin from
Eucommia ulmoides Oliv and Gardenia, respectively, which improved HFD-induced renal lipid accumulation and renal
fibrosis, and additionally decreased autophagy-related protein p-AMPK levels in the kidneys, which might exert
protective effects against ORN[153];

(2) Juglanin (Jug): Jug is an organic substance derived from the raw material Polygonum aviculare. Overconsumption of
energy, such as an HFD, leads to the emergence of metabolic syndrome, which plays a role in the accumulation of lipids
in the kidneys and subsequent renal damage. Supplementation with Jug reduced collagen accumulation and lipid
deposition in renal tissues, resulting in noticeable histopathological improvements in HFD-challenged mice. The nephro-
protective effects of Jug were validated in an in vitro study using hexokinase II cells stimulated with palmitate. The
primary mechanism involved inhibiting the nuclear translocation of NF-xB/histone deacetylase 3, leading to the supp-
ression of inflammation and lipid accumulation. In addition, the administration of Jug supplement resulted in a
significant reduction in the mRNA levels of genes involved in fatty acid synthesis, such as sterol regulatory element-
binding factor 1, FAS, stearoyl-CoA desaturase 1, acetyl-CoA carboxylase-a, and PPARy. Conversely, it greatly enhanced
the expression of genes associated with fatty acid oxidation, including PPARa, carnitine palmitoyl transferase-1 alpha,
and uncoupling protein 2 in mice fed an HFD. Consequently, this led to an improvement in kidney diseases related to
obesity[17];

(3) Allium tuberosum: Chinese leek, scientifically referred to as Allium tuberosum, is an onion species that exhibits
perennial growth. It originates from the Shanxi province in China; however, it has gained popularity and is now
cultivated across various regions globally. Allium tuberosum is extensively utilized as a significant culinary ingredient in
various regions globally, and its utilization in traditional medicine has gained substantial popularity due to its pharmaco-
logical characteristics. Allium tuberosum has been found to exhibit properties that potentially combat OS, inhibit cancer
growth, regulate blood sugar levels, protect cells from damage, preserve kidney function, and reduce inflammation[154,
155]. The plant contains abundant amounts of polyphenols, steroidal saponins, nucleosides, nucleotides, and sulfur
ethers. The butanol fraction derived from Allium tuberosum (BFAT) exhibited significant reductions in blood glucose and
lipid levels (including TG, TC, and LDL-C), as well as serum creatinine, blood urea nitrogen, and urinary albumin levels
in rats with diabetes. Additionally, BFAT enhanced the antioxidant enzyme status of the kidneys [such as glutathione
(GSH), superoxide dismutase (SOD), and catalase (CAT)] while reducing lipid peroxidation products in diabetic rats.
Moreover, it effectively decreased pro-inflammatory cytokine levels in HFD/streptozotocin-induced diabetic rats. Ni et al
[156] demonstrated that the renoprotective mechanism of BFAT may primarily be associated with its capacity to suppress
elevated blood glucose levels, thereby enhancing renal function through a reduction in OS markers such as malonal-
dehyde, superoxide dismutase, GSH, CAT and pro-inflammatory mediators including TNF-o, IL-6, and IL-1.
Additionally, BFAT was found to mitigate renal fibrosis by modulating TGF-p1 expression[156]. The potential protective
effect of BFAT on the kidneys may be attributed to its ability to alleviate high blood sugar levels, thereby improving renal
function through the reduction of OS and inflammatory factors. Additional research is necessary to investigate the direct
impact of BFAT on the primary pathways associated with ORN. These findings indicate that Allium tuberosum has the
potential to be considered a promising nutraceutical for the prevention or management of ORN;

(4) Tribulus terrestris (TT): TT, which belongs to the Zygophyllaceae family, is widely distributed in subtropical regions
across various geographical areas. TT is utilized for its positive effects on cardiovascular function and fluid balance, as
well as its potential advantages in enhancing libido, combating the harmful effects of free radicals, facilitating weight
management, and supporting herbal recovery after a stroke[157]. According to the bioinformatic annotation, it is
suggested that potential factors contributing to ORG may include increased energy metabolism, decreased stress
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response, and a compromised immune system. After 8 wk of TT administration, there were noticeable reductions in body
weight, blood pressure, serum cystatin C levels, and cholesterol levels. Furthermore, TT effectively improved rats'
resilience against ORG by reducing energy expenditure and mitigating the likelihood of hemorrhage. Additionally, It
enhanced the response to acute-phase reactants and immunity, suggesting that TT may have a protective effect against
ORG in rats[158];

(5) Chalcones: Chalcones, which are present in various plant species, belong to a category of compounds that fall
within the flavonoid family. They have a variety of pharmacological properties, including antioxidant, anti-hyper-
glycemic, antitumor, and anti-inflammatory effects[159-161]. L2H17 (1-(3,4-dihydroxyphenyl)-3-(2-methoxy-phenyl)prop-
2-en-1-one), a compound derived from chalcone, exhibits protective effects against renal injury by suppressing the
production of inflammatory cytokines through inhibiting the MAPK/NF-xB signaling pathway. This leads to a significant
reduction in the expression levels of pro-inflammatory cytokines and cell adhesion molecules, ultimately resulting in
improved kidney histology and pathology. These results indicate that L2H17 has the potential to be used as a therapeutic
option for treating ORG due to its anti-inflammatory properties[44]. Therefore, further research is necessary to elucidate
the molecular mechanisms and targets associated with L2H17. In any case, the results presented in this research indicate
that focusing on the NF-xB/MAPK pathways could be a crucial therapeutic objective. Additionally, L2H17 is proposed as
a potential agent for reducing inflammation in obesity-related complications such as ORG;

(6) Genistein: Through its interaction with AdipoR, genistein, a prominent isoflavone found in soybeans, has the
potential to enhance fatty acid oxidation and consequently decrease lipid accumulation in the kidneys[79]. Genistein
inhibits the upregulation and accumulation of ECM proteins induced by ovariectomy. The changes in ECM composition
have been associated with metabolic alterations, such as elevated levels of TGF-f, OS, and lipid accumulation. Genistein
may contribute to maintaining normal kidney function by mitigating various risk factors for renal damage induced by
ovariectomy, including reducing insulin resistance, alleviating renal OS (such as decreasing expression of renal RAGE
and H,0O, while increasing expression of renal SOD), preventing lipid accumulation (including decreased expression of
renal AdipoR1 and AdipoR2 but increased expression of renal SREBP-1), and inhibiting renal fibronectin production
resulting in reduced levels of serum and renal TGF-B[162]. It has been suggested that the removal of ovaries may lead to
increased blood sugar levels and insulin levels, as well as fat accumulation in the kidneys and synthesis of fats in the
kidneys. However, genistein has shown potential in preserving normal kidney function by mitigating various harmful
effects on the kidneys caused by ovariectomy, including obesity-associated kidney damage;

And (7) Thymol: Thymol, a type of dietary monoterpene phenol, can be found in the oils of various plants including
Thymus vulgaris, Thymbra spicata, Thymus ciliates, Trachyspermum ammi, Monarda fistulosa, and Nigella sativa seeds. It has
been shown to possess several biological properties such as antibacterial effects, anti-inflammatory properties, and
antioxidant activity. Additionally, it has also demonstrated potential for preventing myocardial infarction[163,164]. The
United States Food and Drug Administration has classified thymol as a safe food additive for consumption, with no toxic
effects[165]. The antioxidant properties of thymol, a naturally occurring bioactive compound, resulted in a reduction in
the levels of lipid peroxidation products. Additionally, it exhibited positive effects on glucose regulation, decreased
kidney weight, and improved various biochemical parameters in both serum and urine. Furthermore, it successfully
restored the levels of TGF-B and vascular endothelial growth factor proteins in mice with diet-induced diabetes.
Furthermore, thymol exhibits a notable impact on lipid profile reduction through the modulation of SREBP-1c protein
expression, preservation of renal architecture, and mitigation of renal fibrosis[27]. Therefore, thymol is a potent nephro-
protectant against HFD-induced DN and ORN.

Non-pharmacological approaches
The foremost suggestions are to make lifestyle adjustments, such as adopting a nutritious diet and engaging in consistent
physical activity. The primary approach to addressing obesity-related conditions is reducing body weight, as obesity
increases the likelihood of developing hypertension, proteinuria, significant histologic abnormalities, and ESRD.
Consequently, losing excess weight can lead to a decrease in proteinuria[166]. Furthermore, bariatric surgery may
provide renoprotective benefits beyond metabolic control and exercise training in patients with morbid obesity, both of
which are recognized as effective therapeutic approaches for managing obesity and its associated conditions. New
research has shown that implementing a delayed endurance exercise training (EET) regimen can be an efficient approach
to averting complications associated with obesity. One suggestion is to incorporate exercise training into the compre-
hensive care for individuals with CKD at any stage of its progression[167], employing EET for preventive purposes rather
than as an intervention. Juszczak et al[168] conducted a groundbreaking study in which they observed the positive impact
of EET when administered for an additional 8 wk on obesity-related CKD. This was evident through notable im-
provements in obesity-induced glomerulopathy, interstitial fibrosis, inflammation, OS, and ELD within the kidney.
Additionally, there was a reduction in albuminuria and an improvement in overall kidney function. Hence, physical
activity training could serve as a promising non-pharmacological approach to activate AMPK in obesity-induced CKD.
These findings demonstrate that the administration of EET results in the enhancement of the AMPK pathway in renal
tissue. Notably, there is a significant increase in the phosphorylation of downstream signaling molecules mediated by
AMPXK, leading to elevated fatty acid oxidation and improved autophagy in obese mice[168]. EET is an effective strategy
for the prevention of obesity-related complications. EET is expected to be included in renal care at any step in ORN.
Detailed information on natural and synthetic compounds for the treatment of obesity-related kidney diseases is
summarized in Table 1.
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Table 1 Detail information of natural and synthetic compounds for treatment of obesity-related kidney and diabetes-related kidney

injury
Substance  Animal model The therapeutic effects Pathway Ref.
Ibrolipim In diabetic minipigs fed Reduces hyperglycemia, hyperinsulinemia, insulin resistance, TLPL activity [25]
by HSFD hypertriglyceridemia, microalbuminuria, renal fat accumulation,
and improves pathological injury
0-1918 Male Sprague-Dawley  Alleviated renal structural and functional damage, reduce 0-1918 is a putative [129]
rats were fed HFD albuminuria and reduced renal tubular hypertrophy antagonist for GPR55
Pal9 HFD mice Inhibiting in flammation and inflammatory cell infiltration and - [132]
indicate inhibits obesity-induced kidney tissue injury and fibrosis
AdipoRon Male C57BLKS/] Reduce lipotoxicity and to improve insulin resistance Activation of the AMPK- [22]
db/db mice PPARy
H2S HFD-induced obese Reduce kidney lipids, improve kidney function, and reduce the Downregulating NF-xB [142]
mice interstitial injury and fibrosis expression
EPA HFD-fed mice Reduced phospholipid accumulation in the lysosome, mitochondrial ~Alleviating autophagic [85]
dysfunction, inflammation, and fibrosis. Alleviated lipotoxicity numbness
IKK inhibitor Male ob/ob mice and Reduce lipid deposition and oxidative stress injury Downregulating NF-«xB [149]
homologous C57BL/6
Quercetin HFD- and streptozotoc  Prove renal lipid accumulation, renal fibrosis Decreased autophagy- [153]
and crocin induced type 2 diabetes related protein p-AMPK
levels
Juglanin HFD-challenged mice ~ Attenuated collagen accumulation, lipid deposition in renal tissues ~ Blocking the NF- [17]
kB/HDACS3 nuclear translo-
cation
Allium HFD/ streptozotoc Decreased blood glucose, bad blood lipids, serum creatinine, blood =~ Decreasing oxidative stress  [156]
tuberosum treated diabetic rats urea nitrogen and urinary albumin, upregulated renal antioxidant and pro-inflammatory
enzymes status, decreased lipid peroxidation product, reduced the =~ mediators
levels of renal pro-inflammatory cytokines and renal fibrosis
Tribulus Male Wistar rats Decreased body weight, blood pressure, serum cystatin C and - [158]
terrestris L cholesterol were. enhanced the resistance, decreased energy
consumption and the hemorrhagic tendency, and improved the
response to acute phase reactants and immunity
Chalcones HFD-fed mice Decreasing the expression of pro-inflammatory cytokines and cell Inhibition of the [44]
adhesion molecules and improving kidney histology and pathology = MAPK/NF-kB dependent
inflammatory cytokine
production
Genistein Ovariectomy rats Ameliorated oxidative stress, and lipid accumulation, maintain Interaction with AdipoR [162]
normal kidney function
Thymol HFD induced diabetic =~ Lowered lipid peroxidation products, improved glucose - [27]
C57BL/ 6Jmice homeostasis, decreased kidney weight, biochemical parameters

reduced the lipid profile and also preserved renal architecture and
decreased renal fibrosis

HSFD: High-sugar and high-fat diet; HFD: High-fat diet; H2S: Hydrogen sulfide; NF-«B: The nuclear factor-kappa B; AMPK: Adenosine 5-monophosphate
activated protein kinase; LPL: Lipoprotein lipase; EPA: Eicosapentaenoic acid; IKK: IkB kinase; AdipoR: Adiponectin and its receptors; GPR55: G protein-
coupled receptor 55.

CONCLUSION

The prevalence of ORN has been increasing with the worldwide obesity epidemic. Therefore, there is an urgent need for
new interventions to effectively combat obesity, particularly ORN. In this review, we have explored the mechanisms that
establish a connection between obesity and ORN. Additionally, we have provided an overview of potential treatment
implications involving both natural and synthetic compounds. These compounds exhibit renoprotective properties by
reducing renal inflammation, OS, insulin resistance, fibrosis, and kidney lipid accumulation, as well as by restoring
dysregulated autophagy. This comprehensive analysis offers valuable insights for future clinical therapeutic strategies.
Furthermore, since kidney damage is typically irreversible, it is crucial to initiate early treatment in order to enhance its
potential for recovery. However, due to the complex nature of disease progression in humans compared to animal
models, to understand the actual impact of these substances on individuals suffering from ORN, it is imperative to
conduct thorough clinical examinations and well-designed research. Furthermore, clinical trials can offer valuable
insights into the mechanisms of action and potential adverse reactions associated with various renoprotective
medications, thus informing treatment strategies to enhance renoprotection. The potential therapeutic advantages of
combining recently discovered medications with conventional natural compounds or botanical extracts could potentially

Issue 6 |

1103 June 15,2024 | Volume15 |

Bienidenge  VVID | https://www.wjgnet.com



Mao TH et al. Treatment of obesity-related kidney injury

enhance the curative effects for renal injury associated with obesity. Nevertheless, there is currently a lack of adequate
clinical trials investigating the utilization of these substances in patients suffering from ORN. Therefore, it is crucial to
conduct extensive prospective studies with extended timeframes and meticulously designed in vivo experiments on obese
and ORN patients in order to validate the findings obtained from animal models.
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