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A B S T R A C T

Metabolic alterations, resulting from obesity, drive chronic kidney disease (CKD) through mechanisms including 
lipotoxicity, inflammation, and fibrosis. Oleoylethanolamide (OEA), an endogenous compound belonging to the 
N-acylethanolamine family, has been widely studied for its metabolic properties. However, emerging evidence 
highlights its anti-inflammatory and anti-fibrotic effects. Here, we explored the effect of OEA on high-fat diet 
(HFD)-induced renal damage associated with obesity in mice.

OEA treatment improved kidney function by restoring urine output and reducing proteinuria and albuminuria 
in obese mice. Moreover, OEA normalized serum creatinine and blood urea nitrogen levels, which were altered 
by HFD feeding, and decreased the transcription of kidney injury molecule-1 and neutrophil gelatinase- 
associated lipocalin, associated with renal damage. OEA also counteracted renal glucose dysmetabolism by 
reducing glycogen content and modulating the protein expression of glucose transporters. Furthermore, OEA 
exerted marked anti-inflammatory and antifibrotic effects in kidney, further confirmed by a reduction in the 
transcription of pro-inflammatory and pro-fibrotic markers. OEA reduced renal steatosis, improving lipid 
metabolism through increased peroxisome proliferator-activated receptor-α and fibroblast growth factor 21 
transcription and reduced triglyceride trafficking by the downregulation of diacylglycerol O-acyltransferase 1. 
Finally, to highlight the direct effect of OEA in the kidney, we confirmed its protective activity against lip
otoxicity and demonstrated its ability to improve mitochondrial bioenergetics in human proximal tubular 
epithelial cells (HK-2).

These results indicate that OEA may be a promising therapeutic molecule for restraining CKD-related alter
ations associated with obesity and metabolic disorders.

1. Introduction

Chronic overconsumption of hypercaloric diets with high content of 
carbohydrates and/or fat is related to metabolic alterations, possibly 
leading to obesity, insulin resistance, dyslipidemia, and hypertension. 
As known, the prolonged metabolic imbalance of circulating lipids from 

endogenous and exogenous sources leads to ectopic fat accumulation 
also in the peripheral organs other than adipose tissues, including the 
kidney. Renal lipid accumulation, deriving from the imbalance between 
fatty acid inflow and utilization, exerts a direct detrimental effect, 
promoting local lipotoxicity, oxidative stress, fibrosis, and inflamma
tion, molecular events leading to glomerular and tubule-interstitial 
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damage (Ren et al., 2023).
Obesity-induced kidney injury, compared to other obesity-related 

comorbidities, has a faster progression towards chronic kidney disease 
(CKD). Very recent reports have concluded that CKD is predicted to 
become a major global health issue within this century (Francis et al., 
2024); therefore, early diagnosis and interventions are advocated to 
control morbidity and mortality, disability, reduced quality of life and 
other psychosocial harms associated with it. Since obesity constitutes a 
predominant risk factor for the onset and progression of CKD 
(Kounatidis et al., 2024), among the so-called primordial preventions of 
CKD, even more upstream than the primary strategies, there is the 
management and therapy of obesity (Kalantar-Zadeh and Li, 2020), 
whose current options have been recently reviewed and evaluated 
through a kidney-oriented lens (Taber-Hight et al., 2024).

Peroxisome proliferator-activated receptor (PPAR)-α, is a central 
regulator of fatty acid metabolism, thereby accelerating fatty acid 
metabolism and reducing fat accumulation. Notably, this receptor is 
abundantly expressed in the proximal tubules and medullary thick 
ascending limbs and to a lesser extent, in glomerular mesangial cells 
(Guan, 2002; Kamijo et al., 2002), indicating its critical involvement in 
maintaining the renal balance of energy production and consumption. 
Meanwhile, PPAR-α has also been demonstrated to exert profound 
anti-inflammatory and antifibrotic activity (Chung et al., 2018; Comella 
et al., 2024b; Impellizzeri et al., 2014; Mattace Raso et al., 2013; Yang 
et al., 2015), implying to be a link between lipid metabolism and 
inflammation control. Although PPAR-α− /− mice did not show kidney 
disease, they are more prone to both acute and chronic kidney injury 
following different challenges, and on the other hand, transgenic 
expression of PPAR-α, in tubule cells protected mice against acute and 
chronic kidney disease (Lee et al., 2024; Li et al., 2009). Concomitantly, 
PPAR-α deficiency worsened the severity of diabetic nephropathy (Park 
et al., 2006).

Oleoylethanolamide (OEA), a lipid mediator belonging to the N- 
acylethanolamines (NAEs) family, has been demonstrated to have a role 
in appetite and body weight control. These effects are mainly attributed 
to the activation of PPAR-α, even if other mechanisms could be involved 
in the OEA regulation of energy homeostasis and appetite control (Laleh 
et al., 2018). On the other hand, several reports have indicated that OEA 
possesses anti-inflammatory and anti-fibrotic effects (Chen et al., 2015; 
Pontis et al., 2016). Meanwhile, we have also found that OEA counter
acted the transition of acute kidney injury into CKD, limiting the in
flammatory and fibrotic process, via PPAR-α activation since OEA failed 
to exert its beneficial activity in PPAR-α− /− mice (Comella et al., 2024b).

The “dual” ability of OEA to control weight gain, alongside its 
nephroprotective effect, makes this molecule as an attractive candidate 
for further investigation in kidney injury linked to metabolic alterations. 
Accordingly, we aimed to investigate the effects of OEA on CKD induced 
by high-fat diet (HFD) feeding in mice, with a particular focus on its 
involvement in controlling inflammatory and fibrotic processes, as well 
as regulating metabolism.

2. Methods

2.1. Ethical statement

Animal care and experimental procedures were carried out in 
compliance with International and National Law and Policies and 
approved by the Local Animal Care Office (Centro Servizi Veterinari, 
Università degli Studi di Napoli, Federico II, ITA) and the Italian Min
istry of Health under protocol no. 1210/2020-PR. Animal studies were 
performed in compliance with the Italian D.L. (No. 26 of 4 March 2014) 
of the Italian Ministry of Health and the EU Directive 2010/63/EU for 
animal experiments, ARRIVE guidelines, and the Basel declaration, 
including the 3Rs concept.

2.2. Animals and treatments

6-week-old male C57BL/6J mice were obtained from Charles River 
Laboratories Italia S.r.l. and housed in stainless steel cages under 
controlled conditions of room temperature (RT) (22 ± 1 ◦C) and illu
mination (12:12 h light-dark cycle). Mice were maintained with ad 
libitum access to a diet and tap water. The animals were allowed to ac
climatize for one week. Then they were randomly divided into three 
groups (n=8–10) as reported below: (i) control group (STD) receiving 
chow standard diet and vehicle (water/PEG/TWEEN 80 (90/5/5 v/v)); 
(ii) HFD group receiving vehicle; (iii) HFD group intraperitoneally 
treated with OEA (HFD + OEA) at a dose of 2,5 mg/kg/die for 8 weeks. 
The OEA dose, selected on previous study (Comella et al., 2024a) was 
validated through animal-to-human dose conversion using standard 
allometric scaling method based on body surface area (Freireich et al., 
1966). The standard chow diet had 17 % fat without sucrose, while HFD 
had 45 % energy derived from fat and 7 % sucrose (D12451, Research 
diet, USA). OEA was resuspended in water/PEG/TWEEN 80 (90/5/5 
v/v). Treatments started after 12 weeks of HFD feeding and were con
ducted concurrently with the HFD. At the end of the experiment, all mice 
were anaesthetized with enflurane by inhalation and euthanized, fol
lowed by cervical dislocation. Blood was collected from all animals by 
cardiac puncture and was centrifuged at 2500 rpm at 4 ◦C for 12 min to 
obtain the serum samples. Then, kidneys were collected, snap-frozen 
and stored at − 80 ◦C for subsequent analysis.

2.3. Metabolic cages

Mice from all groups were placed individually in metabolic cages 
(41700-003, Ugo Basile, ITA) the day before the sacrifice. This proced
ure allows for monitoring of water intake by weighing the water 
dispenser at the beginning and end of the 24 h experiment. In addition, 
urinary output for 24 h was evaluated, and urine samples were collected 
for functional measurements.

2.4. Serum and urine analysis

Urea and creatinine levels were measured in serum samples. Urea 
was expressed as blood urea nitrogen (BUN), obtained by dividing the 
urea concentration in the blood by 2.14 (reflecting the ratio between the 
molecular weight of urea and urea nitrogen). The formula is BUN =
[urea]/2.14. These parameters were quantified using commercially 
available following the manufacturer’s instructions. To minimize intra- 
test variation, all samples and standards were analyzed in duplicate. 
Moreover, we evaluated urine albumin levels using an ELISA kit 
(ab207620, Abcam, UK). Creatinine level was also determined in the 
urinary sample and urine albumin and creatinine data were used to 
calculate the ratio of urinary albumin and creatinine (UACR) excretion, 
which is a measure of the kidney injury. Proteinuria was quantified 
using the Bradford assay, a colorimetric method for protein measure
ment in urine samples. Absorbance was recorded at 595 nm using a 
spectrophotometer, and protein concentration was determined based on 
a standard curve generated from the absorbance values of the samples.

2.5. Histological scores analysis

Kidneys were removed, fixed in neutered buffered formalin, and 
embedded in paraffin. Kidney sections were stained with Hematoxylin 
and Eosin (H&E), Periodic acid–Schiff (PAS), and Masson’s Trichrome 
stains. Inflammation and steatosis were scored on a scale of 0 (no 
steatosis), 1 (mild, 1 < 30 %), 2 (moderate, 30–70 %) and 3 (severe, 
>70 %). The positive PAS reaction highlighted the variable amount of 
glycogen within the affected renal cells with a magenta red colour. 
Masson’s positive Trichrome reaction showed purple nuclei with he
matoxylin, cytoplasm in vivid red, and connective tissue strongly 
stained in blue. The PAS and Masson’s Trichrome reactions were scored 
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into grades (0 negative; 1 slightly positive; 2 moderately positive; 3 
positive).

2.6. Immunohistochemical analysis

Mouse kidneys were fixed in 10 % neutral-buffered formalin, pro
cessed, and embedded in paraffin. Serial 3 μm sections were used for 
immunohistochemical evaluation. Immunohistochemistry was per
formed according to our established protocol (De Biase et al., 2024; 
Dimatteo et al., 2024; Vaccaro et al., 2024). Briefly, kidney tissue sec
tions were deparaffinized and rehydrated through graded alcohols. 
Endogenous peroxidase was quenched by incubation in 0.3 % H2O2 in 
methanol (4:1) for 15 min. Heat-induced epitope retrieval was carried 
out in citrate buffer (pH 6.0) using microwave heating, followed by 
cooling to room temperature and rinsing in PBS (pH 7.4, 0.01 M). 
Immunolabeling was performed using the MACH1 Universal 
HRP-Polymer Detection Kit (Code M1U539 G, L10; Bio-Optica, Milan, 
Italy), following the manufacturer’s instructions. Sections were incu
bated overnight at 4 ◦C with a rabbit monoclonal anti-α-smooth muscle 
actin antibody (Cell Signaling Technology, Danvers, MA, USA; clone 
D4K9N) diluted 1:200 in PBS. Signal was developed with DAB, and 
nuclei were counterstained with hematoxylin; slides were then dehy
drated and mounted. Negative controls consisted of sections processed 
in parallel with the omission of the primary antibody. As positive con
trols, mouse spleen sections were included in each run. Vascular smooth 
muscle within the kidney served as an internal positive control. For 
image acquisition, ten non-overlapping 20× fields per case were 
randomly selected and digitized using the Pannoramic II scanner 
(3DHISTECH, Budapest, Hungary). α-SMA immunoreactivity in the 
tubulo-interstitial compartment (excluding vascular media and 
glomerular arterioles) was assessed by two independent, blinded pa
thologists and expressed using a semi-quantitative score: 0 = absent; 1 
= mild (<5 % of field area); 2 = moderate (5–15 %); 3 = marked (>15 
%). At least 10 HPF (0.237 mm2; 40× objective, 10× ocular, field 
number 22 mm) were evaluated per sample. Discrepancies were 
resolved by consensus.

2.7. Cell culture

The human proximal tubular cell line (HK-2) was purchased from the 
American type culture collection (ATCC, CRL-2190™, Manassas, VA) 
and cultured according to ATCC guidelines. HK-2 cells were grown in 
DMEM 1.0 g/L glucose (GIBCO, Thermo Fisher Scientific, USA, Cat 
#31885023) supplemented with 10 % FBS (GIBCO, Thermo Fisher 
Scientific, USA, Cat #10270106), Penicillin-Streptomycin (5000 U/mL) 
(GIBCO, Thermo Fisher Scientific, USA, Cat #15070063) and main
tained at 37 ◦C in a 5 % CO2 incubator. All cultures used in the exper
iment were between passages 22 and 30.

2.8. Oil Red O staining

Cells were seeded in P6-well plates, when cells reached 60–70 % of 
confluence, the medium was replaced with 2 % FBS in DMEM. After 6 h 
starvation, cells were incubated for 24 h with palmitate (PAL) 200 μM, 
(Sigma-Aldrich, USA Cat #P9767). 1 h before the challenge, cells were 
pretreated with OEA (5 μM). Cells were first washed in PBS and subse
quently fixed with paraformaldehyde (10 %) for 1 h. Then, the cells were 
washed with distilled water and incubated with 60 % Oil Red O (ORO) 
(#O9755, Sigma-Aldrich) (prepared by dissolving 0.5 g of ORO in 100 
ml of isopropanol) for 2 h, followed by washing with PBS. The cells were 
visualized using a Zeiss AXIO observer microscope. For quantification, 
the cells were subsequently incubated with isopropyl alcohol for 10 min. 
The solution was transferred to a 96-well plate and absorbance was 
measured at 550 nm using a spectrophotometer.

2.9. Western blotting

The kidney was homogenized in lysis buffer (20 mM Tris–HCl, pH 
7,5, 10 mM NaF, 150 mM NaCl, 1 % Nonidet P-40, 1 mM phenyl
methylsulphonyl fluoride, 1 mM Na3VO4, leupeptin 10 μg/mL, and 
trypsin inhibitor 10 μg/mL) with a homogenizer (Ultra-Turrax T8; IKA 
Labortechnik, DEU). Total protein lysates were obtained as supernatant 
by centrifugation at 14,000×g for 15 min at 4 ◦C. Protein concentrations 
were estimated by the Bio-Rad protein assay using free bovine serum 
albumin (BSA) as standard. An equal amount of protein (40 μg) was 
subjected to SDS-PAGE and electro-transferred onto a nitrocellulose 
membrane using a Bio-Rad Transblot (Bio-Rad, Milan, Italy). The 
following parameters were set: 10 min of blotting time, 1.3 mA 
(approximately 25 V). The membrane was then blocked with 1X phos
phate buffer solution (PBS) and 5 % non-fat dried milk for 45 min at RT 
and was incubated with rabbit polyclonal antibodies against glucose 
transporter (GLUT)-2 (1:1000; Cat) and sodium-glucose cotransporter 
(SGLT)2 (1:1000; Santa Cruz Biotechnology, Cat#sc-393350). Anti- 
β-actin (1:5000; Sigma-Aldrich Cat #A5441) was used to normalize and 
ensure equal sample loading. Visualization of protein band intensities 
was determined by chemiluminescence using ChemiDoc MP Imaging 
System (Bio-Rad Laboratories, Inc, USA). Densitometric analysis of the 
protein bands was performed using Image Lab software (Bio-Rad Lab
oratories, version 6.1). Band intensities were expressed in arbitrary units 
(A.U.) and normalized to the corresponding housekeeping protein 
(β-actin) to account the loading variability. To ensure consistency and 
comparability all samples were analyzed under identical exposure 
conditions.

2.10. Real-time PCR analysis

Total RNA was isolated from the kidney and HK-2 cells using TRIzol 
Reagent (Bio-Rad Laboratories, USA) through the NucleoSpin kit 
(Macherey-Nagel cod.740955.50), according to the manufacturer’s in
structions. The quality and quantity of total RNA were measured using a 
NanoDrop One spectrophotometer (Thermo Fisher Scientific, USA). 
RNA samples with a 260/280 ratio between 2.0 and 2.2 were considered 
qualified. cDNA was obtained using a High-Capacity cDNA Reverse 
Transcription Kit (cod. 4374966, Thermo Fisher Scientific, USA) from 8 
μg of total RNA. PCRs were performed on the Bio-Rad CFX96 Connect 
Real-time PCR System instrument and software (CFX Maestro Software). 
PCR conditions were 15 min at 95 ◦C followed by 40 cycles of two-step 
PCR denaturation at 94 ◦C for 15 s, annealing extension at 55 ◦C for 30 s 
and extension at 72 ◦C for 30 s. Each sample contained 500 ng of cDNA 
in 2X QuantiTect SYBR Green PCR Master Mix (cod. 204145, Qiagen, 
DEU) and primers pairs to amplify mouse kidney injury molecule (KIM)- 
1 (Havcr1), neutrophil gelatinase-associated lipocalin (NGAL) (Lcn2), 
phosphoenolpyruvate carboxykinase (PCK)1 (Pck1), TNF (Tnf) inter
leukin (IL)-1β (Il1b), IL-6 (Il6), chemokine (C-C motif) ligand 2 also 
referred as monocyte chemoattractant protein (MCP)1 (Ccl2), hormone 
receptor-like 1 (Emr1), also known as F4/80, nuclear factor kappa beta 
subunit 1 (Nfkb1), toll-like receptor 4 (Tlr4), PPAR-α (Ppara), Fibroblast 
Growth Factor (FGF)21 (Fgf21), diacylglycerol O-acyltransferase 
(DGAT)1 (Dgat1), transforming growth factor beta (TGF-β)1 (Tgfb1), 
fibronectin 1 (Fn1), collagen type IV alpha 1 chain (Col4a1), fatty acid 
synthase (FAS) (Fasn), Cluster of Differentiation (CD)36 (Cd36) (Qiagen, 
DEU) in a final volume of 50 μl. The relative amount of each studied 
mRNA was normalized to Gapdh or 18s as a housekeeping gene (Qiagen, 
DEU) (Table S1), and data were analyzed according to the 2− ΔΔCT 

method.

2.11. Measurement of reactive oxygen species (ROS)

ROS levels in kidney tissue were assessed as previously described 
(Pirozzi et al., 2020). Briefly, freshly prepared kidney homogenates were 
incubated with 5 μM dichlorofluorescein diacetate (DCFH-DA; cat. no. 

F. Comella et al.                                                                                                                                                                                                                                 European Journal of Pharmacology 1011 (2026) 178436 

3 



35845, Sigma–Aldrich, Milan, Italy) dissolved in dimethyl sulfoxide 
(DMSO, cat. no. D5879, Sigma–Aldrich, Milan, Italy) for 15 min at 37 ◦C. 
Samples were then centrifuged at 12,500×g for 10 min at 4 ◦C. The 
resulting pellet was resuspended in 5 mL of 100 mM potassium phos
phate buffer (pH 7.4) and incubated for an additional 60 min at 37 ◦C to 
allow ROS-mediated oxidation of DCFH-DA to the fluorescent DCF.

HK-2 cells were seeded in 96-well plates (Lumox® multiwell, Sar
stedt, Cat. No. 94.6120.096; Nürnbrecht, Germany) at a density of 3 ×
104 cells per well and allowed to adhere overnight. After a 6 h serum 
starvation period, cells were exposed to PAL (300 μM) for 4 h. One hour 
before PAL treatment, cells were pre-treated with OEA (5 μM). ROS 
levels were assessed using 10 μmol/L DCFH-DA, diluted in serum- and 
phenol red-free DMEM. The dye solution was added directly to each 
well, and cells were incubated in the dark at 37 ◦C with 5 % CO2 for 20 
min. Following incubation, cells were washed three times with PBS to 
remove excess dye.

Fluorescence intensity was measured using a Promega GloMax Ex
plorer Microplate Reader (cat. no. GM3560, Milan, Italy) at excitation 
and emission wavelengths of 488 nm and 525 nm, respectively. ROS 
levels were quantified based on a dichlorofluorescein standard curve 
(0–1 mM) prepared in DMSO. Fluorescence readings were normalized to 
protein concentration determined by the Bradford assay and expressed 
as fold change relative to control samples.

2.12. Cellular oxygen consumption measurement

Oxygen consumption rate (OCR), a measurement of mitochondrial 
respiration, was determined in the presence of specific mitochondrial 
activators and inhibitors. Oligomycin (ATP synthase blocker) was used 
to measure ATP turnover and to determine proton leak. Mitochondrial 
uncoupler FCCP (carbonyl cyanide 4-[trifluoromethoxy] phenyl
hydrazone) was used to measure maximum respiratory function 
(maximal OCR). Reserve capacity was calculated as a maximal OCR 
minus the basal respiration. Rotenone (inhibitor of complex I) and 
antimycin A (a blocker of complex III) were injected to completely shut 
the mitochondrial respiration down to confirm that any observed 
changes in respiration were mitochondrial (Brand and Nicholls, 2011; 
Dranka et al., 2011). We performed preliminary titration experiment 
using two different cell densities (15,000 and 30,000 cells/well) to 
obtain the optimal OCR range (100–200 pmol/min). Based on these 
results, we selected 15,000 cells/well as the optimal seeding density for 
subsequent analysis. After 6 h starvation, cells were incubated for 24-h 
with palmitate (PAL) 200 μM, (Sigma-Aldrich, USA Cat #P9767). 1 h 
before the challenge, cells were pretreated with OEA (5 μM). One day 
before the extracellular flux measurement, HK-2 cells were seeded at 15, 
000 cells per well in 24-well assay plates. 1 h before the experiment, the 
growth medium was removed, cells were washed and then incubated in 
a low buffered assay medium (Seahorse XF DMEM medium, pH 7.4, 
103575-100 Agilent Technologies) supplemented with 1 mM pyruvate 
(103578-100), 2 mM glutamine (103579-100), and 10 mM glucose 
(103577-100). The plates were then assayed in the XFe24 analyzer. For a 
measurement of steady basal respiration, 4–5 measurements were taken 
before injecting ATP synthase inhibitor oligomycin at 1,5 μM (final 
concentration). Mitochondrial membrane uncoupler FCCP was then 
injected at 1 μM. Finally, a mixture of rotenone and antimycin A (0,5 
μM) was injected. Mitochondrial basal respiration, proton leak, 
ATP-production coupled respiration, maximal respiration and spare 
capacity were measured. OCR rate was presented as pmoles O2/min.

2.13. Data and statistical analysis

All experimental data are presented as the mean ± Standard Error of 
the Mean (SEM) of at least 5 individual measurements per group, with n 
defined as independent animal individuals. Shapiro-Wilk normality test 
was performed on all analyzed data. In vitro data are presented as the 
mean ± SEM from three different experiments in duplicate. They are 

also subjected to one-way variance analysis (ANOVA) for multiple 
comparisons, followed by Bonferroni’s post hoc test, using GraphPad 
Prism 10 (GraphPad Software Inc., USA). Differences among groups 
were considered significant at values of p < 0.05.

3. Results

3.1. OEA recovers kidney function perturbed in obese mice

HFD feeding has been shown to induce obesity and metabolic syn
drome in mice, along with renal damage and morphological alterations 
in the kidney (Ruggiero et al., 2011; Wei et al., 2004). Therefore, mice 
were fed an HFD (45 % kcal fat) for 20 weeks; from week 12 onward, 
when obesity was established, mice received OEA until week 20. Under 
these experimental conditions, OEA limited the increase in body weight, 
reduced fat mass, and improved systemic metabolic profile in HFD-fed 
mice (Supplementary data). As expected, long-term HFD feeding resul
ted in impaired kidney function, as evidenced by reduced water intake 
(Fig. 1A) and urine output (Fig. 1B) compared to the STD group, whereas 
OEA treatment restored these parameters. HFD-induced kidney 
dysfunction was further confirmed by alterations in proteinuria 
(Fig. 1C), 24 h urinary albumin levels (Fig. 1D) and the urinary 
albumin-to-creatinine ratio (UACR) (Fig. 1E), which were significantly 
improved in OEA-treated mice. The nephroprotective effect of OEA was 
further assessed by evaluating key serum markers of kidney function, 
including serum creatinine and BUN. HFD-fed mice exhibited elevated 
creatinine levels (Fig. 2A) compared to the STD group, which were 
significantly reduced following OEA treatment. Similarly, BUN levels 
(Fig. 2B) were significantly lower in OEA-treated mice than in HFD ones. 
Additionally, OEA treatment decreased the renal expression of tubular 
injury markers, such as Havcr1 (Fig. 2C) and Lcn2 (Fig. 2D), which were 
elevated in HFD-fed mice.

3.2. OEA reduces kidney pathological damage and glycogen deposition in 
HFD-fed mice

PAS staining revealed glycogen accumulation in the glomeruli and 
significant thickening of the basement membrane in the HFD group 
compared to the STD group (Fig. 3A). In contrast, the OEA-treated mice 
showed reduced glycogen accumulation and notable thinning of the 
basement membrane (Fig. 3B). These findings suggest that OEA effec
tively mitigates renal pathological damage and glycogen buildup 
induced by a HFD in mice. PCK1, a cytosolic enzyme essential for normal 
tubular function and glucose homeostasis, plays a key role in CKD pro
gression (Verissimo et al., 2023). OEA treatment reduced Pck1 mRNA 
expression that was markedly altered in the kidneys of HFD-fed mice 
(Fig. 3C). Additionally, we assessed the expression of key glucose 
transporters involved in renal glucose homeostasis. OEA treatment led 
to a slight reduction of GLUT2 (Fig. 3D) and a significant reduction of 
SGLT2 protein expression (Fig. 3E).

3.3. OEA attenuates the inflammatory process induced by HFD

H&E staining was performed to evaluate structural abnormalities in 
the kidney. As shown in Fig. 4A, the control group displayed an intact 
glomerular structure with no mesangial cell proliferation. In contrast, 
the HFD group exhibited excessive proliferation of mesangial cells and 
abnormal glomerular enlargement. Notably, in the OEA-treated group, 
glomerular morphology was restored, with significant improvement in 
both inflammation (Fig. 4B) and steatosis score (Fig. 4C).

To further assess the impact of OEA on renal cell recruitment and 
inflammation in response to HFD, we measured the mRNA expression 
levels of IL-1β, IL-6, TNF-α, MCP-1 and macrophage marker F4/80 in the 
kidney tissue (Fig. 4D). RT-PCR analysis revealed a marked upregulation 
of these inflammatory markers in the kidneys of HFD-fed mice, which 
were significantly reduced following OEA treatment. HFD feeding 
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strongly induced the transcription of TLR4 and NF-κB in kidney tissue 
compared to the STD group, whereas OEA treatment reduced their 
expression (Fig. 4D). Next, oxidative stress was assessed by measuring 
ROS production in kidney tissue. The increased ROS production in the 
kidney of HFD mice was blunted by OEA treatment (Fig. 4E). Finally, 
given the reduced renal steatosis grade, we measured the mRNA levels of 
PPAR-α (Fig. 4F) and FGF21 (Fig. 4G), both of which were impaired in 
HFD-fed mice but restored upon OEA treatment. Contextually, OEA 
reduced the transcription of Dgat1, markedly altered by HFD feeding 
(Fig. 4H), suggesting a protective role against HFD-induced renal tri
glyceride accumulation and damage.

3.4. OEA treatment limits renal fibrotic response in obese mice

Masson’s trichrome staining revealed that OEA treatment signifi
cantly reduced HFD-induced tubulointerstitial fibrosis. Obese mice 
exhibited a greater number of collagen-positive staining areas (Fig. 5A) 
and a higher fibrosis score (Fig. 5B) compared to control mice. Immu
nohistochemistry for α-SMA (Fig. 5C) showed a clear increase in the 
kidney of HFD mice, with continuous perivascular and peritubular 
stromal bands and bundled myofibroblast-like profiles, compared to the 
minimal staining found in the STD group, restricted to the vascular 
media and thin interstitial septa, with tubular epithelium remaining 
negative. In contrast, OEA blunted the HFD-associated increase in 
α-SMA–positive area, with a visible reduction in both extent and signal 
intensity compared with untreated HFD group, consistent with a partial 
attenuation of interstitial fibrosis. These findings were confirmed by the 
relative intensity score (Fig. 5D). To further investigate the antifibrotic 
effects of OEA, we analyzed the gene expression of TGF-β1 (Fig. 5E), a 
key regulator in renal fibrosis pathogenesis, along with two major 
extracellular matrix components, collagen type IV (Fig. 5F) and fibro
nectin (Fig. 5G). Their expression levels were significantly elevated in 
obese mice but markedly reduced following OEA treatment.

Fig. 1. OEA treatment preserves kidney function altered by HFD. Water intake (A) and urine output (B) are evaluated at the end of the experimental period. 
Proteinuria (C), 24-h urine albumin (D) and urinary albumin/creatinine ratio (UACR) (E) are measured. Results are shown as mean ± S.E.M (n= 5–8 each group) (*P 
< 0,05, **P < 0,01, and ***P < 0,001).

Fig. 2. OEA normalizes kidney parameters. Serum levels of kidney function 
markers, creatinine (A) and BUN (B) are evaluated. The mRNA expression of 
molecular markers of tubular injury, such as Havcr1 (C) and Lcn2 (D), is 
determined in kidney tissue. Results are shown as mean ± S.E.M (n= 5–7 each 
group) (*P < 0,05, **P < 0,01, and ***P < 0,001).
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3.5. OEA mitigates PAL-induced lipotoxicity in HK-2 cells

HK-2 cells were challenged with PAL in order to mimic the detri
mental condition of renal lipotoxicity due to obesity. ORO staining 
revealed that the exposure to PAL led to a marked increase in cell lipid 
droplets (Fig. 6A). In contrast, OEA treatment significantly reduced lipid 
accumulation, as confirmed by the quantification of the relative ORO- 

stained area (Fig. 6B). Furthermore, PAL exposure resulted in a signifi
cant upregulation of key lipid metabolism markers, including Fasn 
(Fig. 6C) and Cd36 (Fig. 6D), which are involved in lipid synthesis and 
uptake. However, OEA stimulation significantly attenuated the expres
sion of both markers, suggesting its direct protective role against PAL- 
induced lipid dysregulation in renal cells.

Fig. 3. OEA counteracts glycogen deposition induced by HFD. Representative photomicrographs of PAS-stained kidney sections (original magnification 200×) 
(A) and their relative glycogen content score (B) are shown. The mRNA transcription of Pck1 (C) and the protein expression of GLUT2 (D) and SGLT2 (E) are assessed 
in the kidneys. Results are shown as mean ± S.E.M (n= 5–8 each group) (*P < 0,05, **P < 0,01 and ***P < 0,001).

Fig. 4. OEA moderates the inflammatory responses in obese mice. Representative photomicrographs of H&E-stained kidney sections (original magnification 
200×) of the STD, HFD and HFD + OEA group with micro and macrovacuolization (arrow) and inflammatory cells (asterisk) are displayed (A). The inflammation (B) 
and steatosis (C) scores are reported. Moreover, the mRNA expression of proinflammatory parameters Tlr4, Nfkb1, Ccl2, Emr1, Tnf, Il1b, and Il6 (D), is evaluated in 
the kidney of mice from all groups. Kidney ROS production was quantified, normalized to protein content, and expressed as a percentage of the control group mean 
(E). Gene expression of Ppara (F), Fgf21 (G) and Dgat1 (H). Results are shown as mean ± S.E.M (n=5–7 each group) (*P < 0,05, **P < 0,01, ***P < 0,001 and ****P 
< 0,0001).
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Fig. 5. OEA limits renal fibrotic responses in HFD-fed mice. Representative photomicrographs of Masson’s trichrome-stained kidney sections (original magni
fication 200×) (A) and fibrosis score (B). 
Representative photomicrographs of αSMA immunostained kidney section (C) and the corresponding scores (D). The gene expression of Tgfb1 (E), Col4a1 (F) and Fn1 
(G) is also assessed by RT-PCR in the kidney tissue. Results are shown as mean ± S.E.M (*P < 0,05, **P < 0,01 and ***P < 0,001).

Fig. 6. OEA counteracts lipid dysmetabolism induced by PAL in HK-2 cells. PAL-challenged HK-2 cells, treated or not with PAL and OEA, are stained with ORO 
and observed under a light microscope (20× magnification) (A); the relative quantification of ORO area is also reported (B). The mRNA levels of Fasn (C) and Cd36 
(D) are measured. Results are shown as mean ± S.E.M of at least three independent experiments (*P < 0,05, **P < 0,01, ***P < 0,001).
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3.6. OEA counteracts oxidative stress and mitochondrial dysfunction in 
PAL-challenged HK-2 cells

OEA antioxidant activity was assessed in vitro in PAL-stimulated HK- 
2 cells, demonstrating its ability in reducing ROS production (Fig. 7A). 
In the context of metabolic oxidative damage, mitochondria play a 
crucial role in cellular energy metabolism, generating the majority of 
intracellular adenosine triphosphate (ATP) through mitochondrial 
respiration (Gu et al., 2021). The Cell Mito Stress Test, a widely used 
assay for assessing key mitochondrial respiration parameters, was per
formed to evaluate the effect of OEA on mitochondrial bioenergetics in 
PAL-challenged cells (Fig. 7B). Notably, OEA stimulation increased 
basal respiration (Fig. 7C) and restored maximal respiration which was 
altered by PAL exposure (Fig. 7D). Moreover, OEA normalized proton 
leak (Fig. 7E), restored ATP-linked respiration (Fig. 7F), and enhanced 
spare respiratory capacity (Fig. 7G), which were impaired following PAL 
challenge. Collectively, these findings demonstrate that OEA directly 
counteracts PAL-induced mitochondrial dysfunction in renal cells.

4. Discussion

CKD is increasingly recognized as an escalating global health burden, 
with obesity identified as a major risk factor driving its onset and pro
gression. HFD feeding and obesity trigger a cascade of metabolic de
rangements, including insulin resistance and ectopic fat deposition in 
various tissues including the kidney, where fat accumulation exacer
bates lipotoxicity, oxidative stress and mitochondrial dysfunction, 
inflammation, and fibrosis. Given the increasing prevalence of obesity, 
recognized as an independent risk factor contributing to kidney injury, 
there is an urgent need for therapeutic strategies capable of counter
acting the pathogenic mechanisms underlying renal injury secondary to 
metabolic dysfunction (Ruiz-Ortega et al., 2020). OEA, an endogenous 
lipid mediator known for its role in regulating appetite and energy 
balance (Sihag and Jones, 2018), has recently emerged as a promising 

compound with both metabolic and nephroprotective properties in the 
context of obesity-induced and acute-to-chronic kidney injury, respec
tively (Comella et al., 2024a, 2024b).

Here, we investigated OEA’s protective effects in a mouse model of 
CKD induced by HFD feeding, focusing on its ability to mitigate meta
bolic alterations, inflammation, and fibrosis in the kidney. Notably, we 
highlight for the first time the dual role of OEA not only in controlling 
weight gain but also in exerting a significant nephroprotective effect 
against obesity-driven renal injury.

To date, OEA’s beneficial effects are largely attributed to its activa
tion of PPAR-α, a key regulator of lipid metabolism, which is abundantly 
expressed in the kidney and involved in maintaining energy balance 
(Gao and Gu, 2022; Ye et al., 2023). Beyond its metabolic functions, 
PPAR-α also exerts anti-inflammatory and antifibrotic effects, further 
supporting its potential implication in mitigating kidney damage asso
ciated with metabolic dysfunction (Tanaka et al., 2011; Xiong et al., 
2024). In our experimental conditions, OEA firstly halts the increase in 
weight gain and fat mass of obese mice on HFD, reducing food intake 
(Supplementary data). These effects have been primarily attributed to 
the activation of PPAR-α, which accounts for the hypophagic activity, 
along with an increase in fatty acid metabolism and energy expenditure 
(Fu et al., 2003; Gaetani et al., 2010). Among other effects, long-term 
HFD feeding in mice resulted in significant kidney dysfunction, char
acterized by reduced water intake and urine output, elevated serum 
creatinine and BUN levels, and increased proteinuria, all hallmarks of 
renal impairment. It has been established that HFD feeding accelerates 
kidney damage, contributing to the onset of CKD (Li et al., 2021; Sun 
et al., 2020). However, OEA treatment effectively normalized these 
parameters, as well as markers of tubular injury such as KIM-1 and 
NGAL. The nephroprotective effect is particularly noteworthy given the 
established link between obesity-induced kidney injury and the accel
erated progression to CKD.

Beyond its ability to counteract the overall metabolic dysregulation 
associated with obesity, as shown by systemic glucose and lipid profiles 

Fig. 7. OEA effects on ROS production and mitochondrial bioenergetics impaired by PAL in HK-2 cells. ROS accumulation was assessed in PAL-challenged HK- 
2 cells treated or not with OEA (A). Cell Mito Stress test is also performed using a Seahorse XFe24 analyzer (B). Specifically, basal respiration (C) proton leak (D), 
ATP-linked respiration (E), maximal respiration (F) and spare respiratory capacity (G) are assessed. Results are shown as mean ± S.E.M of at least three independent 
experiments (*P < 0,05, **P < 0,01, ***P < 0,001 and ****P < 0,0001).
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(Supplementary data), OEA also demonstrated a renal-targeted meta
bolic effect, by improving HFD-altered renal glucose homeostasis. In 
fact, HFD feeding led to increased glycogen storage in the kidney of 
obese mice, alongside heightened gluconeogenesis, as shown by the 
upregulation of the enzyme PCK1. Additionally, we demonstrated an 
increased expression of glucose transporters such as GLUT2 and SGLT2, 
which are both implicated in renal glucose reabsorption (Jiang et al., 
2019). Accordingly, knocking down the function of renal GLUT2 re
verses hyperglycemia and normalizes body weight in obese and diabetic 
mice (de Souza Cordeiro et al., 2022). Notably, OEA treatment reduced 
the glycogen storage in renal tissue, lowering the transcription of PCK1 
and improving the balance of glucose transporters by reduced protein 
expression. This, in turn, ameliorated the dysregulated glucose meta
bolism commonly associated with CKD, whether secondary or not to 
obesity.

Obesity-related lipid accumulation in peripheral organs, including 
the kidney, induces lipotoxicity, oxidative stress, inflammation, and 
fibrosis, ultimately leading to CKD (Rosenthal et al., 2020). Excessive 
levels of FFAs, triglycerides, and toxic lipid intermediates (e.g., ceram
ides, diacylglycerol) accumulate in renal tubular epithelial cells, podo
cytes, and mesangial cells, thereby activating pro-inflammatory and 
stress pathways. In the present study, the nephroprotective effects of 
OEA are particularly relevant given its role in lipid metabolism. As 
potent activator of PPAR-α, which is critical for regulating fatty acid 
oxidation in the kidney, OEA positively modulated PPAR-α signaling, 
likely contributing to a reduction in lipid accumulation in the kidney of 
HFD-fed mice. This is supported by the restored renal FGF21 expression, 
a PPAR-α-regulated factor that enhances fatty acid oxidation and energy 
homeostasis, and the decreased triglyceride trafficking, as indicated by 
the reduction of DGAT1 expression, which were altered in the kidney of 
obese mice. This dual regulation highlights OEA’s ability to relieve renal 
lipid burden by promoting catabolic pathways and restraining anabolic 
ones. The decrease in lipid content was accompanied by a significant 
reduction in inflammatory markers, including IL-1β, IL-6, TNF-α, 
MCP-1, and F4/80, all of which were markedly upregulated in HFD-fed 
mice. Moreover, OEA treatment reduced the expression of TLR4 and 
NF-κB, both pivotal in initiating and propagating inflammatory and 
immune responses in the kidney. Collectively, these results indicate that 
OEA not only mitigates lipotoxicity but also exerts potent 
anti-inflammatory effects, likely through the involvement of PPAR-α, 
which plays a critical role in regulating both lipid metabolism and in
flammatory responses (Chung et al., 2018; Impellizzeri et al., 2014).

Another key pathological feature of obesity-induced kidney injury is 
renal fibrosis, which plays a central role in CKD progression. Notably, 
Masson’s trichrome staining, along with α-SMA immunohistochemical 
analysis, revealed OEA capability in limiting the fibrotic remodeling of 
kidney tissue caused by HFD feeding in mice, a crucial effect for pre
venting CKD progression. This latter finding was further corroborated by 
a reduction in the expression of fibrotic markers, e.g. TGF-β1, fibro
nectin, and collagen type IV. TGF-β1, a well-known mediator of renal 
fibrosis, is upregulation in obesity and has been implicated in CKD 
pathogenesis (Reiss et al., 2024). Indeed, the capability of OEA to 
attenuate TGF-β1 signaling and reduce extracellular matrix deposition 
underscores its antifibrotic properties, likely mediated through PPAR-α 
activation and its effects on lipid metabolism, inflammation, and 
oxidative stress (Comella et al., 2024b).

Lipotoxicity and renal fibrosis are closely linked with oxidative 
damage and mitochondrial dysfunction, all processes that collectively 
contribute to the pathogenesis and progression of CKD. Their interplay 
represents a key pathway in kidney injury, particularly in metabolic 
disorders, such as obesity and diabetes (Xu et al., 2024). In fact, exces
sive lipid flux can overwhelm mitochondrial capacity, resulting in 
compromised fatty acid β-oxidation and accumulation of toxic in
termediates (Ge et al., 2020). Mitochondrial dysfunction, another hall
mark of obesity-related kidney injury, further exacerbates impaired 
energy metabolism and renal cell damage (Lumpuy-Castillo et al., 

2024). Since mitochondrial damage represents a major source of 
oxidative stress in obesity, we measured total ROS amount in both 
kidney and HK-2 cells as an indirect but reliable proxy of altered mito
chondrial redox balance, consistently with other findings (Gwon et al., 
2017; Sun et al., 2020). Indeed, numerous studies (Bournat and Brown, 
2010; Chouchani et al., 2016, 2017; Handy and Loscalzo, 2012) have 
demonstrated that mitochondrial electron transport chain dysfunction 
accounts for the vast majority of ROS generated under metabolic stress 
conditions, far exceeding the contribution of other cellular sources.

Our results show that ROS levels were markedly elevated in the 
kidney of HFD mice as well as palmitate-challenged tubular cells, as a 
cellular model of lipotoxicity, compared with relative controls, whereas 
OEA treatment significantly reduced ROS accumulation both in vivo than 
in vitro, indicating a direct nephroprotective effect against obesity- 
induced oxidative stress and mitochondrial impairment.

Delving into mitochondrial bioenergetics, we performed the Mito- 
Stress test using SeaHorse analyzer in palmitate-challenged HK-2 
tubular cells. Here, we found that OEA treatment improved mitochon
drial function. Specifically, OEA restored key parameters of mitochon
drial respiration, proton leak including basal respiration, maximal 
respiration, ATP-linked respiration, and spare respiratory capacity. 
These findings indicate that OEA exerts a direct protective effect on 
mitochondrial bioenergetics, potentially mitigating the energy deficits 
underlying renal cell dysfunction, inflammation, and fibrosis in obesity- 
related kidney injury. It is well-established that lipid overload-induced 
mitochondrial stress generates an excessive production of ROS, lead
ing to oxidative damage. In obesity, the loss of mitochondrial membrane 
potential disrupts ATP production, ultimately leading to energy deple
tion in metabolically active renal cells (Permyakova et al., 2024; Sri
vastava et al., 2020). Finally, damaged mitochondria release 
pro-apoptotic factors (e.g., cytochrome c) and damage-associated mo
lecular patterns (DAMPs), amplifying cellular injury. Moreover, using an 
in vitro model of renal damage by palmitate, we have further assessed the 
direct effect of OEA on epithelial tubular cells in counteracting lip
otoxicity. Previous studies have explored the mechanisms underlying 
PAL-induced lipid deposition and following lipotoxicity in HK-2 cells, 
indicating the involvement of fatty acid oxidation (FAO)-regulating 
proteins (e.g. PPAR-α and CPT-1 (Sun et al., 2018) or lipid anabolism- 
and catabolism-associated genes (Wu et al., 2019). Here, we showed a 
decrease of cell lipid accumulation by ORO staining strictly associated 
with reduced FAS and CD36 transcription in OEA-treated PAL-chal
lenged cells. Among all, FAS is a key enzyme responsible for the de novo 
synthesis of fatty acids, catalyzing the final steps in fatty acid produc
tion. FAS plays an essential role in lipid metabolism, particularly under 
conditions of overnutrition or excessive calorie intake, such as during 
obesity. In this context, FAS contributes to the accumulation of excess 
lipids, which can lead to harmful effects such as lipotoxicity, tissue 
fibrosis, and the onset or development of obesity-related diseases, 
including CKD (Kume et al., 2007; Li and Humphreys, 2024; Mount 
et al., 2015; Szolkiewicz et al., 2002).

Taken together, our findings demonstrate that OEA exerts a dual 
action in protecting against obesity-induced CKD. By regulating lipid 
metabolism, OEA not only prevents obesity and weight gain but also 
reduces renal lipotoxicity, and associated inflammation, fibrosis, and 
mitochondrial dysfunction. These combined effects converge in 
improved kidney function and attenuation of CKD progression in obese 
mice. Given the rising global prevalence of obesity and its strong asso
ciation with CKD, OEA represents a promising dual-action therapeutic 
candidate for managing both metabolic disturbances and renal 
dysfunction in patients with obesity at risk of related kidney disease. The 
translational potential of OEA appears particularly compelling within an 
integrative therapeutic framework, where it could be used alongside 
current pharmacological treatments. Rather than serving as a stand- 
alone agent, OEA may function as an adjunct therapy, a strategy that 
could enhance both its clinical feasibility and its relevance in human 
settings. Further studies are warranted to investigate the clinical 
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potential of OEA in human obesity-related CKD and to explore its 
broader applications in other forms of metabolic kidney disease.

Limitations of the study

This study presents some limitations that should be acknowledged. 
First, while our findings suggest potential direct mechanisms underlying 
OEA’s protective effects on the kidney, mechanistic insights were not 
reported, as the direct involvement of PPAR-α in mediating OEA’s 
renoprotective effects has already been demonstrated in a recent pub
lication by our group using another model of kidney injury (Comella 
et al., 2024b). Indeed, this study demonstrated the mechanistic role of 
PPAR-α activation in driving OEA’s nephroprotective profile, targeting 
key pathological features shared with obesity-related CKD, including 
renal inflammation, lipid accumulation, and fibrosis. Another limitation 
of our study is the exclusive use of male mice. While this choice was 
made to avoid potential confounding effects of hormonal fluctuations 
and to specifically address the renoprotective action of OEA in 
obesity-induced CKD, future studies should evaluate sex-specific re
sponses to better capture the translational impact of OEA.
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