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Abstract: Obesity has emerged as a significant public health crisis, closely linked to the pathogenesis
and progression of chronic kidney disease (CKD). This review explores the intricate relationship
between obesity-induced lipid metabolism disorders and renal health. We discuss how excessive free
fatty acids (FFAs) lead to lipid accumulation in renal tissues, resulting in cellular lipotoxicity, oxida-
tive stress, and inflammation, ultimately contributing to renal injury. Key molecular mechanisms,
including the roles of transcriptional regulators like PPARs and SREBP-1, are examined for their
implications in lipid metabolism dysregulation. The review also highlights the impact of glomerular
and tubular lipid overload on kidney pathology, emphasizing the roles of podocytes and tubular cells
in maintaining kidney function. Various therapeutic strategies targeting lipid metabolism, including
pharmacological agents such as statins and SGLT2 inhibitors, as well as lifestyle modifications, are
discussed for their potential to mitigate CKD progression in obese individuals. Future research direc-
tions are suggested to better understand the mechanisms linking lipid metabolism to kidney disease
and to develop personalized therapeutic approaches. Ultimately, addressing obesity-related lipid
metabolism disorders may enhance kidney health and improve outcomes for individuals suffering
from CKD.
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1. Introduction
1.1. Obesity as a Global Health Crisis

Obesity has increasingly emerged as a prominent public health crisis, with the World
Health Organization (WHO) estimating that the prevalence of obesity has nearly tripled
worldwide since 1975 [1]. In 2022, approximately 2 billion adults worldwide were classified
as overweight, with 650 million (12% of the global adult population) categorized as obese. If
current trends persist, projections estimate that by 2025, 2.7 billion adults will be overweight,
and over 1 billion adults—representing 18% of men and 21% of women—will be obese [2].
This sharp rise underscores significant shifts in global lifestyle and dietary patterns. The
epidemic of obesity is not confined to adults; it has also escalated among children and
adolescents, raising concerns about long-term health implications [3,4]. This increase in
obesity prevalence is closely linked to the rapid globalization of food systems, characterized
by the widespread availability of energy-dense, nutrient-poor foods and reduced levels of
physical activity due to sedentary lifestyles [5].
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Obesity is associated with a myriad of chronic diseases, including cardiovascular
diseases, type 2 diabetes, hypertension, and certain cancers [6-10]. Of particular con-
cern is its relationship with chronic kidney disease (CKD) [11-13], a condition that has
significant morbidity and mortality implications. Epidemiological studies indicate that
individuals with obesity have an increased risk of developing CKD, and those who are
already diagnosed with CKD often experience accelerated disease progression [14,15]. The
mechanisms underlying the relationship between obesity and kidney health are complex
and multifactorial [16,17]. They include metabolic dysregulation, chronic inflammation,
and oxidative stress, all of which can lead to structural and functional alterations in the
kidneys [18,19]. The pathophysiological processes linking obesity to CKD involve a cascade
of events that disrupt normal renal function. Central to this relationship is the role of adi-
pose tissue, which functions as an active endocrine organ, secreting a variety of bioactive
molecules, including hormones and cytokines [20,21]. In the setting of obesity, there is
a shift in the adipokine profile, with increased levels of pro-inflammatory leptin and de-
creased levels of protective adiponectin [22,23]. This dysregulation contributes to systemic
inflammation, insulin resistance, and ultimately, renal injury [24-26]. Understanding the
intricate connections between obesity and kidney health is crucial for the development of
effective preventive and therapeutic strategies aimed at mitigating the impacts of obesity
on renal function.

1.2. Role of Lipid Metabolism in Obesity-Related Kidney Disease

Lipid metabolism plays a critical role in maintaining energy homeostasis and cellular
function within the kidneys [26,27]. The kidneys are essential for lipid metabolism, as
they not only filter lipids from the bloodstream but also participate in lipid synthesis and
oxidation. However, dysregulation of lipid metabolism in the context of obesity leads
to excessive lipid accumulation in renal tissues, which is increasingly recognized as a
primary mechanism driving renal injury in obese individuals [28,29]. The phenomenon of
lipotoxicity—resulting from excessive lipid accumulation—can lead to cellular apoptosis,
inflammation, and fibrosis, culminating in the progression of CKD [30,31]. Studies have
shown that the accumulation of specific lipid species, such as free fatty acids (FFAs) and
ceramides, can induce oxidative stress and mitochondrial dysfunction, further exacerbating
renal damage [32,33]. In addition, the pro-inflammatory milieu created by excess lipids can
activate various signaling pathways that promote renal fibrosis, glomerulosclerosis, and
tubulointerstitial damage [34].

As the prevalence of obesity rises globally, the urgency to investigate lipid metabolism
disorders and their implications for kidney health intensifies. An understanding of how
obesity-induced alterations in lipid metabolism impact renal function is essential for de-
veloping targeted therapeutic strategies. This review aims to elucidate the mechanisms
through which obesity-induced lipid metabolism disorders contribute to kidney dysfunc-
tion and to explore potential therapeutic targets for managing these conditions. By shedding
light on these pathways, we hope to provide insights that will inform future research and
clinical approaches to mitigate the adverse effects of obesity on kidney health (Figure 1).
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Figure 1. Pathophysiological Pathways and Therapeutic Strategies in Obesity-Related Nephropathy.
Figure 1 illustrates both established and proposed obesity-induced mechanisms that contribute,
directly or indirectly, to the development of obesity-related nephropathy. This condition is typically
categorized by the presence and degree of albuminuria and the estimated glomerular filtration rate
(eGFR), as well as by various forms of kidney-specific damage. The “Therapeutic Strategies” box
highlights current and potential pharmaceutical and non-pharmaceutical approaches that target
obesity and obesity-related nephropathy. RAAS, renin—angiotensin-aldosterone system; SGLT2,
sodium—glucose cotransporter 2.

2. Kidney-Specific Lipid Metabolism: Transporters, Lipogenesis, FAO
2.1. Lipid Metabolism Overview in the Kidney

The kidney plays a crucial and multifaceted role in lipid metabolism, contributing
significantly to the uptake, processing, and utilization of various lipid classes [26,27]. The
renal system has a unique lipid profile characterized by the presence of FFAs, triglycerides,
phospholipids, and cholesterol [35]. These lipids are not only integral components of
cell membranes but also serve as energy sources, signaling molecules, and modulators of
inflammation [36]. Under physiological conditions, the kidney primarily utilizes FFAs as
a significant energy substrate, particularly during periods of fasting or low carbohydrate
intake [37]. The renal cortex, where most metabolic activities occur, is rich in mitochondria,
reflecting its high energy demands [38]. In this context, the kidney’s ability to efficiently
process and metabolize lipids is vital for maintaining overall renal function, energy home-
ostasis, and metabolic balance [39]. However, disturbances in lipid metabolism can lead
to pathophysiological changes that predispose the kidney to various forms of injury [40],
highlighting the need for a comprehensive understanding of the underlying mechanisms.

2.2. Lipid Uptake in Obesity-Related Kidney Disease

FFA uptake in the kidney is mediated by CD36, fatty acid transport proteins (FATPs),
and fatty acid-binding proteins (FABPs) (Figure 2) [41-44]. These transporters facilitate
the movement of FFAs across the plasma membrane into the cytoplasm, where they are
either utilized for energy production or stored as triglycerides. CD36, an FFA translocase,
plays a crucial role in the uptake of FFAs. It is widely expressed in various renal cells,
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including tubular epithelial cells, podocytes and mesangial cells [43]. Studies have shown
that loss-of-function mutations in the CD36 gene lead to abnormal plasma levels of FFAs
and triglycerides in mice, underscoring its importance in lipid metabolism [45]. CD36 has
also been linked to lipid accumulation in obesity-related glomerulopathy. For example,
Yang et al. demonstrated that inflammation exacerbates kidney injury by activating the
CD36 pathway in obese mice [46]. In conditions of diet-induced obesity or hyperlipi-
demia, oxidized low-density lipoprotein (oxLDL) or the cardiotonic steroid ouabain can
activate CD36/Na* /K*-ATPase-dependent inflammatory pathways in proximal tubular
cells (PTCs), contributing to chronic inflammation, oxidative stress, and fibrosis [47]. In
podocytes, CD36-mediated uptake of palmitic acid triggers a dose-dependent increase in
reactive oxygen species (ROS), mitochondrial membrane depolarization, ATP depletion,
and activation of apoptotic pathways [48].

Free fatty acids
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Figure 2. Key Mechanisms of Fatty Acid Metabolism in Renal Cells. Figure 2 depicts the primary
pathways of fatty acid metabolism within renal cells. Triglycerides and cholesterol from the diet
are broken down into free fatty acids (FFAs) and glycerol. FFAs enter cells via specific transport
proteins: fatty acid transporter proteins (FATP1, FATP2, FATP4) and the scavenger receptor class B
protein CD36. Within the cell, FFAs undergo fatty acid oxidation (FAO, also known as 3-oxidation)
or are stored in lipid droplets. The carnitine palmitoyltransferase enzymes CPT1 and CPT2 are
crucial for transporting Acyl-CoA into the mitochondria, supporting ATP production. Mitochondrial
biogenesis genes, particularly PGC-1« and PPAR«, further enhance FAO-related protein expression
and mitochondrial function. TG, triglycerides.

FATPs, encoded by the Slc27 gene family, are another essential class of FFA transporters [41].
FATP2 (encoded by slc27a2), the predominant isoform in the kidney, is localized to the
apical membrane of PTCs and plays a critical role in FFA uptake. A study by Khan et al.
using Bodipy-labeled non-esterified fatty acids (NEFAs) demonstrated enhanced time- and
concentration-dependent NEFA uptake in wild-type mice compared to Slc27a2 knockout
mice, which provides direct evidence that FATP2-mediated NEFA uptake in PTCs con-
tributes to tubule atrophy and interstitial fibrosis [41]. FABPs belong to a superfamily
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of lipid-binding proteins with low molecular weight, which exist in various subtypes
depending on tissue expression, including liver (L-FABP), heart (H-FABP), and adipocyte
(A-FABP) isoforms [44]. Liver-type FABP (L-FABP or FABP1) is the predominant isoform
in PTCs [49], which has been shown to promote lipid accumulation in obesity-related CKD.
High-fat diet-induced reduction in the renal expression of Fabpl further emphasizes its
importance in renal lipid uptake [50]. Together, CD36, FATPs, and FABPs orchestrate FFA
uptake and metabolism in the kidney.

Cellular cholesterol homeostasis is another important component of kidney lipid
metabolism. Cholesterol primarily enters renal cells through LDL, which bind to LDL
receptors (LDLR) on the cell surface [26]. This LDL-LDLR complex is internalized via
clathrin-mediated endocytosis, releasing free cholesterol into the cell. Proprotein convertase
subtilisin/kexin type 9 (PCSK9) regulates this process by binding to LDLR and promoting
its degradation in endosomes. By reducing LDLR levels, PCSKO9 effectively limits choles-
terol uptake [26]. In high-fat diet-fed mice, reduced circulating PCSK9 levels were found to
promote CD36-dependent lipid accumulation in the kidneys, suggesting that PCSK9 may
protect against lipid-induced kidney damage [51]. Interestingly, while CD36 is primarily
known for facilitating FFA uptake, it also plays a role in cholesterol uptake [52]. Once inside
the cell, free cholesterol is transported to various organelles by lipid-binding proteins such
as Niemann-Pick C1 (NPC1) and NPC2. To prevent toxicity, excess cholesterol is esterified
by acyl-CoA:cholesterol acyltransferase (ACAT) and stored in lipid droplets [26].

2.3. Lipogenesis in Obesity-Related Kidney Disease

Once inside the cell, FFAs undergo desaturation, elongation, and esterification pro-
cesses. These activated FFAs are catalyzed by diacylglycerol acyltransferase (DGAT) and
ACAT in the endoplasmic reticulum (ER) to synthesize neutral lipids, primarily triacylglyc-
erols and sterol esters [53]. The neutral lipids initially form lens-like structures within the
ER bilayer, gradually fusing into larger, more stable droplets or budding off to form nascent
lipid droplets. Lipogenesis is primarily regulated by three key transcription factors: sterol
regulatory element-binding proteins (SREBPs), peroxisome proliferator-activated receptor
v (PPARY), and farnesoid X receptor (FXR).

SREBPs are a major regulator of FFAs and cholesterol synthesis, including SREBP-1 and
SREBP-2 [54]. SREBP-1 serves as a powerful activator of a broad range of SREBP-responsive
genes, driving the synthesis of cholesterol, fatty acids, and triglycerides. In comparison,
SREBP-2 plays a more specialized role, primarily promoting the transcription of genes
involved in cholesterol biosynthesis. SREBP-1, in particular, has gained attention for its role
in promoting lipid synthesis in the context of obesity [55]. In obese individuals, SREBP-1 is
upregulated, leading to increased expression of genes involved in FFAs and triglyceride
synthesis [56]. This elevation in SREBP-1 activity drives triglyceride accumulation in
renal cells, resulting in lipotoxicity and contributing to the progression of CKD [57,58]. The
dysregulation of SREBP-1 in the kidney may occur through multiple mechanisms, including
insulin resistance and the influence of inflammatory cytokines, commonly observed in
obesity. Moreover, the crosstalk between SREBP-1 and other signaling pathways, such as the
mTOR pathway, further complicates the regulatory network governing lipid metabolism in
the kidneys [59].

PPARYy is primarily known for its role in regulating adipocyte differentiation and
lipid storage [60]. It facilitates the conversion of excess FFAs into triglycerides, thereby
preventing lipotoxicity [61]. However, increased PPARY activity in renal cells has been
linked to enhanced triglyceride accumulation, contributing to renal lipotoxicity [62]. In-
creased histone acetylation of PPARy and SREBP-1 has been associated with heightened
lipid accumulation in renal cells, contributing to the pathogenesis of CKD [63]. The tran-
scription factor FXR primarily activated by bile acids—especially chenodeoxycholic acid,
its most potent endogenous ligand—plays a protective role in metabolic and renal dis-
orders. Studies have shown that FXR agonists confer renal protection in obesity-related
CKD by downregulating SREBP-1 and upregulating PPARx, CPT1a, and PGC-1«x [64]. FXR
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activation also effectively reduces kidney fibrosis, inflammation, and lipid accumulation
through the AMPK/SIRT1/PGC-1«/SIRT3/ERRo signaling pathway while inhibiting ER
stress, HIF signaling, and GLUT1 [65]. These mechanisms highlight FXR potential as a
therapeutic target for mitigating kidney damage in diabetes and obesity.

2.4. FAO in Obesity-Related Kidney Disease

The kidneys require substantial ATP to sustain their daily functions, with distinct
substrate preferences across regions reflecting varying energy demands. Glomerular cells
primarily rely on glucose, while tubular cells, due to their high metabolic activity, favor fatty
acid oxidation (FAO) as their main energy source [66]. Conversely, podocytes, endothelial
cells, and mesangial cells in the glomeruli primarily depend on glycolysis but can shift
to FAO as an alternative energy source under metabolic stress, such as during glucose
depletion, to maintain cellular function [38]. FAO is a multi-step biochemical process that
involves the transport of FFAs into the mitochondria, where they undergo 3-oxidation
to generate ATP [37,67,68]. However, reduced FAO and excessive lipid accumulation in
these cells can lead to lipotoxicity, characterized by mitochondrial dysfunction, increased
oxidative stress (OS), and ultimately cell death [69,70].

PPARw is predominantly expressed in renal tubular cells and plays a pivotal role in
promoting FAO [71]. Upon activation by circulating FFAs, PPAR«x regulates the expression
of genes encoding proteins involved in mitochondrial and peroxisomal FAQO, thereby
facilitating the clearance of excess lipids from renal tissues [72]. Importantly, recent studies
suggest that the activation of PPAR«x may provide protective effects in obesity-related
kidney injury by promoting the utilization of FFAs and attenuating inflammation [73]. So,
the therapeutic potential of PPARx agonists, such as fenofibrate, in mitigating kidney injury
highlights the significance of PPAR signaling pathways in maintaining lipid homeostasis
within the kidney.

The carnitine palmitoyltransferase enzymes (CPT1 and CPT2) also play critical roles in
the FAO process [74]. CPT1, located on the outer mitochondrial membrane, facilitates the
conversion of FFAs into acylcarnitines, allowing for their transport into the mitochondrial
matrix [68]. CPT2 then catalyzes the reverse reaction, converting acylcarnitines back into
FFAs within the mitochondria, where they can be oxidized for energy [75,76]. Dysregulation
of these key enzymes can lead to impaired FAQO, resulting in excessive lipid accumulation
within renal cells. In states of obesity or insulin resistance, alterations in the expression or
activity of CPT1 and CPT2 may disrupt normal lipid metabolism, leading to reduced ATP
production, mitochondrial dysfunction, and an increased susceptibility to cellular stress
and apoptosis [77-79].

2.5. Lipid Export in Obesity-Related Kidney Disease

In the kidney, FAO is the primary mechanism for reducing lipid accumulation, with
lipid export playing a relatively minor role [31]. Lipid export mainly relies on high-density
lipoproteins (HDL). Chang et al. demonstrated that patients with higher HDL levels
and lower HDL variability had a reduced risk of developing nephropathy, indirectly
linking lipid export to kidney health [80]. However, further in vitro and in vivo studies
are necessary to clarify the role of HDL in obesity-related nephropathy. For cholesterol,
newly synthesized cholesterol is either esterified by SOAT1 or transported to the plasma
membrane for efflux via the transporters ATP-binding cassette transporter A1 (ABCA1)
and ABCGI [26]. ABCAL1 facilitates cholesterol and phospholipid efflux through an ATP-
dependent mechanism. Podocyte-specific ABCA1 knockout in ob/ob mice exacerbated
podocyte injury by promoting cardiolipin accumulation and mitochondrial dysfunction [81].
Additionally, TNF-« treatment downregulated the nuclear factor of activated T cells 1
(NFAT1)/ABCAZ1 axis, contributing to cholesterol-induced podocyte injury [82]. However,
the role of ABCG1 in obesity-related nephropathy remains unclear and requires further
investigation. The key regulators in lipid metabolism are summarized in Table 1.
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Table 1. Key molecular regulators and their roles in renal lipid metabolism.

Regulator Role in Lipid Metabolism Effect on Kidney Health

CD36 FFA and cholesterol uptake Increases FFA levels, promotes lipotoxicity

FATPs FFA uptake Increases FFA levels, promotes lipotoxicity

FABPs FFA uptake Increases FFA levels, promotes lipotoxicity

LDLR Cholesterol uptake Increases free cholesterol levels

PCSK9 Regulates cholesterol uptake Reduces LDLR levels, limits cholesterol uptake
SREBP-1 Drives lipid synthesis Increases triglyceride levels, promotes lipotoxicity
PPARy Regulates lipid storage and adipogenesis ~ Contributes to lipid accumulation in obesity

FXR Regulates lipid synthesis Protects against lipotoxity, downregulates SREBP-1 expression
PPAR«x Promotes FAO Protects against lipid-induced renal injury
CPT1/CPT2 Promotes FAO Protects against lipid-induced renal injury

HDL Lipid export Protects against lipid-induced renal injury
ABCA1 Cholesterol export Facilitates cholesterol and phospholipid efflux

FATPs, Fatty Acid Transport Proteins; FABPs, Fatty Acid-Binding Proteins; LDLR, Low-Density Lipoprotein
Receptors; PCSK9, Proprotein Convertase Subtilisin/Kexin Type 9; SREBP-1, Sterol Regulatory Element-Binding
Protein 1; PPAR, Peroxisome Proliferator-Activated Receptor; FXR, Farnesoid X Receptor; FAO, Fatty Acid
Oxidation; CPT, Carnitine Palmitoyltransferase Enzymes; HDL, High-Density Lipoproteins; ABCA1, ATP-Binding
Cassette Transporter Al.

3. Obesity-Induced Nephropathy: Cellular and Molecular Mechanisms

Excessive fat accumulation, often associated with obesity, can extend beyond adipose
tissue to vital organs, including the kidneys. This ectopic lipid deposition disrupts normal
lipid homeostasis and cellular composition, leading to toxic lipid buildup and impaired
kidney function. Obesity impacts renal function through various mechanisms, including
intrarenal lipid accumulation, oxidative stress (OS), mitochondrial dysfunction, chronic in-
flammation, adipokine dysregulation, and activation of the renin-angiotensin-aldosterone
system (RAAS) (Figure 3).

3.1. Lipid Deposition in the Kidney
3.1.1. Increased Circulating FFAs

In obesity, there is a significant increase in circulating FFAs due to heightened lipolysis
in adipose tissue [83]. This metabolic derangement is characterized by an imbalance in
lipid homeostasis, where the release of FFAs from adipose tissues into the bloodstream
exceeds the kidney’s ability to metabolize and utilize these lipids [84,85]. The accumulation
of FFAs in the renal circulation can lead to an overload situation for renal tissues [16,86].
The kidneys, particularly the PTCs, are equipped to handle a certain level of FFAs; however,
in obese individuals, the excess supply overwhelms their metabolic capacity. This excess of
circulating FFAs leads to lipid overload within renal cells, subsequently resulting in the
formation of lipid droplets [34,87]. These lipid droplets serve as reservoirs for excess lipids,
attempting to buffer the toxic effects of excessive FFAs [88,89].

3.1.2. Lipid Droplet Formation in Renal Cells

Lipid droplets, composed mainly of triglycerides and sterol esters, are dynamic or-
ganelles that play a critical role in lipid storage and metabolism within renal cells [90,91].
Under normal physiological conditions, lipid droplets help regulate cellular lipid levels and
provide energy sources during periods of metabolic demand [92,93]. However, excessive
lipid accumulation in renal cells, as observed in obesity, can lead to substantial pathological
changes. Studies have indicated a strong correlation between the accumulation of lipid
droplets in renal tissues and the progression of CKD in obese animals or patients [94,95].
When lipid storage exceeds the capacity of renal cells, it disrupts normal cellular functions,
resulting in a state of lipotoxicity [57,96,97]. The excessive accumulation of lipid droplets
can also interfere with cellular signaling pathways and exacerbate metabolic dysfunction,
leading to cellular apoptosis and renal injury.
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Figure 3. Mechanisms Underlying Obesity-Induced Nephropathy. Figure 3 illustrates the mechanisms
contributing to obesity-related nephropathy. Hemodynamic changes, renin-angiotensin—aldosterone
system (RAAS) activation, increased renal sympathetic nervous system (RSNS) activity, adipokine
release from visceral adipose tissue, and physical compression by renal fat all play a role. Visceral
adipose tissue releases angiotensin, aldosterone, and various adipokines, leading to RSNS activation
and subsequent renal lipotoxicity. Increased proximal tubule reabsorption and RAAS activation
diminish tubuloglomerular feedback, causing afferent arteriolar dilation, while angiotensin and
aldosterone promote efferent arteriolar vasoconstriction. Together, these effects cause glomerular
hyperfiltration, with a rise in glomerular filtration rate (GFR) and intraglomerular hypertension.
Podocyte detachment and mesangial cell expansion contribute to focal segmental glomerulosclerosis.
Lipid accumulation in renal cells further exacerbates tubular atrophy and interstitial fibrosis, accom-
panied by inflammation in the tubulointerstitial space. Collectively, these disruptions advance the
development of obesity-related nephropathy.

3.1.3. Mechanisms of Lipotoxicity

Lipotoxicity is a significant concern in the context of obesity-related kidney disease. It
arises when the excessive presence of lipids disrupts normal cellular functions, ultimately
leading to cellular stress and death. The mechanisms underlying lipotoxicity are complex
and multifactorial, involving mitochondrial dysfunction, ER stress, and the activation of
pro-inflammatory pathways. Mitochondrial dysfunction, in particular, plays a pivotal
role in lipotoxicity [31]. Excessive FFAs can impair mitochondrial function, leading to
reduced ATP production and increased ROS generation [98]. Additionally, excessive FFAs
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may induce ER stress by overwhelming the protein-folding capacity of the ER, triggering
the unfolded protein response [99]. This response, while initially protective, can result in
apoptosis if the stress is prolonged or excessive. Therefore, the lipid-lowering strategy
might be a potential therapy for obesity-related CKD.

3.2. OS and Lipid Peroxidation

OS results from an imbalance between ROS production and the endogenous an-
tioxidant defenses. The primary source of ROS is oxidative phosphorylation (OXPHOS)
in mitochondria. The endogenous antioxidant defense system includes enzymatic an-
tioxidants such as superoxide dismutase (SOD), catalase, glutathione peroxidase, and
thioredoxin, as well as non-enzymatic antioxidants like glutathione and vitamin E. Studies
have shown that SIRT3 expression is downregulated in palmitic acid-stimulated PTCs,
leading to reduced mitochondrial oxidative capacity and diminished SOD expression [100].
In palmitic acid-treated HK2 cells, ROS accumulation increased, while NRF2 protein ex-
pression decreased [101]. Similarly, Lee et al. demonstrated that palmitic acid treatment
elevated ROS levels in mouse renal mesangial cells and podocytes [102]. PPAR« also
plays a crucial role in modulating OS through pathways such as AMPK/AKT/GSK3p3
and PI3K/AKT/FOXO3a [31]. As discussed in the treatment section, PPAR« agonists like
fenofibrate are used to enhance kidney function in obese patients. Consequently, lipid
overload can lead to both glomerular and tubular damage via oxidative stress.

Lipid peroxidation products, such as malondialdehyde (MDA) and 4-hydroxynonenal
(4-HNE), are generated during the oxidative degradation of polyunsaturated fatty acids in
the presence of ROS [103]. These reactive aldehydes can modify cellular macromolecules,
including proteins, lipids, and nucleic acids, leading to impaired cellular function and
contributing to the progression of renal injury [104,105]. The accumulation of lipid perox-
idation products in the kidneys can trigger inflammatory responses, promote apoptosis,
and stimulate fibrosis, further contributing to the progression of CKD [53]. The detrimental
effects of these lipid peroxidation products are compounded by their ability to activate
pro-inflammatory pathways, creating a vicious cycle of inflammation and tissue damage.

3.3. Mitochondrial Dysfunction in Lipid Overload

Mitochondria are essential for kidney energy metabolism [106]. However, in obesity,
excessive lipid accumulation within renal cells can lead to mitochondrial dysfunction,
characterized by impaired oxidative phosphorylation and decreased ATP production.
The overloading of FFAs can result in mitochondrial structural changes and the opening
of the mitochondrial permeability transition pore, leading to cell death [107,108]. The
mitochondria-targeting drug SS-31 has been shown to preserve mitochondrial membrane
potential, effectively mitigating lipotoxicity, podocyte and endothelial cell loss, glomeru-
losclerosis, and inflammation in high-fat diet fed mice [109]. These findings highlight
mitochondrial function as a potential treatment target for obesity-related kidney disease.
In this section, we focus on mitochondrial DNA (mtDNA) damage and impaired mitochon-
drial biogenesis.

3.3.1. mtDNA Damage

In obesity, excessive production of ROS leads to OS, which can cause oxidative damage
to mtDNA [110]. This damage impairs mitochondrial function, leading to diminished en-
ergy production and compromised lipid metabolism in renal cells [111]. The accumulation
of damaged mtDNA further exacerbates mitochondrial dysfunction, creating a vicious cycle
of lipid overload and cellular injury. Moreover, mtDNA damage has been linked to the
activation of pro-apoptotic pathways, leading to renal cell apoptosis and subsequent loss
of renal function [112]. Recent studies have highlighted the role of mitochondrial integrity
in maintaining kidney health [113], suggesting that strategies aimed at protecting mtDNA
from oxidative damage could hold therapeutic potential in obesity-related kidney diseases.
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3.3.2. Impaired Mitochondrial Biogenesis

Mitochondrial biogenesis is a critical process for maintaining mitochondrial mass
and function, regulated by several key factors, including PPARy coactivator 1-alpha
(PGC-10x) [114]. PGC-1a plays a vital role in promoting the expression of genes involved in
mitochondrial biogenesis and FAO. However, in the context of obesity, reduced PGC-1x
expression is often observed, leading to diminished mitochondrial biogenesis and impaired
mitochondrial function in renal cells [115]. The decrease in mitochondrial mass and func-
tion due to impaired biogenesis contributes to energy deficits and increased susceptibility
to lipotoxicity in renal cells [111,116].

3.4. Inflammation and Fibrosis in Obesity-Related CKD
3.4.1. Inflammatory Cytokines and Pathways

Obesity is often characterized by a state of chronic low-grade inflammation, with the
increased production of pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-w), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) [117,118].
These cytokines play crucial roles in promoting renal inflammation and fibrosis, thereby
exacerbating the progression of CKD. Inflammatory cytokines can recruit immune cells to
the renal interstitium, further perpetuating the inflammatory milieu and leading to tubular
damage [119]. This chronic inflammatory state can result in the activation of fibroblasts
and the deposition of extracellular matrix components, ultimately contributing to renal
fibrosis and loss of function [120,121]. For instance, two meta-analyses have identified
genetic polymorphisms in inflammatory cytokines, such as TGF-1, IL-4, IL-6, and IL-10,
as significant contributors to the susceptibility to CKD and diabetic nephropathy [122,123].
Additionally, the NLRP3 inflammasome has been implicated in the pathogenesis of obesity-
related CKD. In podocytes, high-fat diet-induced activation of the NLRP3 inflammasome
disrupts autophagy, leading to the accumulation of phospholipids in dysfunctional lyso-
somes and subsequent renal injury [124]. NLRP3 deficiency or pharmacological inhibition
in obese mice has been shown to reduce renal lipid droplet accumulation, inflammation,
fibrosis, and albuminuria, highlighting the potential therapeutic value of targeting this
pathway [125,126]. The relationship between lipid accumulation and inflammation in
the kidney is intricate and reciprocal. Lipid overload in tubular cells activates various
inflammatory pathways, which exacerbate renal injury. FFAs can stimulate the expression
of pro-inflammatory cytokine in renal tubular cells, which in turn attract inflammatory
cells and perpetuate a cycle of inflammation and cellular damage. Chronic inflammation
in obesity can lead to sustained activation of inflammatory pathways, such as nuclear
factor-kappa B (NF-«B) signaling, which further contributes to the production of inflam-
matory mediators [127]. This prolonged inflammatory state can promote renal fibrosis
and accelerate the progression to CKD. Therefore, targeting the inflammatory response
alongside lipid metabolism could be a promising strategy for mitigating renal injury in
obese individuals [128].

3.4.2. Epithelial-Mesenchymal Transition (EMT)

The interplay between lipid-induced damage in tubular cells and the inflammatory en-
vironment can trigger epithelial-mesenchymal transition (EMT), a process in which epithe-
lial cells lose their characteristic markers and acquire a fibroblast-like phenotype [129,130].
This transition is driven by various signaling pathways activated during renal injury, in-
cluding TGF-3 and Wnt/ 3-catenin signaling pathways. EMT is a critical contributor to the
fibrotic response in the kidneys, leading to increased matrix production and subsequent
deterioration of renal architecture and function [131]. The contribution of EMT to fibrosis
in obesity-related CKD emphasizes the need for targeted therapeutic strategies aimed at
mitigating lipid accumulation, OS, and inflammatory responses to preserve kidney function.
In conclusion, obesity alters kidney function through direct and indirect pathways.
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4. Lipid Metabolism Disorders and Kidney Pathology
4.1. Glomerular Lipotoxicity and Glomerulosclerosis
4.1.1. Podocyte Dysfunction in Obesity

Podocytes possess unique structural features, including foot processes that interdig-
itate to form slit diaphragms, essential for maintaining selective permeability [132]. In
the context of obesity, increased lipid levels in circulation can lead to lipotoxicity, which
significantly impacts podocyte function. Lipotoxicity manifests in podocytes as morpho-
logical changes, including effacement of foot processes, which disrupts the integrity of the
filtration barrier. This effacement is often associated with a decrease in the expression of
nephrin and podocin, key proteins integral to the podocyte’s structural framework [133].
Consequently, the loss of podocyte integrity leads to increased protein permeability and
the development of proteinuria, a hallmark of glomerular dysfunction [57,134]. The impair-
ment of podocytes is not merely a consequence of lipid overload; it is also influenced by
inflammatory processes that occur in obesity. Thus, the interplay between lipid accumula-
tion and inflammation creates a vicious cycle that enhances glomerular damage and the
progression of kidney disease [135].

4.1.2. Role of Mesangial Cells to Glomerulosclerosis

Mesangial cells, located between the glomerular capillaries, provide structural support
and regulate glomerular filtration [136,137]. In obesity, these cells can also undergo lipid
accumulation, leading to adverse effects on glomerular function. Mesangial cells can inter-
nalize FFAs through specific transporters, resulting in increased lipid droplet formation.
This accumulation is not merely a passive response but can actively contribute to glomeru-
losclerosis. Lipid-laden mesangial cells promote glomerular fibrosis by producing excessive
extracellular matrix (ECM) components, such as collagen and fibronectin [138]. This process
leads to thickening of the glomerular basement membrane and expansion of the mesangial
matrix, both of which impair glomerular filtration. Additionally, mesangial cell activation
can be stimulated by pro-inflammatory cytokines, further promoting a fibrotic response
within the glomerulus. The resultant glomerulosclerosis is a significant pathway leading to
progressive renal dysfunction, ultimately contributing to the development of CKD.

4.2. Tubulointerstitial Injury

The tubules of the nephron are essential for the reabsorption of water, electrolytes,
and other solutes. In obesity, excessive lipid accumulation in tubular cells can lead to
detrimental effects on renal function. The accumulation of FFAs in PTCs induces cellular
stress, characterized by mitochondrial dysfunction, ER stress, and inflammation. This
loss of functional tubular cells can lead to impaired solute reabsorption and diminished
renal concentrating ability [139]. Moreover, the accumulation of lipids can exacerbate
tubular atrophy and interstitial fibrosis, which is a critical component of renal scarring
and progression to CKD. This process of tubular injury is often accompanied by an in-
flammatory response in the tubulointerstitial space. The infiltration of immune cells,
particularly macrophages, contributes to the local inflammatory milieu and perpetuates re-
nal damage [140]. Additionally, tubular injury can lead to the release of pro-fibrotic factors
that promote ECM deposition, further contributing to renal scarring and dysfunction.

4.3. Progression to Chronic Kidney Disease

Dysregulated lipid metabolism is a significant contributor to the progression of CKD,
particularly in the context of obesity. Clinically, individuals with obesity-related CKD often
present with various complications, including increased proteinuria, reduced estimated
glomerular filtration rate (eGFR), and elevated levels of inflammatory markers [14,141,142].
The presence of proteinuria is particularly concerning, as it is a strong predictor of pro-
gressive kidney disease and cardiovascular events. Moreover, alterations in lipid profiles,
such as elevated circulating FFAs and dyslipidemia, are commonly observed in patients
with obesity-related kidney disease. Thus, monitoring lipid metabolism and implement-
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ing strategies to normalize lipid levels may have critical implications for managing CKD
progression in obese individuals [143].

5. Therapeutic Strategies in Obesity-Related CKD

Therapeutic strategies for obesity-related CKD focus on lipid modulation, antidiabetic
agents, and lifestyle interventions (Table 2). Statins and fibrates improve renal outcomes by
reducing lipid levels, inflammation, and proteinuria. SGLT2 inhibitors and AMPK activa-
tors, such as metformin, enhance fatty acid oxidation and mitigate kidney damage beyond
glycemic control. Lifestyle modifications, including physical activity and dietary changes
like omega-3 supplementation and reduced saturated fat intake, improve renal function and
metabolic health. Emerging therapies targeting lipid synthesis pathways, such as SREBP-1
inhibitors, hold promise but require further research. Holistic approaches integrating
pharmacological and lifestyle interventions are essential for optimal CKD management.

Table 2. Pharmacological approaches and mechanisms of action.

Drug Class Example(s) Mechanism of Action Effect on Kidney Health

Statins Atorvastatin, Rosuvastatin Lowers I.ADL choles.terol, Reduces prote}nurla, slows
reduces inflammation CKD progression

Fibrates Fenofibrate, Gemfibrozil Enhances .FAO’ . Decreases hp1.d ac.cumulanon,
reduces triglycerides reduces proteinuria

o P o Lowers blood glucose, Reduces proteinuria, slows

SGLT2 Inhibitors Dapagliflozin, Empagliflozin reduces hyperfiltration CKD progression

AMPK Activators Metformin, AICAR Enhances FAQ, decreases Improves r.mto.chondrlal function,
lipid synthesis reduces oxidative stress

LDL, Low-Density Lipoprotein; CKD, Chronic Kidney Disease; FAO, Fatty Acid Oxidation; SGLT2, Sodium-Glucose
Cotransporter 2; AMPK, AMP-Activated Protein Kinase; AICAR, 5-Aminoimidazole-4-carboxamide Ribonucleotide.

5.1. Pharmacological Approaches Targeting Lipid Profiles
5.1.1. Statins and Renal Protection

Statins, a class of drugs primarily used to lower LDL cholesterol levels, have gained
attention for their potential renal protective effects, particularly in patients with obesity-
related CKD. Statins exert their beneficial effects not only through lipid-lowering mecha-
nisms but also via anti-inflammatory and pleiotropic actions [144]. Studies have demon-
strated that statins can improve renal outcomes in patients with CKD by reducing pro-
teinuria and slowing the progression of renal dysfunction [145,146]. For instance, Study
of Heart and Renal Protection (SHARP) clinical trials have indicated that statin therapy
is associated with a significant reduction in the risk of end-stage renal disease (ESRD) in
diabetic patients with CKD [147]. The mechanisms underlying these protective effects
include the modulation of the RAAS, reduction of OS, and improvement of endothelial
function [148]. By lowering inflammatory markers such as C-reactive protein (CRP), statins
may alleviate chronic inflammation, a key driver of renal injury in obesity. Furthermore,
the use of statins has been shown to have a favorable impact on cardiovascular outcomes
in CKD patients, addressing the comorbidities frequently observed in individuals with
obesity and kidney disease [147]. However, it is essential to monitor for potential adverse
effects, such as muscle toxicity and liver function abnormalities, to ensure the safety and
efficacy of statin therapy in this population.

5.1.2. Fibrates: Modulating Lipid Profiles

Fibrates, including fenofibrate and gemfibrozil, are another class of lipid-modulating
agents that enhance FAO and lower triglyceride levels. They activate PPARc, a key
regulator of lipid metabolism, leading to increased lipoprotein lipase activity and enhanced
clearance of triglyceride-rich lipoproteins [149]. Clinical evidence suggests that fibrates
may improve renal function and reduce proteinuria in patients with dyslipidemia and
CKD [150]. In particular, fenofibrate has been investigated for its reno-protective properties
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in the context of type 2 diabetes, a common comorbidity in obese patients [151]. Studies
have shown that fenofibrate can significantly reduce urinary albumin excretion, indicating
improved glomerular permeability and protection against nephropathy. Moreover, the
combination of statins and fibrates has been explored for its potential synergistic effects
on lipid profiles and renal outcomes [152]. However, careful consideration is required to
manage the risk of adverse events, such as myopathy and increased liver enzymes, when
using these agents in conjunction.

5.1.3. SREBP-1 Inhibitors: Targeting Lipid Synthesis Pathways

As discussed above, SREBP-1 is a transcription factor that regulates lipid synthesis
and is upregulated in obesity. Inhibiting SREBP-1 could be a promising strategy to reduce
lipid synthesis and prevent lipid overload in renal cells. Researchers are investigating
the potential of SREBP-1 inhibitors as therapeutic agents to ameliorate the impact of
dysregulated lipid metabolism on kidney health [56]. By targeting the pathways involved in
lipid metabolism, SREBP-1 inhibitors may help mitigate diabetic nephropathy progression
by reducing lipotoxicity and improving overall renal function [153]. However, clinical
trials for SREBP-1 inhibitors are not yet available. Further research is needed to explore the
efficacy and safety of these agents in clinical settings, but they represent an exciting avenue
for future therapeutic interventions.

5.2. Antidiabetic Agents Targeting Obesity-Related CKD
5.2.1. SGLT2 Inhibitors: Dapagliflozin and Empagliflozin

Sodium-glucose cotransporter 2 (SGLT2) inhibitors, including dapagliflozin and em-
pagliflozin, have emerged as effective therapeutic agents for managing obesity-related CKD,
particularly in patients with type 2 diabetes. These agents work by promoting glycosuria,
leading to osmotic diuresis and a reduction in blood glucose levels. Recent clinical trials
have highlighted the renal protective effects of SGLT2 inhibitors, demonstrating significant
reductions in proteinuria and slowing of CKD progression [154,155]. The EMPA-REG
OUTCOME trial and the DAPA-CKD trial provided robust evidence for the efficacy of
empagliflozin and dapagliflozin, respectively, in improving renal outcomes in patients with
established CKD and cardiovascular disease [154,155]. The renal protective mechanisms of
SGLT?2 inhibitors extend beyond glycemic control [156,157]. These agents improve renal
outcomes by reducing hyperfiltration in the glomeruli, lowering intraglomerular pressure,
and modulating inflammation [158]. By enhancing FAQO in renal tubular cells, SGLT2
inhibitors help mitigate lipid-induced renal injury, thus improving overall renal health.
The reduction of uric acid levels and improvement of endothelial function also play a
role in mitigating renal injury [159], highlighting the multifaceted mechanisms through
which SGLT?2 inhibitors exert their benefits in obesity-related CKD. Although not approved
for weight loss, SGLT2 inhibitors can lead to a 1-3 kg reduction in body weight [160].
Additionally, they may benefit the kidneys by reducing fat accumulation and lowering
blood pressure [161]. These effects suggest that SGLT2 inhibitors have significant potential
to alleviate kidney damage associated with obesity.

5.2.2. AMPK Activators: AICAR and Metformin

Adenosine monophosphate-activated protein kinase (AMPK) is a crucial energy sensor
that regulates cellular metabolism. Activating AMPK can improve mitochondrial biogene-
sis, enhance FAQ, and inhibit lipid synthesis, making it a promising therapeutic target for
obesity-related CKD [162]. Reagents such as 5-aminoimidazole-4-carboxamide ribonucleo-
side (AICAR), a pharmacologic activator of AMPK and metformin have shown potential in
preclinical models by improving lipid accumulation, mitochondrial function, and reducing
oxidative stress in cisplatin-induced acute kidney injury [163] and high-fat diet-induced
mice [164]. Metformin, a widely used medication for type 2 diabetes, has demonstrated
protective effects in the kidneys, independent of its glucose-lowering effects [165,166]. The
reno-protective effects of metformin are primarily attributed to its ability to reduce lipid
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accumulation and fibrosis through the activation of AMPK signaling. However, studies
have shown that metformin can still reduce inflammatory markers and promote an an-
tioxidant response in kidney tissue, even in mice lacking AMPK, suggesting that it may
also exert its protective effects through AMPK-independent pathways [167]. Metformin
is known to induce significant weight loss in individuals with or without diabetes [168],
although the exact mechanisms underlying this effect remain a subject of debate. Further-
more, Brosnahan et al. assessed the safety and tolerability of metformin in patients with
autosomal dominant polycystic kidney disease [169]. While participants in the metformin
group experienced more adverse symptoms, primarily gastrointestinal issues and diarrhea,
these effects were generally resolved either spontaneously or after reducing the metformin
dose [169]. Despite these findings, there is still a lack of clinical trials exploring the use of
AMPK activators or metformin in the context of obesity-related chronic kidney disease.

5.3. Lifestyle and Dietary Interventions
5.3.1. Importance of Weight Loss in CKD Management

Weight loss is a crucial component of managing obesity-related CKD, as it can lead to
significant improvements in renal function and overall health [28]. Studies have shown that
caloric restriction and physical activity can result in decreased proteinuria, improved GFR,
and reduced risk of cardiovascular events in obese patients with CKD [170,171]. A system-
atic review analyzing six primarily lifestyle intervention studies found that a hypocaloric
diet, either alone or combined with exercise, was generally effective in reducing weight,
blood pressure, and proteinuria, while preserving eGFR during short-term follow-up [172].
In addition, in the Look AHEAD (Action for Health in Diabetes) trial, overweight and obese
participants who received intensive lifestyle interventions, including caloric restriction and
exercise, experienced a 31% reduction in the incidence of very-high-risk CKD compared to
those receiving standard diabetes support education [173]. Weight loss interventions can
enhance insulin sensitivity, reduce systemic inflammation, and improve lipid profiles, all
of which contribute to better kidney health [174]. Implementing structured weight loss
programs, including dietary counseling and physical activity regimens, is essential for
optimizing outcomes in this patient population.

5.3.2. Physical Activity

Exercise therapy offers significant cardiometabolic benefits and improves renal func-
tion, in addition to promoting weight loss. In a meta-analysis of 13 randomized controlled
trials, non-dialysis CKD patients who engaged in exercise therapy showed significant im-
provements in eGFR, along with reductions in body mass index (BMI) and blood pressure
compared to controls [175]. Both aerobic exercise and resistance training have been shown
to have anti-obesity effects, influencing inflammation, oxidative stress, and the progression
of CKD [176]. A 4-month clinical study by Ikizler et al. on aerobic exercise in patients
with severe CKD demonstrated that aerobic exercise significantly reduced inflammatory
responses and improved metabolic health in those with moderate-to-severe CKD [177].

5.3.3. Dietary Modifications: Omega-3 Fatty Acids and Reduced Saturated Fats

Dietary modifications play a significant role in managing lipid metabolism and pro-
moting renal health. Increasing the intake of omega-3 fatty acids and reducing saturated
fat consumption can have positive effects on renal outcomes [178]. Omega-3 fatty acids,
found in fatty fish and flaxseed, possess anti-inflammatory properties and have been
shown to improve renal function in patients with CKD [179,180]. Omega-3 supplementa-
tion may lead to reduced proteinuria and improved kidney function, potentially through
mechanisms involving the modulation of inflammatory pathways and lipid metabolism.
Conversely, a diet high in saturated fats can exacerbate inflammation and oxidative stress,
negatively impacting kidney health. Adopting a heart-healthy diet, such as the Mediter-
ranean diet, which emphasizes whole grains, fruits, vegetables, lean proteins, and healthy
fats, can provide significant benefits for individuals with obesity-related CKD [178]. In
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the Dietary Intervention Randomized Controlled Trial (DIRECT), Tirosh et al. followed
patients with obesity and CKD for a median of two years. They concluded that three dietary
approaches—low-fat, Mediterranean, and low-carbohydrate restricted-calorie diets—had
similar effects on renal function, as evidenced by improvements in eGFR and reductions
in albuminuria [178]. These dietary patterns help normalize lipid profiles and enhance
overall health outcomes in this vulnerable population. Recently, the low-calorie ketogenic
diet (LCKD) has gained popularity as an effective tool for weight loss and the treatment
of obesity-related diseases [181]. However, LCKD is generally considered contraindicated
in CKD patients due to the increased risk of metabolic acidosis and nephrolithiasis [182].
Therefore, ketogenic diets for CKD patients should be plant-based and followed under
strict supervision by a multidisciplinary team.

In conclusion, therapeutic strategies for obesity-related CKD offer diverse benefits
but also face limitations. Statins effectively lower LDL cholesterol, reduce inflammation,
and slow CKD progression, though risks like muscle toxicity and liver dysfunction require
monitoring. SGLT2 inhibitors provide renal protection beyond glycemic control and modest
weight loss but are not yet approved for non-diabetic CKD. AMPK activators, such as
metformin, show potential in reducing lipid accumulation and oxidative stress but need
more research for CKD-specific outcomes. Lifestyle interventions improve renal function
and metabolic health, although adherence and individual variability can limit long-term
success. Emerging therapies like SREBP-1 inhibitors are promising, but remain in early
development stages, necessitating further investigation into efficacy and safety.

6. Future Directions
6.1. Unanswered Questions in Lipid Metabolism Research

Despite the growing body of evidence linking lipid metabolism to the progression
of CKD in obese individuals, several critical questions remain unanswered. One of the
primary areas of interest is the elucidation of specific molecular pathways through which
dysregulated lipid metabolism contributes to renal injury [26,27]. For instance, while it
is known that lipid accumulation in renal cells leads to lipotoxicity and oxidative stress,
the precise molecular interactions and signaling cascades involved in these processes re-
quire further investigation. Additionally, the role of various lipid species—such as FFAs,
ceramides, and lipoproteins—in modulating renal function is not yet fully understood.
Emerging research suggests that certain lipid metabolites may have distinct effects on
renal cell types, leading to differential outcomes in terms of inflammation and fibrosis. For
example, the role of sphingolipid metabolism in podocyte injury and glomerulosclerosis
remains an area ripe for exploration [183]. Future studies should also investigate the impact
of lifestyle interventions, such as diet and exercise, on lipid metabolism and kidney health.
Understanding how modifications in lifestyle can influence lipid profiles and subsequent
renal outcomes will be crucial in developing comprehensive management strategies for
obesity-related CKD. Longitudinal studies and clinical trials are needed to compare the
effects of lifestyle interventions on renal function in obesity-related kidney disease. The
mechanisms through which these interventions confer benefits can be investigated by
monitoring changes in relevant metabolites (including but not limited to lipid metabolites)
in blood or urine before and after the interventions. Furthermore, animal experiments
could provide deeper insights into the underlying mechanisms. By implementing var-
ious dietary interventions, molecular changes in the kidneys can be directly examined,
and target-specific interventions can help establish causal relationships between dietary
modifications and their molecular targets. By integrating findings from molecular, clinical,
and epidemiological studies, researchers can create a more nuanced understanding of the
relationships between obesity, lipid metabolism, and kidney health.

6.2. Development of Biomarkers for Early Detection

Identifying biomarkers associated with lipid metabolism disorders is essential for the
early detection and management of CKD in obese patients. Current clinical practices often
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rely on conventional markers of kidney function, such as serum creatinine and urinary
albumin excretion [184]. However, these markers may not adequately capture the early
stages of kidney dysfunction, particularly in the context of dysregulated lipid metabolism.
Biomarkers such as circulating FFAs, lipoprotein profiles, and lipid peroxidation products
can provide valuable insights into the pathophysiological changes occurring in the kidneys.
For instance, elevated levels of specific FFAs, such as palmitic acid, have been linked to
increased renal lipotoxicity and inflammation [185]. Additionally, alterations in lipoprotein
profiles, particularly an increase in small, dense LDL particles, can signify a higher risk for
cardiovascular and renal complications [186]. Lipid peroxidation products, such as MDA
and 4-HNE, serve as markers of oxidative stress and can indicate ongoing cellular damage
in renal tissues.

Advancements in metabolomics and lipidomics are paving the way for the discovery
of novel biomarkers that reflect lipid profiles and metabolic disturbances associated with
renal injury [187]. By employing high-throughput techniques, researchers can analyze the
comprehensive lipidome of patients to identify specific lipid signatures linked to CKD
progression. These biomarkers could facilitate the early diagnosis of kidney dysfunction,
allowing for timely interventions to prevent or mitigate disease progression. Furthermore,
integrating proteomic analyses with genetic and epigenetic profiling may enhance our
understanding of individual susceptibility to CKD in the context of obesity [188]. By
integrating kidney biopsy transcriptome data and urine protein analysis with baseline
and longitudinal clinical follow-up data, Ju et al. identified EGF (encoding the protein
epidermal growth factor) in the kidney as positively correlated with eGFR [189]. The
researchers then explored whether urine EGF (uUEGF) could predict the decline in kidney
filtration function over time. Their findings demonstrated that the uEGF-to-creatinine ratio
is associated with an increased risk of CKD [190]. This integrative approach could lead to
the identification of predictive biomarkers that not only reflect lipid metabolism but also
account for genetic predispositions and environmental influences. Such biomarkers could
prove invaluable in clinical practice, guiding personalized treatment strategies for patients
at risk of developing obesity-related kidney disease.

6.3. Personalized Medicine Approaches in Treating Obesity-Related CKD

As the understanding of obesity-related kidney disease evolves, the need for personal-
ized medicine approaches becomes increasingly evident. The heterogeneity observed in
obesity-related CKD underscores the importance of tailoring therapeutic strategies to the
individual patient. Factors such as genetic background, lipid metabolic profiles, and comor-
bidities play a critical role in determining treatment responses and outcomes. Personalized
medicine approaches may involve the use of lipid metabolic profiling to stratify patients
based on their specific lipid abnormalities [191]. By categorizing patients into distinct
subgroups, clinicians can design targeted interventions that address the unique metabolic
derangements present in each individual. For instance, patients with high circulating levels
of specific FFAs may benefit from therapies aimed at enhancing FAO, while those with
elevated triglycerides may require interventions focused on lipid-lowering strategies.

Additionally, personalized approaches can extend beyond pharmacological interven-
tions to encompass lifestyle modifications. Tailoring dietary recommendations and exercise
regimens based on individual lipid metabolic profiles may enhance treatment efficacy and
improve patient adherence. Integrating technology, such as wearable devices that monitor
physical activity and dietary intake, could further support personalized management plans
and empower patients to take an active role in their health [192]. In conclusion, advancing
our understanding of lipid metabolism’s role in obesity-related CKD requires a multifaceted
research approach that addresses existing gaps in knowledge and translates findings into
clinical practice. By focusing on the molecular mechanisms underlying lipid dysregula-
tion, developing innovative biomarkers for early detection, and embracing personalized
medicine strategies, we can improve outcomes for individuals affected by obesity-related
kidney disease. The convergence of metabolic research, clinical innovation, and patient-



Antioxidants 2024, 13, 1540 17 of 24

centered care holds the potential to transform the landscape of CKD management in the
context of obesity, ultimately leading to better health outcomes and enhanced quality of
life for affected individuals.

7. Conclusions

Obesity-induced lipid metabolism disorders are critical factors in the development and
progression of CKD. The dysregulation of lipid homeostasis not only contributes to renal
injury but also exacerbates systemic inflammation and oxidative stress, leading to a vicious
cycle of kidney dysfunction. Targeting lipid metabolism through various therapeutic
strategies, including pharmacological agents and lifestyle modifications, holds promise for
preventing or slowing CKD progression. Emerging therapies such as SGLT2 inhibitors and
AMPK activators are demonstrating protective effects on renal function in obese patients.
Furthermore, lifestyle interventions, including weight loss and dietary modifications, play
a pivotal role in managing lipid levels and improving overall kidney health. Ongoing
research is essential to fully elucidate the underlying mechanisms driving lipid-induced
renal damage, to develop effective treatments, and to optimize patient outcomes.

Author Contributions: Conceptualization, W.X,, J.L. and H.L.; writing—original draft preparation,
W.X. and Y.Z.; writing—review and editing, W.X. and Y.Z.; visualization, W.X. and S.W.; supervision,
J.L. and H.L.; funding acquisition, W.X., Y.Z. and S.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Hubei Provincial Natural Science Foundation of China
(grant number: 2024AFDO083, 2022CFB255 and 2024AFB029), Fundamental Research Funds for the
Central Universities (HUST, grant number: YCJJ20242119 and YCJJ20241405) and National Natural
Science Foundation of China (grant number: 82403749).

Data Availability Statement: Individual data can be found in the referenced manuscripts.

Acknowledgments: Figures were partly generated using Servier Medical Art, provided by Servier,
licensed under a Creative Commons Attribution 3.0 unported license.

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

References

1.

10.

Abarca-Gomez, L.; Abdeen, Z.A.; Hamid, Z.A.; Abu-Rmeileh, N.M.; Acosta-Cazares, B.; Acuin, C.; Adams, R.].; Aekplakorn, W,;
Afsana, K.; Aguilar-Salinas, C.A. Worldwide trends in body-mass index, underweight, overweight, and obesity from 1975 to 2016:
A pooled analysis of 2416 population-based measurement studies in 128-9 million children, adolescents, and adults. Lancet 2017,
390, 2627-2642. [CrossRef] [PubMed]

Boutari, C.; Mantzoros, C.S. A 2022 update on the epidemiology of obesity and a call to action: As its twin COVID-19 pandemic
appears to be receding, the obesity and dysmetabolism pandemic continues to rage on. Metabolism 2022, 133, 155217. [CrossRef]
[PubMed]

Calcaterra, V.; Rossi, V.; Mari, A.; Casini, F; Bergamaschi, F.; Zuccotti, G.V.; Fabiano, V. Medical treatment of weight loss in
children and adolescents with obesity. Pharmacol. Res. 2022, 185, 106471. [CrossRef]

Bendor, C.D.; Bardugo, A.; Pinhas-Hamiel, O.; Afek, A.; Twig, G. Cardiovascular morbidity, diabetes and cancer risk among
children and adolescents with severe obesity. Cardiovasc. Diabetol. 2020, 19, 79. [CrossRef]

Batal, M.; Deaconu, A.; Steinhouse, L. The nutrition transition and the double burden of malnutrition. In Nutritional Health:
Strategies for Disease Prevention; Springer: Berlin/Heidelberg, Germany, 2023; pp. 33—44.

Valenzuela, P.L.; Carrera-Bastos, P.; Castillo-Garcia, A.; Lieberman, D.E.; Santos-Lozano, A.; Lucia, A. Obesity and the risk of
cardiometabolic diseases. Nat. Rev. Cardiol. 2023, 20, 475-494. [CrossRef]

Piché, M.-E.; Tchernof, A.; Després, J.-P. Obesity Phenotypes, Diabetes, and Cardiovascular Diseases. Circ. Res. 2020,
126, 1477-1500. [CrossRef]

Rodrigues, V.F; Elias-Oliveira, J.; Pereira, 1.S.; Pereira, J.A.; Barbosa, S.C.; Machado, M.S.G; Carlos, D. Akkermansia muciniphila
and Gut Immune System: A Good Friendshi p That Attenuates Inflammatory Bowel Disease, Obesity, and Diabetes. Front.
Immunol. 2022, 13, 934695. [CrossRef]

Lega, I1.C.; Lipscombe, L.L. Diabetes, Obesity, and Cancer-Pathophysiology and Clinical Implications. Endocr. Rev. 2019,
41, bnz014. [CrossRef]

Iyengar, N.M.; Gucalp, A.; Dannenberg, A.J.; Hudis, C.A. Obesity and Cancer Mechanisms: Tumor Microenvironment and
Inflammation. J. Clin. Oncol. 2016, 34, 4270-4276. [CrossRef]


https://doi.org/10.1016/S0140-6736(17)32129-3
https://www.ncbi.nlm.nih.gov/pubmed/29029897
https://doi.org/10.1016/j.metabol.2022.155217
https://www.ncbi.nlm.nih.gov/pubmed/35584732
https://doi.org/10.1016/j.phrs.2022.106471
https://doi.org/10.1186/s12933-020-01052-1
https://doi.org/10.1038/s41569-023-00847-5
https://doi.org/10.1161/CIRCRESAHA.120.316101
https://doi.org/10.3389/fimmu.2022.934695
https://doi.org/10.1210/endrev/bnz014
https://doi.org/10.1200/JCO.2016.67.4283

Antioxidants 2024, 13, 1540 18 of 24

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

38.
39.

Yau, K.; Kuah, R.; Cherney, D.Z.1.; Lam, TK.T. Obesity and the kidney: Mechanistic links and therapeutic advances. Nat. Rev.
Endocrinol. 2024, 20, 321-335. [CrossRef]

Taber-Hight, E.; Gilmore, A.; Friedman, A.N. Anti-obesity pharmacotherapy in adults with chronic kidney disease. Kidney Int.
2024, 105, 269-280. [CrossRef] [PubMed]

Hall, J.E.; Mouton, A.].; da Silva, A.A.; Omoto, A.C.M.; Wang, Z; Li, X.; do Carmo, J.M. Obesity, kidney dysfunction, and
inflammation: Interactions in hypertension. Cardiovasc. Res. 2021, 117, 1859-1876. [CrossRef] [PubMed]

Chang, A.R.; Grams, M.E.; Ballew, S.H.; Bilo, H.; Correa, A.; Evans, M.; Gutierrez, O.M.; Hosseinpanah, F,; Iseki, K.; Kenealy, T.
Adiposity and risk of decline in glomerular filtration rate: Meta-analysis of individual participant data in a global consortium.
BM]J 2019, 364, k5301. [CrossRef]

Webster, A.C.; Nagler, E.V.; Morton, R.L.; Masson, P. Chronic kidney disease. Lancet 2017, 389, 1238-1252. [CrossRef]

Jiang, Z.; Wang, Y.; Zhao, X.; Cui, H.; Han, M.; Ren, X.; Gang, X.; Wang, G. Obesity and chronic kidney disease. Am. . Physiol.
Endocrinol. Metab. 2023, 324, E24-E41. [CrossRef]

Kounatidis, D.; Vallianou, N.G.; Stratigou, T.; Voukali, M.; Karampela, I.; Dalamaga, M. The Kidney in Obesity: Current Evidence,
Perspectives and Controversies. Curr. Obes. Rep. 2024, 13, 680-702. [CrossRef]

Minami, S.; Sakai, S.; Yamamoto, T.; Takabatake, Y.; Namba-Hamano, T.; Takahashi, A.; Matsuda, J.; Yonishi, H.; Nakamura, J.;
Maeda, S.; et al. FGF21 and autophagy coordinately counteract kidney disease progression during aging and obesity. Autophagy
2024, 20, 489-504. [CrossRef]

Nakamura, J.; Yamamoto, T.; Takabatake, Y.; Namba-Hamano, T.; Minami, S.; Takahashi, A.; Matsuda, J.; Sakai, S.; Yonishi, H.;
Maeda, S.; et al. TFEB-mediated lysosomal exocytosis alleviates high-fat diet-induced lipotoxicity in the kidney. JCI Insight 2023,
8, €162498. [CrossRef]

Auger, C.; Kajimura, S. Adipose Tissue Remodeling in Pathophysiology. Annu. Rev. Pathol. 2023, 18, 71-93. [CrossRef]

An, SM.; Cho, S.H.; Yoon, ].C. Adipose Tissue and Metabolic Health. Diabetes Metab. ]. 2023, 47, 595-611. [CrossRef]

Perakakis, N.; Farr, O.M.; Mantzoros, C.S. Leptin in Leanness and Obesity: JACC State-of-the-Art Review. J. Am. Coll. Cardiol.
2021, 77, 745-760. [CrossRef] [PubMed]

Zhao, S.; Kusminski, C.M.; Scherer, PE. Adiponectin, Leptin and Cardiovascular Disorders. Circ. Res. 2021, 128, 136-149.
[CrossRef]

Taylor, E.B. The complex role of adipokines in obesity, inflammation, and autoimmunity. Clin. Sci. 2021, 135, 731-752. [CrossRef]
[PubMed]

He, S;; Ryu, J.; Liu, J.; Luo, H.; Ly, Y.; Langlais, P.R.; Wen, ].; Dong, F.; Sun, Z.; Xia, W.; et al. LRG1 is an adipokine that mediates
obesity-induced hepatosteatosis and insulin resistance. J. Clin. Investig. 2021, 131, e148545. [CrossRef]

Mitrofanova, A.; Merscher, S.; Fornoni, A. Kidney lipid dysmetabolism and lipid droplet accumulation in chronic kidney disease.
Nat. Rev. Nephrol. 2023, 19, 629-645. [CrossRef]

Lee, L.E.; Doke, T.; Mukhi, D.; Susztak, K. The key role of altered tubule cell lipid metabolism in kidney disease development.
Kidney Int. 2024, 106, 24-34. [CrossRef]

Verde, L.; Luca, S.; Cernea, S.; Sulu, C.; Yumuk, V.D.; Jenssen, T.G.; Savastano, S.; Sarno, G.; Colao, A.; Barrea, L.; et al. The Fat
Kidney. Curr. Obes. Rep. 2023, 12, 86-98. [CrossRef]

Hti Lar Seng, N.S.; Lohana, P; Chandra, S.; Jim, B. The Fatty Kidney and Beyond: A Silent Epidemic. Am. ]. Med. 2023,
136, 965-974. [CrossRef]

Kotsis, V.; Martinez, F; Trakatelli, C.; Redon, ]. Impact of Obesity in Kidney Diseases. Nutrients 2021, 13, 4482. [CrossRef]

Ren, L.; Cui, H.; Wang, Y; Ju, F; Cai, Y.; Gang, X.; Wang, G. The role of lipotoxicity in kidney disease: From molecular mechanisms
to therapeutic prospects. Biomed. Pharmacother. 2023, 161, 114465. [CrossRef]

Kim, J.-J.; David, ].M.; Wilbon, S.S.; Santos, J.V.; Patel, D.M.; Ahmad, A.; Mitrofanova, A.; Liu, X.; Mallela, S.K.; Ducasa, G.M.
Discoidin domain receptor 1 activation links extracellular matrix to podocyte lipotoxicity in Alport syndrome. EBioMedicine 2021,
63,103162. [CrossRef] [PubMed]

Falkevall, A.; Mehlem, A.; Palombo, I.; Sahlgren, B.H.; Ebarasi, L.; He, L.; Ytterberg, A.J.; Olauson, H.; Axelsson, J.; Sundelin, B.
Reducing VEGEF-B signaling ameliorates renal lipotoxicity and protects against diabetic kidney disease. Cell Metab. 2017,
25,713-726. [CrossRef] [PubMed]

Kang, HM.; Ahn, S.H.; Choi, P; Ko, Y.-A.; Han, S.H.; Chinga, F; Park, A.S.D.; Tao, J.; Sharma, K.; Pullman, J. Defective fatty acid
oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development. Nat. Med. 2015, 21, 37-46. [CrossRef]
[PubMed]

Zhu, Z.; Hu, J.; Chen, Z,; Feng, ].; Yang, X.; Liang, W.; Ding, G. Transition of acute kidney injury to chronic kidney disease: Role of
metabolic reprogramming. Metabolism 2022, 131, 155194. [CrossRef]

Santos, A.L.; Preta, G. Lipids in the cell: Organisation regulates function. Cell. Mol. Life Sci. 2018, 75, 1909-1927. [CrossRef]
Panov, A.; Mayorov, V.I; Dikalov, S. Metabolic syndrome and (3-oxidation of long-chain fatty acids in the brain, heart, and kidney
mitochondria. Int. J. Mol. Sci. 2022, 23, 4047. [CrossRef]

Forbes, ] M.; Thorburn, D.R. Mitochondrial dysfunction in diabetic kidney disease. Nat. Rev. Nephrol. 2018, 14, 291-312. [CrossRef]
Scholz, H.; Boivin, EJ.; Schmidt-Ott, K.M.; Bachmann, S.; Eckardt, K.-U.; Scholl, U.IL; Persson, P.B. Kidney physiology and
susceptibility to acute kidney injury: Implications for renoprotection. Nat. Rev. Nephrol. 2021, 17, 335-349. [CrossRef]


https://doi.org/10.1038/s41574-024-00951-7
https://doi.org/10.1016/j.kint.2023.10.014
https://www.ncbi.nlm.nih.gov/pubmed/37926421
https://doi.org/10.1093/cvr/cvaa336
https://www.ncbi.nlm.nih.gov/pubmed/33258945
https://doi.org/10.1136/bmj.k5301
https://doi.org/10.1016/S0140-6736(16)32064-5
https://doi.org/10.1152/ajpendo.00179.2022
https://doi.org/10.1007/s13679-024-00583-y
https://doi.org/10.1080/15548627.2023.2259282
https://doi.org/10.1172/jci.insight.162498
https://doi.org/10.1146/annurev-pathol-042220-023633
https://doi.org/10.4093/dmj.2023.0011
https://doi.org/10.1016/j.jacc.2020.11.069
https://www.ncbi.nlm.nih.gov/pubmed/33573745
https://doi.org/10.1161/CIRCRESAHA.120.314458
https://doi.org/10.1042/CS20200895
https://www.ncbi.nlm.nih.gov/pubmed/33729498
https://doi.org/10.1172/JCI148545
https://doi.org/10.1038/s41581-023-00741-w
https://doi.org/10.1016/j.kint.2024.02.025
https://doi.org/10.1007/s13679-023-00500-9
https://doi.org/10.1016/j.amjmed.2023.06.025
https://doi.org/10.3390/nu13124482
https://doi.org/10.1016/j.biopha.2023.114465
https://doi.org/10.1016/j.ebiom.2020.103162
https://www.ncbi.nlm.nih.gov/pubmed/33340991
https://doi.org/10.1016/j.cmet.2017.01.004
https://www.ncbi.nlm.nih.gov/pubmed/28190774
https://doi.org/10.1038/nm.3762
https://www.ncbi.nlm.nih.gov/pubmed/25419705
https://doi.org/10.1016/j.metabol.2022.155194
https://doi.org/10.1007/s00018-018-2765-4
https://doi.org/10.3390/ijms23074047
https://doi.org/10.1038/nrneph.2018.9
https://doi.org/10.1038/s41581-021-00394-7

Antioxidants 2024, 13, 1540 19 of 24

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

Wahl, P; Ducasa, G.M.; Fornoni, A. Systemic and renal lipids in kidney disease development and progression. Am. |. Physiol.-Ren.
Physiol. 2016, 310, F433-F445. [CrossRef]

Khan, S.; Cabral, P.D.; Schilling, W.P.; Schmidt, Z.W.; Uddin, A.N.; Gingras, A.; Madhavan, S.M.; Garvin, ].L.; Schelling, J.R.
Kidney Proximal Tubule Lipoapoptosis Is Regulated by Fatty Acid Transporter-2 (FATP2). J. Am. Soc. Nephrol. 2018, 29, 81-91.
[CrossRef]

Tsai, I.T.; Wu, C.C; Hung, W.C,; Lee, T.L.; Hsuan, C.F,; Wei, C.T.; Lu, Y.C,; Yu, T.H.; Chung, EM.; Lee, Y.J.; et al. FABP1 and FABP2
as markers of diabetic nephropathy. Int. J. Med. Sci. 2020, 17, 2338-2345. [CrossRef] [PubMed]

Yang, X.; Okamura, D.M.; Lu, X.; Chen, Y.; Moorhead, ].; Varghese, Z.; Ruan, X.Z. CD36 in chronic kidney disease: Novel insights
and therapeutic opportunities. Nat. Rev. Nephrol. 2017, 13, 769-781. [CrossRef] [PubMed]

Gai, Z.; Wang, T.; Visentin, M.; Kullak-Ublick, G.A.; Fu, X.; Wang, Z. Lipid Accumulation and Chronic Kidney Disease. Nutrients
2019, 11, 722. [CrossRef] [PubMed]

Nicholson, A.C.; Febbraio, M.; Han, J.; Silverstein, R.L.; Hajjar, D.P. CD36 in Atherosclerosis: The Role of a Class B Macrophage
Scavenger Receptor. Ann. N. Y. Acad. Sci. 2000, 902, 128-133. [CrossRef]

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

Kennedy, D.J.; Chen, Y.; Huang, W.; Viterna, J.; Liu, J.; Westfall, K; Tian, J.; Bartlett, D.].; Tang, WH.; Xie, Z.; et al. CD36 and
Na/K-ATPase-alphal form a proinflammatory signaling loop in kidney. Hypertension 2013, 61, 216-224. [CrossRef]

Hua, W,; Huang, H.-Z.; Tan, L.-T.; Wan, J.-M.; Gui, H.-B.; Zhao, L.; Ruan, X.-Z.; Chen, X.-M.; Du, X.-G. CD36 Mediated Fatty
Acid-Induced Podocyte Apoptosis via Oxidative Stress. PLoS ONE 2015, 10, e0127507. [CrossRef]

Wang, G.; Bonkovsky, H.L.; de Lemos, A.; Burczynski, FJ. Recent insights into the biological functions of liver fatty acid binding
protein 1. J. Lipid Res. 2015, 56, 2238-2247. [CrossRef]

Udj, S.; Hinden, L.; Earley, B.; Drori, A.; Reuveni, N.; Hadar, R.; Cinar, R.; Nemirovski, A.; Tam, J. Proximal Tubular Cannabinoid-1
Receptor Regulates Obesity-Induced CKD. J. Am. Soc. Nephrol. 2017, 28, 3518-3532. [CrossRef]

Byun, ].H.; Lebeau, PE,; Platko, K.; Carlisle, R.E.; Faiyaz, M.; Chen, J.; MacDonald, M.E.; Makda, Y.; Yousof, T.; Lynn, E.G.; et al.
Inhibitory Antibodies against PCSK9 Reduce Surface CD36 and Mitigate Diet-Induced Renal Lipotoxicity. Kidney360 2022,
3,1394-1410. [CrossRef]

Okamura, D.M.; Pennathur, S.; Pasichnyk, K.; Lopez-Guisa, ].M.; Collins, S.; Febbraio, M.; Heinecke, J.; Eddy, A.A. CD36
Regulates Oxidative Stress and Inflammation in Hypercholesterolemic CKD. J. Am. Soc. Nephrol. 2009, 20, 495-505. [CrossRef]
[PubMed]

Yuan, Q.; Tang, B.; Zhang, C. Signaling pathways of chronic kidney diseases, implications for therapeutics. Signal Transduct.
Target. Ther. 2022, 7, 182. [CrossRef] [PubMed]

Shimano, H. Sterol regulatory element-binding proteins (SREBPs): Transcriptional regulators of lipid synthetic genes. Prog. Lipid
Res. 2001, 40, 439-452. [CrossRef]

Oishi, Y.; Spann, N.J.; Link, VM.; Muse, E.D.; Strid, T.; Edillor, C.; Kolar, M.].; Matsuzaka, T.; Hayakawa, S.; Tao, J. SREBP1
contributes to resolution of pro-inflammatory TLR4 signaling by reprogramming fatty acid metabolism. Cell Metab. 2017,
25,412-427. [CrossRef]

Shimano, H.; Sato, R. SREBP-regulated lipid metabolism: Convergent physiology—Divergent pathophysiology. Nat. Rev.
Endocrinol. 2017, 13, 710-730. [CrossRef]

Su, H.; Wan, C.; Lei, C.-T.; Zhang, C.-Y.; Ye, C.; Tang, H.; Qiu, Y.; Zhang, C. Lipid deposition in kidney diseases: Interplay among
redox, lipid mediators, and renal impairment. Antioxid. Redox Signal. 2018, 28, 1027-1043. [CrossRef]

Kanbay, M.; Copur, S.; Demiray, A.; Sag, A.A.; Covic, A,; Ortiz, A.; Tuttle, K.R. Fatty kidney: A possible future for chronic kidney
disease research. Eur. |. Clin. Investig. 2022, 52, €13748. [CrossRef]

Wang, H.; Zhu, L.; Hao, J.; Duan, H,; Liu, S.; Zhao, S.; Liu, Q.; Liu, W. Co-regulation of SREBP-1 and mTOR ameliorates lipid
accumulation in kidney of diabetic mice. Exp. Cell Res. 2015, 336, 76-84. [CrossRef]

Lowell, B.B. An essential regulator of adipogenesis and modulator of fat cell function: PPARy. Cell 1999, 99, 239-242. [CrossRef]
Medina-Gomez, G.; Gray, S.; Vidal-Puig, A. Adipogenesis and lipotoxicity: Role of peroxisome proliferator-activated receptor y
(PPARY) and PPARycoactivator-1 (PGC1). Public Health Nutr. 2007, 10, 1132-1137. [CrossRef]

Huang, C.-C.; Chou, C.-A.; Chen, W.-Y,; Yang, ].-L.; Lee, W.-C.; Chen, ].-B.; Lee, C.-T.; Li, L.-C. Empagliflozin ameliorates free
fatty acid induced-lipotoxicity in renal proximal tubular cells via the PPARy/CD36 pathway in obese mice. Int. J. Mol. Sci. 2021,
22,12408. [CrossRef] [PubMed]

Lin, W.,; Zhang, Q.; Liu, L.; Yin, S; Liu, Z.; Cao, W. Klotho restoration via acetylation of peroxisome proliferation—activated
receptor y reduces the progression of chronic kidney disease. Kidney Int. 2017, 92, 669-679. [CrossRef] [PubMed]

Wang, X.X,; Jiang, T.; Shen, Y.; Adorini, L.; Pruzanski, M.; Gonzalez, F].; Scherzer, P.; Lewis, L.; Miyazaki-Anzai, S.; Levi, M. The
farnesoid X receptor modulates renal lipid metabolism and diet-induced renal inflammation, fibrosis, and proteinuria. Am. J.
Physiol. Ren. Physiol. 2009, 297, F1587-F1596. [CrossRef]

Wang, X.X.; Wang, D.; Luo, Y.; Myakala, K.; Dobrinskikh, E.; Rosenberg, A.Z.; Levi, J.; Kopp, J.B.; Field, A.; Hill, A; et al.
FXR/TGR5 Dual Agonist Prevents Progression of Nephropathy in Diabetes and Obesity. J. Am. Soc. Nephrol. 2018, 29, 118-137.
[CrossRef]


https://doi.org/10.1152/ajprenal.00375.2015
https://doi.org/10.1681/ASN.2017030314
https://doi.org/10.7150/ijms.49078
https://www.ncbi.nlm.nih.gov/pubmed/32922199
https://doi.org/10.1038/nrneph.2017.126
https://www.ncbi.nlm.nih.gov/pubmed/28919632
https://doi.org/10.3390/nu11040722
https://www.ncbi.nlm.nih.gov/pubmed/30925738
https://doi.org/10.1111/j.1749-6632.2000.tb06307.x
https://doi.org/10.1194/jlr.M076216
https://doi.org/10.1161/HYPERTENSIONAHA.112.198770
https://doi.org/10.1371/journal.pone.0127507
https://doi.org/10.1194/jlr.R056705
https://doi.org/10.1681/ASN.2016101085
https://doi.org/10.34067/KID.0007022021
https://doi.org/10.1681/ASN.2008010009
https://www.ncbi.nlm.nih.gov/pubmed/19211715
https://doi.org/10.1038/s41392-022-01036-5
https://www.ncbi.nlm.nih.gov/pubmed/35680856
https://doi.org/10.1016/S0163-7827(01)00010-8
https://doi.org/10.1016/j.cmet.2016.11.009
https://doi.org/10.1038/nrendo.2017.91
https://doi.org/10.1089/ars.2017.7066
https://doi.org/10.1111/eci.13748
https://doi.org/10.1016/j.yexcr.2015.06.006
https://doi.org/10.1016/S0092-8674(00)81654-2
https://doi.org/10.1017/S1368980007000614
https://doi.org/10.3390/ijms222212408
https://www.ncbi.nlm.nih.gov/pubmed/34830289
https://doi.org/10.1016/j.kint.2017.02.023
https://www.ncbi.nlm.nih.gov/pubmed/28416226
https://doi.org/10.1152/ajprenal.00404.2009
https://doi.org/10.1681/ASN.2017020222

Antioxidants 2024, 13, 1540 20 of 24

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.
86.

87.

88.
89.

90.

91.

92.

93.

94.

Liu, X.; Du, H.; Sun, Y; Shao, L. Role of abnormal energy metabolism in the progression of chronic kidney disease and drug
intervention. Ren. Fail. 2022, 44, 790-805. [CrossRef]

Ibrahim, A.; Yucel, N.; Kim, B.; Arany, Z. Local mitochondrial ATP production regulates endothelial fatty acid uptake and
transport. Cell Metab. 2020, 32, 309-319.e307. [CrossRef]

Console, L.; Scalise, M.; Giangregorio, N.; Tonazzi, A.; Barile, M.; Indiveri, C. The link between the mitochondrial fatty acid
oxidation derangement and kidney injury. Front. Physiol. 2020, 11, 794. [CrossRef]

Li, J.; Yang, Y.; Li, Q.; Wei, S.; Zhou, Y.; Yu, W.; Xue, L.; Zhou, L.; Shen, L.; Lu, G. STAT6 contributes to renal fibrosis by modulating
PPARo-mediated tubular fatty acid oxidation. Cell Death Dis. 2022, 13, 66. [CrossRef]

Jao, T.-M.; Nangaku, M.; Wu, C.-H.; Sugahara, M.; Saito, H.; Maekawa, H.; Ishimoto, Y.; Aoe, M.; Inoue, T.; Tanaka, T. ATF6x
downregulation of PPARe promotes lipotoxicity-induced tubulointerstitial fibrosis. Kidney Int. 2019, 95, 577-589. [CrossRef]
Simon, N.; Hertig, A. Alteration of fatty acid oxidation in tubular epithelial cells: From acute kidney injury to renal fibrogenesis.
Front. Med. 2015, 2, 52. [CrossRef]

Cheng, C.-F;; Chen, H.-H.; Lin, H. Role of PPAR«x and its agonist in renal diseases. PPAR Res. 2010, 2010, 345098. [CrossRef]
[PubMed]

Guan, Y.; Breyer, M.D. Peroxisome proliferator-activated receptors (PPARs): Novel therapeutic targets in renal disease. Kidney Int.
2001, 60, 14-30. [CrossRef] [PubMed]

Wang, M.; Wang, K,; Liao, X.; Hu, H.; Chen, L.; Meng, L.; Gao, W.; Li, Q. Carnitine palmitoyltransferase system: A new target for
anti-inflammatory and anticancer therapy? Front. Pharmacol. 2021, 12, 760581. [CrossRef]

Knottnerus, S.J.; Bleeker, J.C.; Wiist, R.C.; Ferdinandusse, S.; I]lst, L.; Wijburg, F.A.; Wanders, R.J.; Visser, G.; Houtkooper, R.H.
Disorders of mitochondrial long-chain fatty acid oxidation and the carnitine shuttle. Rev. Endocr. Metab. Disord. 2018, 19, 93-106.
[CrossRef]

Bebernitz, G.R.; Schuster, H.F. The impact of fatty acid oxidation on energy utilization: Targets and therapy. Curr. Pharm. Des.
2002, 8, 1199-1227. [CrossRef]

Vamecq, J.; Dessein, A.-F,; Fontaine, M.; Briand, G.; Porchet, N.; Latruffe, N.; Andreolotti, P.; Cherkaoui-Malki, M. Mitochondrial
dysfunction and lipid homeostasis. Curr. Drug Metab. 2012, 13, 1388-1400. [CrossRef]

Schlaepfer, I.R.; Joshi, M. CPT1A-mediated fat oxidation, mechanisms, and therapeutic potential. Endocrinology 2020, 161, bqz046.
[CrossRef]

Fromenty, B.; Roden, M. Mitochondrial alterations in fatty liver diseases. J. Hepatol. 2023, 78, 415-429. [CrossRef]

Chang, Y.H.; Chang, D.M,; Lin, K.C.; Hsieh, C.H.; Lee, Y.J. High-density lipoprotein cholesterol and the risk of nephropathy in
type 2 diabetic patients. Nutr. Metab. Cardiovasc. Dis. 2013, 23, 751-757. [CrossRef]

Ducasa, G.M.; Mitrofanova, A.; Mallela, S.K,; Liu, X.; Molina, ].; Sloan, A.; Pedigo, C.E.; Ge, M.; Santos, J.V.; Hernandez, Y.; et al.
ATP-binding cassette Al deficiency causes cardiolipin-driven mitochondrial dysfunction in podocytes. . Clin. Investig. 2019,
129, 3387-3400. [CrossRef]

Pedigo, C.E.; Ducasa, G.M.; Leclercq, E; Sloan, A.; Mitrofanova, A.; Hashmi, T.; Molina-David, J.; Ge, M.; Lassenius, M.I.; Forsblom,
C.; et al. Local TNF causes NFATcl-dependent cholesterol-mediated podocyte injury. J. Clin. Investig. 2016, 126, 3336-3350.
[CrossRef] [PubMed]

Dhokte, S.; Czaja, K. Visceral adipose tissue: The hidden culprit for type 2 diabetes. Nutrients 2024, 16, 1015. [CrossRef]

Yang, M.; Geng, C.-A,; Liu, X.;; Guan, M. Lipid disorders in NAFLD and chronic kidney disease. Biomedicines 2021, 9, 1405.
[CrossRef]

Alemany, M. The metabolic syndrome, a human disease. Int. . Mol. Sci. 2024, 25, 2251. [CrossRef]

Mende, C.; Einhorn, D. Fatty kidney disease: The importance of ectopic fat deposition and the potential value of imaging.
J. Diabetes 2022, 14, 73. [CrossRef]

Yang, W.; Luo, Y; Yang, S.; Zeng, M.; Zhang, S.; Liu, J.; Han, Y; Liu, Y.; Zhu, X.; Wu, H. Ectopic lipid accumulation: Potential role
in tubular injury and inflammation in diabetic kidney disease. Clin. Sci. 2018, 132, 2407-2422. [CrossRef]

Petan, T.; Jarc, E.; Jusovi¢, M. Lipid droplets in cancer: Guardians of fat in a stressful world. Molecules 2018, 23, 1941. [CrossRef]
Geltinger, E.; Schartel, L.; Wiederstein, M.; Tevini, J.; Aigner, E.; Felder, T.K.; Rinnerthaler, M. Friend or foe: Lipid droplets as
organelles for protein and lipid storage in cellular stress response, aging and disease. Molecules 2020, 25, 5053. [CrossRef]
Wang, C.-W. Lipid droplets, lipophagy, and beyond. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2016, 1861, 793-805.
[CrossRef]

Gluchowski, N.L.; Becuwe, M.; Walther, T.C.; Farese, R.V. Lipid droplets and liver disease: From basic biology to clinical
implications. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 343-355. [CrossRef]

Olzmann, J.A.; Carvalho, P. Dynamics and functions of lipid droplets. Nat. Rev. Mol. Cell Biol. 2019, 20, 137-155. [CrossRef]
[PubMed]

Thiam, A.R,; Farese, R.V,, Jr.; Walther, T.C. The biophysics and cell biology of lipid droplets. Nat. Rev. Mol. Cell Biol. 2013,
14,775-786. [CrossRef] [PubMed]

Kume, S.; Uzuy, T.; Araki, S.-i.; Sugimoto, T.; Isshiki, K.; Chin-Kanasaki, M.; Sakaguchi, M.; Kubota, N.; Terauchi, Y.; Kadowaki, T.
Role of altered renal lipid metabolism in the development of renal injury induced by a high-fat diet. |. Am. Soc. Nephrol. 2007,
18, 2715-2723. [CrossRef]


https://doi.org/10.1080/0886022X.2022.2072743
https://doi.org/10.1016/j.cmet.2020.05.018
https://doi.org/10.3389/fphys.2020.00794
https://doi.org/10.1038/s41419-022-04515-3
https://doi.org/10.1016/j.kint.2018.09.023
https://doi.org/10.3389/fmed.2015.00052
https://doi.org/10.1155/2010/345098
https://www.ncbi.nlm.nih.gov/pubmed/21076544
https://doi.org/10.1046/j.1523-1755.2001.00766.x
https://www.ncbi.nlm.nih.gov/pubmed/11422732
https://doi.org/10.3389/fphar.2021.760581
https://doi.org/10.1007/s11154-018-9448-1
https://doi.org/10.2174/1381612023394692
https://doi.org/10.2174/138920012803762792
https://doi.org/10.1210/endocr/bqz046
https://doi.org/10.1016/j.jhep.2022.09.020
https://doi.org/10.1016/j.numecd.2012.05.005
https://doi.org/10.1172/JCI125316
https://doi.org/10.1172/JCI85939
https://www.ncbi.nlm.nih.gov/pubmed/27482889
https://doi.org/10.3390/nu16071015
https://doi.org/10.3390/biomedicines9101405
https://doi.org/10.3390/ijms25042251
https://doi.org/10.1111/1753-0407.13232
https://doi.org/10.1042/CS20180702
https://doi.org/10.3390/molecules23081941
https://doi.org/10.3390/molecules25215053
https://doi.org/10.1016/j.bbalip.2015.12.010
https://doi.org/10.1038/nrgastro.2017.32
https://doi.org/10.1038/s41580-018-0085-z
https://www.ncbi.nlm.nih.gov/pubmed/30523332
https://doi.org/10.1038/nrm3699
https://www.ncbi.nlm.nih.gov/pubmed/24220094
https://doi.org/10.1681/ASN.2007010089

Antioxidants 2024, 13, 1540 21 of 24

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Mount, P.; Davies, M.; Choy, S.-W.; Cook, N.; Power, D. Obesity-related chronic kidney disease—The role of lipid metabolism.
Metabolites 2015, 5, 720-732. [CrossRef]

Castro, B.B.A.; Foresto-Neto, O.; Saraiva-Camara, N.O.; Sanders-Pinheiro, H. Renal lipotoxicity: Insights from experimental
models. Clin. Exp. Pharmacol. Physiol. 2021, 48, 1579-1588. [CrossRef]

Engin, A.B. What is lipotoxicity? In Obesity and Lipotoxicity; Springer: Berlin/Heidelberg, Germany, 2017; pp. 197-220.

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

Sieber, J.; Lindenmeyer, M.T.; Kampe, K.; Campbell, K.N.; Cohen, C.D.; Hopfer, H.; Mundel, P; Jehle, A.W. Regulation of podocyte
survival and endoplasmic reticulum stress by fatty acids. Am. J. Physiol.-Ren. Physiol. 2010, 299, F821-F829. [CrossRef]
Koyama, T.; Kume, S.; Koya, D.; Araki, S.-i.; Isshiki, K.; Chin-Kanasaki, M.; Sugimoto, T.; Haneda, M.; Sugaya, T,
Kashiwagi, A.; et al. SIRT3 attenuates palmitate-induced ROS production and inflammation in proximal tubular cells. Free Radic.
Biol. Med. 2011, 51, 1258-1267. [CrossRef]

Chen, Q.; Su, Y;; Ju, Y,; Ma, K,; Li, W.; Li, W. Astragalosides IV protected the renal tubular epithelial cells from free fatty
acids-induced injury by reducing oxidative stress and apoptosis. Biomed. Pharmacother. 2018, 108, 679-686. [CrossRef]

Lee, E.S.; Kang, ].S.; Kim, H.M.; Kim, S.J.; Kim, N.; Lee, ].O.; Kim, H.S.; Lee, E.Y.; Chung, C.H. Dehydrozingerone inhibits renal
lipotoxicity in high-fat diet-induced obese mice. J. Cell. Mol. Med. 2021, 25, 8725-8733. [CrossRef]

Ayala, A.; Munioz, M.E; Argiielles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]

O’Brien, PJ.; Siraki, A.G.; Shangari, N. Aldehyde sources, metabolism, molecular toxicity mechanisms, and possible effects on
human health. Crit. Rev. Toxicol. 2005, 35, 609-662. [CrossRef] [PubMed]

Sung, C.-C.; Hsu, Y.-C.; Chen, C.-C,; Lin, Y.-F; Wu, C.-C. Oxidative stress and nucleic acid oxidation in patients with chronic
kidney disease. Oxidative Med. Cell. Longev. 2013, 2013, 301982. [CrossRef] [PubMed]

Sweetlove, L.J.; Fait, A.; Nunes-Nesi, A.; Williams, T.; Fernie, A.R. The mitochondrion: An integration point of cellular metabolism
and signalling. Crit. Rev. Plant Sci. 2007, 26, 17—-43. [CrossRef]

Bonora, M.; Patergnani, S.; Ramaccini, D.; Morciano, G.; Pedriali, G.; Kahsay, A.E.; Bouhamida, E.; Giorgi, C.; Wieckowski, M.R,;
Pinton, P. Physiopathology of the permeability transition pore: Molecular mechanisms in human pathology. Biomolecules 2020,
10, 998. [CrossRef]

Lin, P-H.; Duann, P. Dyslipidemia in kidney disorders: Perspectives on mitochondria homeostasis and therapeutic opportunities.
Front. Physiol. 2020, 11, 1050. [CrossRef]

Szeto, H.H.; Liu, S.; Soong, Y.; Alam, N.; Prusky, G.T.; Seshan, S.V. Protection of mitochondria prevents high-fat diet-induced
glomerulopathy and proximal tubular injury. Kidney Int. 2016, 90, 997-1011. [CrossRef]

Wrlodarczyk, M.; Nowicka, G. Obesity, DNA damage, and development of obesity-related diseases. Int. ]. Mol. Sci. 2019, 20, 1146.
[CrossRef]

Ge, M,; Fontanesi, F.; Merscher, S.; Fornoni, A. The vicious cycle of renal lipotoxicity and mitochondrial dysfunction. Front.
Physiol. 2020, 11, 732. [CrossRef]

Irazabal, M.V.; Chade, A.R; Eirin, A. Renal mitochondrial injury in the pathogenesis of CKD: mtDNA and mitomiRs. Clin. Sci.
2022, 136, 345-360. [CrossRef]

Maekawa, H.; Inoue, T.; Ouchi, H.; Jao, T.M.; Inoue, R.; Nishi, H.; Fujii, R.; Ishidate, F.; Tanaka, T.; Tanaka, Y.; et al. Mitochondrial
Damage Causes Inflammation via cGAS-STING Signaling in Acute Kidney Injury. Cell Rep. 2019, 29, 1261-1273.e6. [CrossRef]
[PubMed]

Popov, L.D. Mitochondrial biogenesis: An update. J. Cell Mol. Med. 2020, 24, 4892-4899. [CrossRef] [PubMed]

Weinberg, ].M. Mitochondrial biogenesis in kidney disease. J. Am. Soc. Nephrol. 2011, 22, 431-436. [CrossRef] [PubMed]

Jang, H.S.; Noh, M.R;; Kim, J.; Padanilam, B.]. Defective Mitochondrial Fatty Acid Oxidation and Lipotoxicity in Kidney Diseases.
Front. Med. 2020, 7, 65. [CrossRef]

Khanna, D.; Khanna, S.; Khanna, P.; Kahar, P; Patel, B.M. Obesity: A chronic low-grade inflammation and its markers. Cureus
2022, 14, €22711. [CrossRef]

Ellulu, M.S.; Patimah, I.; Khaza’ai, H.; Rahmat, A.; Abed, Y. Obesity and inflammation: The linking mechanism and the
complications. Arch. Med. Sci. 2017, 13, 851-863. [CrossRef]

Schnaper, H.W. The tubulointerstitial pathophysiology of progressive kidney disease. Adv. Chronic Kidney Dis. 2017, 24, 107-116.
[CrossRef]

Meng, X.-M.; Nikolic-Paterson, D.J.; Lan, H.Y. Inflammatory processes in renal fibrosis. Nat. Rev. Nephrol. 2014, 10, 493-503.
[CrossRef]

Sato, Y.; Yanagita, M. Resident fibroblasts in the kidney: A major driver of fibrosis and inflammation. Inflamm. Regen. 2017, 37, 17.
[CrossRef]

Mai, M,; Jiang, Y.; Wu, X;; Liu, G.; Zhu, Y.; Zhu, W. Association of TGF-betal, IL-4, and IL-10 Polymorphisms with Chronic Kidney
Disease Susceptibility: A Meta-Analysis. Front. Genet. 2020, 11, 79. [CrossRef]

Tziastoudi, M.; Stefanidis, I.; Hadjigeorgiou, G.M.; Stravodimos, K.; Zintzaras, E. A systematic review and meta-analysis of
genetic association studies for the role of inflammation and the immune system in diabetic nephropathy. Clin. Kidney J. 2017,
10, 293-300. [CrossRef] [PubMed]


https://doi.org/10.3390/metabo5040720
https://doi.org/10.1111/1440-1681.13556
https://doi.org/10.1038/s41419-020-03122-4
https://doi.org/10.1152/ajprenal.00196.2010
https://doi.org/10.1016/j.freeradbiomed.2011.05.028
https://doi.org/10.1016/j.biopha.2018.09.049
https://doi.org/10.1111/jcmm.16828
https://doi.org/10.1155/2014/360438
https://www.ncbi.nlm.nih.gov/pubmed/24999379
https://doi.org/10.1080/10408440591002183
https://www.ncbi.nlm.nih.gov/pubmed/16417045
https://doi.org/10.1155/2013/301982
https://www.ncbi.nlm.nih.gov/pubmed/24058721
https://doi.org/10.1080/07352680601147919
https://doi.org/10.3390/biom10070998
https://doi.org/10.3389/fphys.2020.01050
https://doi.org/10.1016/j.kint.2016.06.013
https://doi.org/10.3390/ijms20051146
https://doi.org/10.3389/fphys.2020.00732
https://doi.org/10.1042/CS20210512
https://doi.org/10.1016/j.celrep.2019.09.050
https://www.ncbi.nlm.nih.gov/pubmed/31665638
https://doi.org/10.1111/jcmm.15194
https://www.ncbi.nlm.nih.gov/pubmed/32279443
https://doi.org/10.1681/ASN.2010060643
https://www.ncbi.nlm.nih.gov/pubmed/21355058
https://doi.org/10.3389/fmed.2020.00065
https://doi.org/10.7759/cureus.22711
https://doi.org/10.5114/aoms.2016.58928
https://doi.org/10.1053/j.ackd.2016.11.011
https://doi.org/10.1038/nrneph.2014.114
https://doi.org/10.1186/s41232-017-0048-3
https://doi.org/10.3389/fgene.2020.00079
https://doi.org/10.1093/ckj/sfx008
https://www.ncbi.nlm.nih.gov/pubmed/28616206

Antioxidants 2024, 13, 1540 22 of 24

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Yamamoto, T.; Takabatake, Y.; Takahashi, A.; Kimura, T.; Namba, T.; Matsuda, J.; Minami, S.; Kaimori, J.-y.; Matsui, L,
Matsusaka, T.; et al. High-Fat Diet-Induced Lysosomal Dysfunction and Impaired Autophagic Flux Contribute to Lipotoxi-
city in the Kidney. J. Am. Soc. Nephrol. 2017, 28, 1534-1551. [CrossRef] [PubMed]

Bakker, PJ.; Butter, L.M.; Kors, L.; Teske, G.J.D.; Aten, ].; Sutterwala, E.S.; Florquin, S.; Leemans, ].C. Nlrp3 is a key modulator of
diet-induced nephropathy and renal cholesterol accumulation. Kidney Int. 2014, 85, 1112-1122. [CrossRef]

Chiazza, F; Couturier-Maillard, A.; Benetti, E.; Mastrocola, R.; Nigro, D.; Cutrin, J.C.; Serpe, L.; Aragno, M.; Fantozzi, R,;
Ryffel, B.; et al. Targeting the NLRP3 inflammasome to Reduce Diet-induced Metabolic Abnormalities in Mice. Mol. Med. 2015,
21, 1025-1037. [CrossRef] [PubMed]

Tornatore, L.; Thotakura, A.K.; Bennett, J.; Moretti, M.; Franzoso, G. The nuclear factor kappa B signaling pathway: Integrating
metabolism with inflammation. Trends Cell Biol. 2012, 22, 557-566. [CrossRef]

Brennan, E.; Kantharidis, P.; Cooper, M.E.; Godson, C. Pro-resolving lipid mediators: Regulators of inflammation, metabolism
and kidney function. Nat. Rev. Nephrol. 2021, 17, 725-739. [CrossRef]

Gao, L.; Yang, T-t.; Zhang, ].-s.; Liu, H.-x.; Cai, D.-c.; Wang, L.-t.; Wang, J.; Li, X.-w.; Gao, K.; Zhang, S.-y. THBS1/CD47 modulates
the interaction of y-catenin with E-cadherin and participates in epithelial-mesenchymal transformation in lipid nephrotoxicity.
Front. Cell Dev. Biol. 2021, 8, 601521. [CrossRef]

Schelling, J.R. Tubular atrophy in the pathogenesis of chronic kidney disease progression. Pediatr. Nephrol. 2016, 31, 693-706.
[CrossRef]

Tan, R.J.; Zhou, D.; Zhou, L,; Liu, Y. Wnt/ 3-catenin signaling and kidney fibrosis. Kidney Int. Suppl. 2014, 4, 84-90. [CrossRef]
Grahammer, F; Schell, C.; Huber, T.B. The podocyte slit diaphragm—From a thin grey line to a complex signalling hub. Nat. Rev.
Nephrol. 2013, 9, 587-598. [CrossRef]

Martin, C.E.; Jones, N. Nephrin signaling in the podocyte: An updated view of signal regulation at the slit diaphragm and beyond.
Front. Endocrinol. 2018, 9, 302. [CrossRef] [PubMed]

Sun, Y.; Cui, S.; Hou, Y.; Yi, F. The updates of podocyte lipid metabolism in proteinuric kidney disease. Kidney Dis. 2021,
7,438-451. [CrossRef] [PubMed]

Pei, K.; Gui, T.; Li, C.; Zhang, Q.; Feng, H.; Li, Y.; Wu, J.; Gai, Z. Recent progress on lipid intake and chronic kidney disease.
BioMed Res. Int. 2020, 2020, 3680397. [CrossRef] [PubMed]

Schlondorff, D. Roles of the mesangium in glomerular function. Kidney Int. 1996, 49, 1583-1585. [CrossRef]

Stockand, J.D.; Sansom, S.C. Glomerular mesangial cells: Electrophysiology and regulation of contraction. Physiol. Rev. 1998,
78,723-744. [CrossRef]

Santini, E.; Lupi, R.; Baldi, S.; Madec, S.; Chimenti, D.; Ferrannini, E.; Solini, A. Effects of different LDL particles on inflammatory
molecules in human mesangial cells. Diabetologia 2008, 51, 2117-2125. [CrossRef]

Nakhoul, N.; Batuman, V. Role of proximal tubules in the pathogenesis of kidney disease. In Experimental Models for Renal Diseases;
Karger Publishers: Basel, Switzerland, 2011; Volume 169, pp. 37-50.

Whaley-Connell, A.; Sowers, J.R. Obesity and kidney disease: From population to basic science and the search for new therapeutic
targets. Kidney Int. 2017, 92, 313-323. [CrossRef]

Bullen, A L.; Katz, R.; Kumar, U.; Gutierrez, O.M.; Sarnak, M.].; Kramer, H.]J.; Shlipak, M.G,; Ix, ]. H.; Judd, S.E.; Cushman, M.
Lipid accumulation product, visceral adiposity index and risk of chronic kidney disease. BMC Nephrol. 2022, 23, 401. [CrossRef]
Moreira, A.D.; Velasquez-Melendez, G.; Ladeira, R.M.; da Silva Junior, G.B.; Fonseca, M.d.].; Barreto, S.M. Association between
adiposity indexes and kidney disease: Findings from the longitudinal study of adult health (Elsa-Brazil). J. Am. Nutr. Assoc. 2022,
41, 275-280. [CrossRef]

Lanzon, B.; Martin-Taboada, M.; Castro-Alves, V.,; Vila-Bedmar, R.; Gonzalez de Pablos, I.; Duberg, D.; Gomez, P,; Rodriguez, E.;
Oresi¢, M.; Hy6tyldinen, T. Lipidomic and metabolomic signature of progression of chronic kidney disease in patients with severe
obesity. Metabolites 2021, 11, 836. [CrossRef]

German, C.A ; Liao, ] K. Understanding the molecular mechanisms of statin pleiotropic effects. Arch. Toxicol. 2023, 97, 1529-1545.
[CrossRef] [PubMed]

Major, RW.; Cheung, C.K.; Gray, L.]J.; Brunskill, N.J. Statins and Cardiovascular Primary Prevention in CKD: A Meta-Analysis.
Clin. J. Am. Soc. Nephrol. 2015, 10, 732-739. [CrossRef] [PubMed]

Rosenstein, K.; Tannock, L.R. Dyslipidemia in Chronic Kidney Disease. In Endotext; Feingold, K.R., Anawalt, B., Blackman, M.R,,
Boyce, A., Chrousos, G., Corpas, E., de Herder, WW.,, Dhatariya, K., Dungan, K., Hofland, J., et al., Eds.; MDText.com, Inc.:
South Dartmouth, MA, USA, 2000.

Haynes, R.; Lewis, D.; Emberson, J.; Reith, C.; Agodoa, L.; Cass, A.; Craig, J.C.; de Zeeuw, D.; Feldt-Rasmussen, B.;
Fellstrom, B.; et al. Effects of lowering LDL cholesterol on progression of kidney disease. J. Am. Soc. Nephrol. 2014, 25, 1825-1833.
[CrossRef]

Huang, T.S.; Wu, T,; Wu, Y.D.; Li, X.H.; Tan, J.; Shen, C.H.; Xiong, S.J.; Feng, Z.Q.; Gao, S.F; Li, H.; et al. Long-term statins
administration exacerbates diabetic nephropathy via ectopic fat deposition in diabetic mice. Nat. Commun. 2023, 14, 390.
[CrossRef] [PubMed]

Kim, N.H.; Kim, S.G. Fibrates Revisited: Potential Role in Cardiovascular Risk Reduction. Diabetes Metab. J. 2020, 44, 213-221.
[CrossRef] [PubMed]


https://doi.org/10.1681/ASN.2016070731
https://www.ncbi.nlm.nih.gov/pubmed/27932476
https://doi.org/10.1038/ki.2013.503
https://doi.org/10.2119/molmed.2015.00104
https://www.ncbi.nlm.nih.gov/pubmed/26623925
https://doi.org/10.1016/j.tcb.2012.08.001
https://doi.org/10.1038/s41581-021-00454-y
https://doi.org/10.3389/fcell.2020.601521
https://doi.org/10.1007/s00467-015-3169-4
https://doi.org/10.1038/kisup.2014.16
https://doi.org/10.1038/nrneph.2013.169
https://doi.org/10.3389/fendo.2018.00302
https://www.ncbi.nlm.nih.gov/pubmed/29922234
https://doi.org/10.1159/000518132
https://www.ncbi.nlm.nih.gov/pubmed/34901191
https://doi.org/10.1155/2020/3680397
https://www.ncbi.nlm.nih.gov/pubmed/32382547
https://doi.org/10.1038/ki.1996.229
https://doi.org/10.1152/physrev.1998.78.3.723
https://doi.org/10.1007/s00125-008-1127-4
https://doi.org/10.1016/j.kint.2016.12.034
https://doi.org/10.1186/s12882-022-03026-9
https://doi.org/10.1080/07315724.2021.1878968
https://doi.org/10.3390/metabo11120836
https://doi.org/10.1007/s00204-023-03492-6
https://www.ncbi.nlm.nih.gov/pubmed/37084080
https://doi.org/10.2215/CJN.07460714
https://www.ncbi.nlm.nih.gov/pubmed/25833405
https://doi.org/10.1681/ASN.2013090965
https://doi.org/10.1038/s41467-023-35944-z
https://www.ncbi.nlm.nih.gov/pubmed/36693830
https://doi.org/10.4093/dmj.2020.0001
https://www.ncbi.nlm.nih.gov/pubmed/32347023

Antioxidants 2024, 13, 1540 23 of 24

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Hadjivasilis, A.; Kouis, P; Kousios, A.; Panayiotou, A. The Effect of Fibrates on Kidney Function and Chronic Kidney Disease
Progression: A Systematic Review and Meta-Analysis of Randomised Studies. J. Clin. Med. 2022, 11, 768. [CrossRef]

Davis, TM.; Ting, R.; Best, ].D.; Donoghoe, M.W.; Drury, PL.; Sullivan, D.R.; Jenkins, A.J.; O’Connell, R.L.; Whiting, M.].;
Glasziou, P.P; et al. Effects of fenofibrate on renal function in patients with type 2 diabetes mellitus: The Fenofibrate Intervention
and Event Lowering in Diabetes (FIELD) Study. Diabetologia 2011, 54, 280-290. [CrossRef]

Dogra, G.; Irish, A.; Chan, D.; Watts, G. A randomized trial of the effect of statin and fibrate therapy on arterial function in CKD.
Am. ]. Kidney Dis. 2007, 49, 776-785. [CrossRef]

Cho, H.; Um, J.; Lee, J.-H.; Kim, W.-H.; Kang, W.S.; Kim, S.H.; Ha, H.-H.; Kim, Y.-C.; Ahn, Y.-K,; Jung, D.-W.,; et al. ENOblock, a
unique small molecule inhibitor of the non-glycolytic functions of enolase, alleviates the symptoms of type 2 diabetes. Sci. Rep.
2017, 7, 44186. [CrossRef]

Kraus, B.J.; Weir, M.R.; Bakris, G.L.; Mattheus, M.; Cherney, D.Z.I; Sattar, N.; Heerspink, H.J.L.; Ritter, I.; von Eynatten, M.;
Zinman, B.; et al. Characterization and implications of the initial estimated glomerular filtration rate ‘dip” upon sodium-glucose
cotransporter-2 inhibition with empagliflozin in the EMPA-REG OUTCOME trial. Kidney Int. 2021, 99, 750-762. [CrossRef]
Wheeler, D.C.; Stefansson, B.V.; Jongs, N.; Chertow, G.M.; Greene, T.; Hou, EF.; McMurray, ].J.V.; Correa-Rotter, R.; Rossing, P;
Toto, R.D.; et al. Effects of dapagliflozin on major adverse kidney and cardiovascular events in patients with diabetic and
non-diabetic chronic kidney disease: A prespecified analysis from the DAPA-CKD trial. Lancet Diabetes Endocrinol. 2021, 9, 22-31.
[CrossRef] [PubMed]

Salvatore, T.; Galiero, R.; Caturano, A.; Rinaldi, L.; Di Martino, A.; Albanese, G.; Di Salvo, J.; Epifani, R.; Marfella, R,;
Docimo, G.; et al. An Overview of the Cardiorenal Protective Mechanisms of SGLT2 Inhibitors. Int. J. Mol. Sci. 2022, 23, 3651.
[CrossRef]

Heerspink, H.J.L.; Stefansson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, FE; Mann, ]J.EE.; McMurray, J.J.V,;
Lindberg, M.; Rossing, P; et al. Dapagliflozin in Patients with Chronic Kidney Disease. N. Engl. ]. Med. 2020, 383, 1436-1446.
[CrossRef] [PubMed]

Miyata, K.N.; Zhang, S.L.; Chan, J.S.D. The Rationale and Evidence for SGLT2 Inhibitors as a Treatment for Nondiabetic
Glomerular Disease. Glomerular Dis. 2021, 1, 21-33. [CrossRef] [PubMed]

La Grotta, R.; de Candia, P; Olivieri, F.; Matacchione, G.; Giuliani, A.; Rippo, M.R,; Tagliabue, E.; Mancino, M.; Rispoli, F.;
Ferroni, S.; et al. Anti-inflammatory effect of SGLT-2 inhibitors via uric acid and insulin. Cell Mol. Life Sci. 2022, 79, 273. [CrossRef]
Lee, P.C.; Ganguly, S.; Goh, S.-Y. Weight loss associated with sodium-glucose cotransporter-2 inhibition: A review of evidence
and underlying mechanisms. Obes. Rev. 2018, 19, 1630-1641. [CrossRef]

Thomas, M.C.; Cherney, D.Z.I. The actions of SGLT2 inhibitors on metabolism, renal function and blood pressure. Diabetologia
2018, 61, 2098-2107. [CrossRef]

Pang, Y.; Xu, X,; Xiang, X,; Li, Y.; Zhao, Z; Li, ].; Gao, S; Liu, Q.; Mai, K,; Ai, Q. High Fat Activates O-GlcNAcylation and Affects
AMPK/ACC Pathway to Regulate Lipid Metabolism. Nutrients 2021, 13, 1740. [CrossRef]

Tsogbadrakh, B.; Ryu, H.; Ju, K.D,; Lee, J.; Yun, S.; Yu, K.S,; Kim, H.J.; Ahn, C.; Oh, K.H. AICAR, an AMPK activator, protects
against cisplatin-induced acute kidney injury through the JAK/STAT/SOCS pathway. Biochem. Biophys. Res. Commun. 2019,
509, 680-686. [CrossRef]

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

Lin, C.X,; Li, Y;; Liang, S.; Tao, J.; Zhang, L.S.; Su, Y.F; Huang, Y.X.; Zhao, Z.K,; Liu, S.Y.; Zheng, ].M. Metformin Attenuates
Cyclosporine A-induced Renal Fibrosis in Rats. Transplantation 2019, 103, €285-€296. [CrossRef] [PubMed]

Neven, E.; Vervaet, B.; Brand, K.; Gottwald-Hostalek, U.; Opdebeeck, B.; De Maré, A.; Verhulst, A.; Lalau, ].D.; Kamel, S.;
De Broe, M.E; et al. Metformin prevents the development of severe chronic kidney disease and its associated mineral and bone
disorder. Kidney Int. 2018, 94, 102-113. [CrossRef] [PubMed]

Christensen, M.; Jensen, ].B.; Jakobsen, S.; Jessen, N.; Frokizer, J.; Kemp, B.E.; Marciszyn, A.L.; Li, H.; Pastor-Soler, N.M.;
Hallows, K.R.; et al. Renoprotective Effects of Metformin are Independent of Organic Cation Transporters 1 & 2 and AMP-
activated Protein Kinase in the Kidney. Sci. Rep. 2016, 6, 35952. [CrossRef]

Seifarth, C.; Schehler, B.; Schneider, H.]. Effectiveness of Metformin on Weight Loss in Non-Diabetic Individuals with Obesity.
Exp. Clin. Endocrinol. Diabetes 2013, 121, 27-31. [CrossRef]

Brosnahan, G.M.; Wang, W.; Gitomer, B.; Struemph, T.; George, D.; You, Z.; Nowak, K.L.; Klawitter, J.; Chonchol, M.B. Metformin
Therapy in Autosomal Dominant Polycystic Kidney Disease: A Feasibility Study. Am. J. Kidney Dis. 2022, 79, 518-526. [CrossRef]
Zelicha, H.; Schwarzfuchs, D.; Shelef, I.; Gepner, Y.; Tsaban, G.; Tene, L.; Yaskolka Meir, A ; Bilitzky, A.; Komy, O.; Cohen, N; et al.
Changes of renal sinus fat and renal parenchymal fat during an 18-month randomized weight loss trial. Clin. Nutr. 2018,
37,1145-1153. [CrossRef]

Stasi, A.; Cosola, C.; Caggiano, G.; Cimmarusti, M.T.; Palieri, R.; Acquaviva, PM.; Rana, G.; Gesualdo, L. Obesity-Related Chronic
Kidney Disease: Principal Mechanisms and New Approaches in Nutritional Management. Front. Nutr. 2022, 9, 925619. [CrossRef]
Navaneethan, S.D.; Yehnert, H.; Moustarah, F.; Schreiber, M.].; Schauer, PR.; Beddhu, S. Weight Loss Interventions in Chronic
Kidney Disease: A Systematic Review and Meta-analysis. Clin. J. Am. Soc. Nephrol. 2009, 4, 1565-1574. [CrossRef]


https://doi.org/10.3390/jcm11030768
https://doi.org/10.1007/s00125-010-1951-1
https://doi.org/10.1053/j.ajkd.2007.03.003
https://doi.org/10.1038/srep44186
https://doi.org/10.1016/j.kint.2020.10.031
https://doi.org/10.1016/S2213-8587(20)30369-7
https://www.ncbi.nlm.nih.gov/pubmed/33338413
https://doi.org/10.3390/ijms23073651
https://doi.org/10.1056/NEJMoa2024816
https://www.ncbi.nlm.nih.gov/pubmed/32970396
https://doi.org/10.1159/000513659
https://www.ncbi.nlm.nih.gov/pubmed/36751486
https://doi.org/10.1007/s00018-022-04289-z
https://doi.org/10.1111/obr.12755
https://doi.org/10.1007/s00125-018-4669-0
https://doi.org/10.3390/nu13061740
https://doi.org/10.1016/j.bbrc.2018.12.159
https://doi.org/10.1038/ki.2013.462
https://doi.org/10.1097/TP.0000000000002864
https://www.ncbi.nlm.nih.gov/pubmed/31335763
https://doi.org/10.1016/j.kint.2018.01.027
https://www.ncbi.nlm.nih.gov/pubmed/29716795
https://doi.org/10.1038/srep35952
https://doi.org/10.1055/s-0032-1327734
https://doi.org/10.1053/j.ajkd.2021.06.026
https://doi.org/10.1016/j.clnu.2017.04.007
https://doi.org/10.3389/fnut.2022.925619
https://doi.org/10.2215/CJN.02250409

Antioxidants 2024, 13, 1540 24 of 24

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Effect of a long-term behavioural weight loss intervention on nephropathy in overweight or obese adults with type 2 diabetes:
A secondary analysis of the Look AHEAD randomised clinical trial. Lancet Diabetes Endocrinol. 2014, 2, 801-809. [CrossRef]
Li,K.; Zou, J.; Ye, Z,; Di, ].; Han, X.; Zhang, H.; Liu, W.; Ren, Q.; Zhang, P. Effects of Bariatric Surgery on Renal Function in Obese
Patients: A Systematic Review and Meta Analysis. PLoS ONE 2016, 11, €0163907. [CrossRef]

Zhang, L.; Wang, Y.; Xiong, L.; Luo, Y.; Huang, Z.; Yi, B. Exercise therapy improves eGFR, and reduces blood pressure and BMI in
non-dialysis CKD patients: Evidence from a meta-analysis. BMC Nephrol. 2019, 20, 398. [CrossRef]

Moinuddin, I.; Leehey, D.J. A Comparison of Aerobic Exercise and Resistance Training in Patients With and Without Chronic
Kidney Disease. Adv. Chronic Kidney Dis. 2008, 15, 83-96. [CrossRef]

Ikizler, T.A.; Robinson-Cohen, C.; Ellis, C.; Headley, S.A.E.; Tuttle, K.; Wood, R.J.; Evans, E.E.; Milch, C.M.; Moody, K.A,;
Germain, M.; et al. Metabolic Effects of Diet and Exercise in Patients with Moderate to Severe CKD: A Randomized Clinical Trial.
J. Am. Soc. Nephrol. 2018, 29, 250-259. [CrossRef]

Tirosh, A.; Golan, R.; Harman-Boehm, I.; Henkin, Y.; Schwarzfuchs, D.; Rudich, A.; Kovsan, J.; Fiedler, G.M.; Bliither, M.;
Stumvoll, M.; et al. Renal function following three distinct weight loss dietary strategies during 2 years of a randomized controlled
trial. Diabetes Care 2013, 36, 2225-2232. [CrossRef]

Fassett, R.G.; Gobe, G.C.; Peake, ].M.; Coombes, ].S. Omega-3 polyunsaturated fatty acids in the treatment of kidney disease. Am.
J. Kidney Dis. 2010, 56, 728-742. [CrossRef]

Ong, K.L.; Marklund, M.; Huang, L.; Rye, K.A.; Hui, N.; Pan, X.E; Rebholz, C.M.; Kim, H,; Steffen, L.M.; van Westing, A.C.; et al.
Association of omega 3 polyunsaturated fatty acids with incident chronic kidney disease: Pooled analysis of 19 cohorts. BM]
2023, 380, €072909. [CrossRef]

Muscogiuri, G.; El Ghoch, M.; Colao, A.; Hassapidou, M.; Yumuk, V.; Busetto, L. Obesity Management Task Force of the European
Association for the Study of Obesity European Guidelines for Obesity Management in Adults with a Very Low-Calorie Ketogenic
Diet: A Systematic Review and Meta-Analysis. Obes. Facts 2021, 14, 222-245. [CrossRef]

Joshi, S.; Shi, R.; Patel, J. Risks of the ketogenic diet in CKD—the con part. Clin. Kidney J. 2023, 17, stad274. [CrossRef]

Tolerico, M.; Merscher, S.; Fornoni, A. Normal and Dysregulated Sphingolipid Metabolism: Contributions to Podocyte Injury and
Beyond. Cells 2024, 13, 890. [CrossRef]

Stevens, PE.; Ahmed, S.B.; Carrero, ].J.; Foster, B.; Francis, A.; Hall, RK,; Herrington, W.G.; Hill, G.; Inker, L.A,;
Kazancioglu, R.; et al. KDIGO 2024 Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney
Disease. Kidney Int. 2024, 105, S117-5314. [CrossRef]

Izquierdo-Lahuerta, A.; Martinez-Garcia, C.; Medina-Gémez, G. Lipotoxicity as a trigger factor of renal disease. J. Nephrol. 2016,
29, 603-610. [CrossRef]

Bowe, B.; Xie, Y.; Xian, H.; Balasubramanian, S.; Al-Aly, Z. Low levels of high-density lipoprotein cholesterol increase the risk of
incident kidney disease and its progression. Kidney Int. 2016, 89, 886-896. [CrossRef]

Astarita, G.; Kelly, R.S.; Lasky-Su, J. Metabolomics and lipidomics strategies in modern drug discovery and development. Drug
Discov. Today 2023, 28, 103751. [CrossRef]

Eddy, S.; Mariani, L.H.; Kretzler, M. Integrated multi-omics approaches to improve classification of chronic kidney disease. Nat.
Rev. Nephrol. 2020, 16, 657-668. [CrossRef]

Ju, W,; Nair, V,; Smith, S.; Zhu, L.; Shedden, K.; Song, PX K.; Mariani, L.H.; Eichinger, EH.; Berthier, C.C.; Randolph, A; et al.
Tissue transcriptome-driven identification of epidermal growth factor as a chronic kidney disease biomarker. Sci. Transl. Med.
2015, 7, 316ra193. [CrossRef]

Azukaitis, K.; Ju, W,; Kirchner, M.; Nair, V.; Smith, M.; Fang, Z.; Thurn-Valsassina, D.; Bayazit, A.; Niemirska, A;
Canpolat, N.; et al. Low levels of urinary epidermal growth factor predict chronic kidney disease progression in children. Kidney
Int. 2019, 96, 214-221. [CrossRef]

Jacob, M.; Lopata, A.L.; Dasouki, M.; Abdel Rahman, A.M. Metabolomics toward personalized medicine. Mass Spectrom. Rev.
2019, 38, 221-238. [CrossRef]

Coman, L.-I; lanculescu, M.; Paraschiv, E.-A.; Alexandru, A.; Badardu, I.-A. Smart Solutions for Diet-Related Disease Management:
Connected Care, Remote Health Monitoring Systems, and Integrated Insights for Advanced Evaluation. Appl. Sci. 2024, 14, 2351.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S2213-8587(14)70156-1
https://doi.org/10.1371/journal.pone.0163907
https://doi.org/10.1186/s12882-019-1586-5
https://doi.org/10.1053/j.ackd.2007.10.004
https://doi.org/10.1681/ASN.2017010020
https://doi.org/10.2337/dc12-1846
https://doi.org/10.1053/j.ajkd.2010.03.009
https://doi.org/10.1136/bmj-2022-072909
https://doi.org/10.1159/000515381
https://doi.org/10.1093/ckj/sfad274
https://doi.org/10.3390/cells13110890
https://doi.org/10.1016/j.kint.2023.10.018
https://doi.org/10.1007/s40620-016-0278-5
https://doi.org/10.1016/j.kint.2015.12.034
https://doi.org/10.1016/j.drudis.2023.103751
https://doi.org/10.1038/s41581-020-0286-5
https://doi.org/10.1126/scitranslmed.aac7071
https://doi.org/10.1016/j.kint.2019.01.035
https://doi.org/10.1002/mas.21548
https://doi.org/10.3390/app14062351

	Introduction 
	Obesity as a Global Health Crisis 
	Role of Lipid Metabolism in Obesity-Related Kidney Disease 

	Kidney-Specific Lipid Metabolism: Transporters, Lipogenesis, FAO 
	Lipid Metabolism Overview in the Kidney 
	Lipid Uptake in Obesity-Related Kidney Disease 
	Lipogenesis in Obesity-Related Kidney Disease 
	FAO in Obesity-Related Kidney Disease 
	Lipid Export in Obesity-Related Kidney Disease 

	Obesity-Induced Nephropathy: Cellular and Molecular Mechanisms 
	Lipid Deposition in the Kidney 
	Increased Circulating FFAs 
	Lipid Droplet Formation in Renal Cells 
	Mechanisms of Lipotoxicity 

	OS and Lipid Peroxidation 
	Mitochondrial Dysfunction in Lipid Overload 
	mtDNA Damage 
	Impaired Mitochondrial Biogenesis 

	Inflammation and Fibrosis in Obesity-Related CKD 
	Inflammatory Cytokines and Pathways 
	Epithelial-Mesenchymal Transition (EMT) 


	Lipid Metabolism Disorders and Kidney Pathology 
	Glomerular Lipotoxicity and Glomerulosclerosis 
	Podocyte Dysfunction in Obesity 
	Role of Mesangial Cells to Glomerulosclerosis 

	Tubulointerstitial Injury 
	Progression to Chronic Kidney Disease 

	Therapeutic Strategies in Obesity-Related CKD 
	Pharmacological Approaches Targeting Lipid Profiles 
	Statins and Renal Protection 
	Fibrates: Modulating Lipid Profiles 
	SREBP-1 Inhibitors: Targeting Lipid Synthesis Pathways 

	Antidiabetic Agents Targeting Obesity-Related CKD 
	SGLT2 Inhibitors: Dapagliflozin and Empagliflozin 
	AMPK Activators: AICAR and Metformin 

	Lifestyle and Dietary Interventions 
	Importance of Weight Loss in CKD Management 
	Physical Activity 
	Dietary Modifications: Omega-3 Fatty Acids and Reduced Saturated Fats 


	Future Directions 
	Unanswered Questions in Lipid Metabolism Research 
	Development of Biomarkers for Early Detection 
	Personalized Medicine Approaches in Treating Obesity-Related CKD 

	Conclusions 
	References

