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A B S T R A C T

Mitochondrial reactive oxygen species (mtROS) are key pathogenic factors in the microvascular complications of 
metabolic disorders including nephropathy. However, the effects of obesity on kidney vascular mitochondria and 
endothelial function remain unclear. We assessed here the specific impact of obesity on endothelial function, 
mtROS-derived oxidative stress and mitochondrial bioenergetics of kidney preglomerular arteries in rat models 
of high fat diet (HFD)-induced obesity and endoplasmic reticulum (ER) stress. Arterial function was assessed in 
microvascular myographs, mitoSOX and Amplex Red fluorimetry were used to measure mtROS levels, and 
mitochondrial respiration was evaluated in renal preglomerular arteries by using an Agilent Seahorse XF Pro 
analyzer. Expression of mitochondria regulators and endoplasmic reticulum (ER) stress markers was analyzed by 
Western blot. We demonstrate here that HFD induces kidney injury and structural alterations including glo
merulomegalia and fibrosis associated to redox imbalance with augmented mitochondrial superoxide, endo
thelial dysfunction, and endoplasmic reticulum (ER) stress in renal preglomerular arteries. Both HFD and ER 
stress lead to impaired biogenesis and down-regulation of the peroxisome proliferator-activated receptor γ 
coactivator 1α (PGC-1α) and NADPH oxidase 4 (NOX4), and lower levels of H2O2 that contribute to endothelial 
dysfunction. These changes are in turn associated with enhanced arterial mitochondrial respiration along with 
up-regulation of mitochondrial cytochrome c oxidase subunit 4 COX-IV likely related to hemodynamic changes in 
kidney preglomerular arteries leading to increased glomerular hyperfiltration rate (GFR) to supply function of 
injured glomeruli. The present findings therefore link adaptative changes in mitochondrial bioenergetics to 
obesity-induced impaired redox balance, endothelial dysfunction and ER stress in preglomerular arteries un
derlying kidney injury.

1. Introduction

Obesity is a public health problem whose increasing prevalence 
worldwide reaches pandemic proportions, impacting children and ad
olescents and significantly contributing to the onset of diabetes and 

cardiovascular disease (CVD) [1,2]. Considered as a major cardiovas
cular risk factor, obesity is frequently linked to various metabolic and 
vascular abnormalities such as visceral adiposity, dyslipidemia, insulin 
resistance, and hypertension, all of which promote the development of 
chronic kidney disease (CKD) [3]. However, obesity itself is a risk factor 
for the development of CKD independent of other comorbidities such as 
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diabetes or hypertension [4–6], and is associated with increased risk of 
end-stage renal disease [5,7]. Obesity-induced kidney injury manifests 
as glomerular hypertrophy, tubular injury and interstitial fibrosis lead
ing to progressive loss of renal function, abnormal renal hemodynamics, 
dysfunction of endothelial cells and podocytes and microalbuminuria 
[6–10]. Mitochondria are cytoplasmic organelles that supply 90 % of 
cell energy during mitochondrial respiration by generating ATP via 
oxidative phosphorylation (OXPHOS) through the electron transport 
chain (ETC). Since this process is reliant on oxygen consumption, 
mitochondria represent the primary intracellular source of reactive ox
ygen species (ROS) [11]. The kidney is an organ with high energy 
consumption and mitochondrial fatty acid β-oxidation is the main source 
of ATP, and hence mitochondrial dysfunction plays a critical role in the 
pathogenesis of renal disease [12]. Mitochondrial injury has also been 
involved as a major contributing factor for several chronic noninfec
tious, nontransmissible diseases often associated with low-grade 
inflammation such as CVD, cancer, obesity, and type 2 diabetes, dis
eases having the ability to either damage mitochondria or interfere with 
mitochondrial repair [13,14]. Dysfunctional mitochondria limit energy 
production by impairing mitochondrial biogenesis and OXPHOS, 
increasing ROS generation and inducing apoptosis, events that exacer
bate mitochondrial damage resulting in tissue damage and dysfunction 
[11,14].

Oxidative stress is considered the trigger of renal inflammation in 
metabolic disease-associated nephropathy. NADPH oxidases (NOX) and 
mitochondria are the main sources of ROS in the kidney [9,15]. 
Increased ROS production in mesangial, endothelial and tubular cells 
mostly derived from mitochondrial NOX4 has been found associated 
with both diabetes- [16–18] and obesity-related kidney disease [8,19]. 
Excess of mitochondrial ROS (mtROS) was initially accepted as a major 
cause of diabetic complications [20], including nephropathy. However, 
both reduced superoxide generation and mitochondrial biogenesis [21,
22], and mtROS overproduction linked to inflammation and tubular 
oxidative injury [15] have been reported in diabetic nephropathy. In
formation about kidney mitochondrial function in obesity is limited and 
controversial. Thus, oxidative stress derived from mitochondria was 
linked to kidney inflammation and structural alterations but preserved 
respiratory function and biogenesis in response to lipid overload in high 
fat diet (HFD)-fed mice [23]. In contrast, no major inflammatory or 
structural changes but renal dysfunction associated to decreased ATP 
levels indicative of impaired OXPHOS were found in the kidney of ge
netic mouse models of obesity [24].

Mitochondrial dysfunction affects other cell organelles such as the 

endoplasmic reticulum (ER), involved in several key functions including 
synthesis, maturation, folding, and transportation of proteins, as well as 
lipid biosynthesis and calcium homeostasis. Disruptions in ER homeo
stasis, as observed in stress conditions such as ischemia, glucose depri
vation, calcium overload, and oxidative stress, can result in the ER losing 
its ability to process proteins leading to the accumulation of unfolded 
proteins. This triggers an adaptive response known as the unfolded 
protein response (UPR) aimed at solving the stress situation, phenom
enon referred as ER stress response [25]. ER stress and initiation of the 
UPR pathways significantly contribute to degenerative diseases, dia
betes, obesity, atherosclerosis, cancer, and various inflammatory pro
cesses [26,27]. In the kidney, ER stress poses a significant threat to renal 
function, and has been associated with renal pathologies such as 
nephrotic syndrome, segmental glomerulosclerosis [28,29], and dia
betic nephropathy [30] which contribute to both glomerular and tubu
lointerstitial injury, thereby promoting the onset and progression of 
kidney disease. On the other hand, growing evidence supports a direct 
connection between ER stress and changes in metabolism and endo
thelial dysfunction [31–33].

Recent studies have demonstrated that protection of mitochondria 
prevents renal inflammation, glomerulopathy and renal injury in obesity 
which suggests that mitochondrial dysfunction is involved in obesity- 
associated nephropathy [34]. Obesity and metabolic syndrome also 
impact vascular mitochondrial function by increasing oxidative stress 
and impairing endothelial function and mitochondrial bioenergetics 
[33,35–37]. While information on the effects of obesity on kidney 
mitochondrial function is limited and controversial showing either 
impaired mitochondrial respiration, ER stress and renal dysfunction 
[24] or preserved bioenergetics along with augmented mtROS levels 
[23], little is known on the selective impact of obesity on kidney 
vascular mitochondria. Therefore, we used a rat model of diet-induced 
obesity to dissect the impact of obesity on endothelial function, oxida
tive stress, and mitochondrial bioenergetics of kidney preglomerular 
arteries. We hypothesized that obesity and metabolic syndrome may 
impair mitochondrial function of the renal vasculature leading to ER 
stress and endothelial and vascular dysfunction, which in turn may 
contribute to obesity-associated kidney injury.

2. Materials and methods

2.1. Animal model

Age-matched male Wistar rats purchased from Janvier Labs (Spain) at 

Abbreviations

ACh acetylcholine
ATF6 activating transcription factor 6
BiP binding immunoglobulin protein
CHOP C/EBP Homologous Protein
CKD chronic kidney disease
COX-IV cytochrome c oxidase subunit 4
CRC concentration-response curve
CVD cardiovascular disease
ECAR extracelular acidification rate
eNOS endothelial nitric oxide
ER endoplasmic reticulum
FCCP carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
HFD high fat diet
H2O2 hydrogen peroxide
KPSS high-K+ physiological saline solution
L-NOARG L-NG-nitro-arginine
MnSOD manganese superoxide dismutase

mtROS mitochondrial reactive oxygen species
NO nitric oxide
NOS nitric oxide synthase
NOX1 NADPH oxidase 1
NOX4 NADPH oxidase 4
OCR oxygen consumption rate
OXPHOS oxidative phosphorylation
O2
•- superoxide anion

peIF2α phosphorylated eukaryotic translation initiation factor 2A
PERK protein kinase R-like endoplasmic reticulum kinase
pIRE1α phosphorylated inositol-requiring enzyme-1 alpha
Phe phenylephrine
PSS physiological saline solution
PVDF polyvinylidene fluoride
RFU relative fluorescence units
ROS reactive oxygen species
SDS-PAGE polyacrylamide gel
STD standard diet
UPR unfolded protein response
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3-weeks-old were housed at the Pharmacy School animal care facility 
with artificial 12 h light/dark cycles (8:00–20:00h), under controlled 
humidity and temperature conditions. Animals had free access to water 
and were fed ad libitum for 15 weeks starting after weaning with high fat 
diet (HFD; with 60 kcal% fat, D12492 Research Diets, USA) or standard 
diet (STD; with 3,5 kcal % fat, Rod14H LASQCdiet®, Germany), to 
generate diet-induced obesity and their controls, respectively. After 15 
more weeks, animals were euthanized and kidneys were quickly 
removed and placed in cold physiological saline solution (PSS; NaCl 119 
mM, NaHCO3 25 mM, glucose 11 mM, KCl 4.7 mM, CaCl2 1.5 mM, MgSO4 
1.18 mM, KH2PO4 1.17 mM and EDTA 0.027 mM). Animal care and 
experimental protocols complied with the European Union Guidelines 
for the Care and Protection of Animals Used for Scientific Purposes 
(European Union Directive 2010/63/EU) and were approved by Uni
versidad Complutense and Comunidad de Madrid Institutional Animal 
Care and Use Comittees (Project ID Ref PROEX 192.3/20). Blood 
quantitative determination of glucose, triglycerides, and lactate were 
measured in a drop of blood obtained from a little incision in the rat tail 
with Accutrend® Plus meter using test strips specific for each of these 
blood parameters (Roche Diagnostics, Germany).

A rat model of chemically-induced ER stress was established by 
intraperitoneal injection of 0.30 mg/kg tunicamycin (bioWORLD, USA) 
to 16 weeks-old male Wistar every second day for 2 weeks.

2.2. Kidney function and histopathological morphometric analysis

Urine samples were collected over a 24 h period by placing the an
imals in metabolic cages. Urine output was measured, and Combur Tests 
was used for in vitro semi quantitative determination of pH and proteins. 
Estimated glomerular filtration rate was also calculated by measuring 
cystatin C (CYS) levels in serum by a particle-enhanced nephelometric 
immunoassay (BNII, Siemens Healthcare Diagnostics) [38,39]. For the 
morphometric analysis, kidneys from STD and HFD rats were fixed 
overnight in 4 % paraformaldehyde dissolved in 0.1 M phosphate buffer 
pH 7.4, and then embedded in paraffin. Serial sections (4 μm) were 
mounted on glass slides, hydrated, and stained with hematoxylin and 
eosin. To assess histopathological changes, 10 images of stained sections 
were acquired under a light microscope using a Leica DM LB2 micro
scope and a Leica DFC 320 digital camera (Leica, Spain). Morphometric 
analysis was performed wby using ImageJ 1.5.4 software (U. S. National 
Institutes of Health, Bethesda, MD, USA). All slides were independently 
examined by two different researchers under blinded conditions. In the 
kidney, the number of glomeruli, glomerular area (GA), Bowman’s space 
and number of cells per glomeruli were evaluated. Measurements were 
taken from the average of 5 cortical fields, or 10 glomeruli cut at the 
vascular pole for each kidney. Glomerular volume (GV) was calculated 
using the formula for quantification of renal pathology GV = 1.2545 
(GA)1,5 [40].

2.3. Masson’s trichrome staining analysis

Digital images of renal tissue sections stained with Masson’s tri
chrome were analyzed to assess collagen deposition. Regions of interest 
(ROIs) were defined to include the entire glomerular tuft in each image. 
Image analysis was conducted using Fiji (ImageJ v.1.54), employing the 
Color Deconvolution plugin with the Masson Trichrome vector to isolate 
the blue-stained collagen channel. A consistent threshold was applied to 
quantify collagen content as a percentage of the total glomerular area. 
For each kidney, data were expressed as the mean of 10 cortical fields or 
10 glomeruli sectioned at the vascular pole.

2.4. Dissection and mounting of arteries

Renal interlobar arteries, 2nd-3rd order branches of the major renal 
artery (Fig. S1), were isolated from the kidney of HFD and STD rats, and 
carefully dissected by removing the surrounding connective and fatty 

tissue. Small samples of both renal arteries and cortex (at the intersec
tion of renal cortex and medulla) were also dissected out for measure
ment of mitochondrial ROS and H2O2 [9,41]. Arterial segments were 
mounted in microvascular myographs (Danish Myotechnology, Denmark) 
and stabilized for 30 min in PSS at 37 ◦C bubbled with 95 % O2/5 % CO2. 
The relationship between passive wall tension and internal circumfer
ence was calculated for each artery, and from this the internal circum
ference corresponding to a transmural pressure of 100 mmHg for a 
relaxed vessel in situ, L100, was determined. Arteries were set to an in
ternal circumference L1 equal to 90 % L100, at which force development 
is maximal.

2.5. Experimental procedure for the functional experiments

At the beginning of each experiment, vessel viability was tested by 
stimulating the arteries twice with a high K+ solution (KPSS, equivalent 
to PSS except that NaCl was exchanged for KCl on an equimolar basis 
giving a final 124 mM K+ concentration). Semilogarithmic cumulative 
concentration-responses curves (CRC) to the ɑ1-adrenergic agonist 
phenylephrine (Phe, 0.01–30 μM) were performed to evaluate vaso
constrictor responses of renal arteries. Furthermore, CRC to acetylcho
line (ACh, 0.01–30 μM) were constructed to evaluate endothelial 
function in arteries precontracted with Phe (0.1–0.5 μM). To assess the 
involvement of ROS from mitochondria or ROS derived from NOX in 
preglomerular intrarenal arteries from HFD or tunicamycin-treated rats 
and their respective controls (STD or vehicle-treated rats), CCR for ACh 
were performed in the absence and presence of the eNOS inhibitor NG- 
nitro-L-arginine (L-NOARG, 100 μM), the mitochondrial ROS scavenger 
mitoTempo (0.1 μM), the non-selective NOX inhibitor apocynin (10 μM) 
or the selective NOX1 inhibitor NoxA1ds (0.3 μM) (Merk-Sigma Aldrich, 
Spain). Endothelium-independent relaxations were assessed in CCR to 
the NO donor S-nitroso-N-acetylpenicillamine, SNAP (10− 8 -10− 5) in 
Phe-precontracted renal preglomerular arteries.

2.6. Measurement of H2O2 by Amplex Red

Hydrogen peroxide (H2O2) generation was measured by Amplex Red 
assay Kit (Thermo Fisher Scientific, Life Technologies SA, Spain) in renal 
arteries and cortex from HFD and STD rats [9,42]. Samples were 
equilibrated in HEPES-PSS for 30 min at room temperature and then 
transferred to microtiter plate black wells with 100 μM Amplex Red 
solution and horseradish peroxidase (10 U/ml) diluted at reaction buffer 
37 ◦C. Fluorescence derived from interaction between H2O2 and Amplex 
Red (reaction 1:1) was measured in a fluorimeter (BMG Fluostar Optima) 
with excitation filter of 544 nm and emission filter of 590 nm). Back
ground fluorescence was subtracted from the counting values, being 
referred to H2O2 production that was normalized to dry sample weight.

2.7. Measurement of mitochondrial ROS by MitoSOX

Mitochondrial superoxide (O2
.-) (mtROS) were measured in segments 

of renal arteries and cortex samples from STD and HFD rats by using the 
mitochondria-targeted derivative of hydroethidine MioSOX (Molecular 
Probes, Fisher Scientific, Spain) [67]. Samples were equilibrated in 
HEPES-physiological saline solution at room temperature and then 
incubated with 15 μM MitoSOX for 30 min at 37 ◦C. Fluorescence was 
measured in a fluorimeter (BMG Fluostar Optima, emission filter of 510 
nm and excitation filter of 580 nm). Background fluorescence was 
subtracted from the counting values, and mtROS production was 
normalized to dry sample weight.

2.8. Measurement of superoxide production by chemiluminescence

Basal and NADPH-stimulated O2
.- levels of were detected by lucigenin 

enhanced chemiluminescence, as previously described [42]. Renal cor
tex and interlobar arteries samples from control and 
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tunicamycin-induced ER stress rats were maintained in PSS for 30 min at 
room temperature for equilibration, and then incubated in the absence 
(controls) and presence of the extracellular NADPH (100 μM) alone or 
after treatment with the NOX inhibitor apocynin to determine basal and 
Nox-derived O2

.- levels. Samples were thereafter transferred to microtiter 
plate wells containing 5 μM bis-N-methylacridinium nitrate (lucigenin). 
Chemiluminescence was measured in a luminometer (BMG Fluostar 
Optima), and for calculation baseline values were subtracted from the 
counting values under the different experimental conditions and su
peroxide production was normalized to dry tissue weight.

2.9. Mitochondrial respiration measurements

Mitochondrial bioenergetics were assessed in intact fresh kidney 
preglomerular arteries by Agilent Seahorse XF HS Mini analyzer to 
perform real-time measurements of mitochondrial oxygen consumption 
rate (OCR), as measurement of respiration, and extracellular acidifica
tion rate (ECAR), as an indicator of glycolysis, with a Mitostress Assay. 
Segments about 2 mm long of freshly isolated renal preglomerular ar
teries were placed in the bottom of wells of the XF HS islet capture 
microplate, as previously described for small arteries [43,44]. The ox
ygen and proton concentrations in the medium were then repeatedly 
measured by oxygen and hydrogen ion-selective fluorophores of the 
Seahorse XF HS analyzer to calculate OCR (pmol/O2/min) and ECAR 
(milipH/min). Each well was filled with 200 μl of XF assay medium 
containing 5.0 mM glucose, 2 mM pyruvate and 2 mM glutamine, and 
maintained at 37 ◦C for 20 min in a non-CO2 incubator before mea
surement O2 and H+ levels under basal conditions, and after adding 
oligomycin (50 μM, blocking the oxidative phosphorylation through 
inhibition of ATP synthase, resulting in accumulation of cytoplasmic 
protons), FCCP (50 μM, a protonophore, capable of depolarizing the 
mitochondrial membrane leading a maximal respiration) and roteno
ne/antimycin A (10 μM, rotenone is a competitive inhibitor of complex I 
of the respiratory chain, and antimycin A inhibits mitochondrial elec
tron transport chain complex III, both of them lead to impairing mito
chondrial depolarization). Noteworthy that each arterial segment was 
individually normalized on a wire myograph to determine its diameter 
aiming to calculate the arterial surface. Finally, OCR and ECAR were 
referred to arterial area in mm2.

2.10. Western blot analysis

Samples of interlobar arteries and renal cortex from STD and HFD rat 
kidney were snap frozen in liquid nitrogen, homogenized and lysed in 
buffer containing Tris-HCl (pH 7.5) 50 mmol/L, EGTA 1 mmol/L, EDTA 
1 mmol/L, Triton X-100 1 % vol/vol, sodium orthovanadate 0.1 mmol/ 

L, sodium fluoride 50 mmol/L, sodium pyrophosphate 5 mmol/L, su
crose 0.27 mol/L and protease inhibitor cocktail. Bradford assay (Bio- 
Rad Laboratories, S.A, Madrid, Spain) was used to determine the protein 
concentration. Protein lysates (13 μg for renal arteries and 20 μg for 
cortex samples) were separated in a 6,5 % polyacrylamide gel (SDS- 
PAGE), electrotransferred on a polyvinylidene fluoride (PVDF) mem
brane and probed with the following primary antibodies: GRP78 (Cell 
Signaling; Danvers; MA, USA); ATF6α, pPERK (Thr981), peIF2α (Ser52), 
pIRE1α (Ser724), NADPH oxidase 4 (NOX4), Manganese Superoxide 
Dismutase (MnSOD), cytochrome c oxidase subunit 4 COX-IV and 
peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) 
(Abcam, Cambridge, UK), β-actin (Sigma; St. Louis, MO, USA), C/EBP 
homologous protein (CHOP) (Santa Cruz Biotechnogy, Dallas, TX, USA), 
as reported [10]. Horseradish peroxidase conjugated secondary anti
bodies was used to detect bound primary antibody, and blots were 
visualized with enhanced chemiluminescence, and quantified by 
densitometry with ImageJ free software. Protein expression levels were 
normalized to β-actin.

2.11. Immunohistochemistry

Immunohistochemistry for nitrotyrosine was performed on paraffin- 
embedded sections (5 μm) of kidney tissues fixed in 10 % para
formaldehyde in 0.1 M phosphate buffer (pH 7.4). Sections were 
deparaffinized, rehydrated, and incubated with 3 % hydrogen peroxide 
to block endogenous peroxidase activity. Antigen retrieval was carried 
out using citrate buffer (pH 6.0), followed by blocking of nonspecific 
binding. Sections were then incubated overnight at 4 ◦C with primary 
anti-nitrotyrosine antibody (1/50) (Abcam, Cambridge, UK), followed by 
biotinylated secondary antibodies and detection using horseradish 
peroxidase-conjugated streptavidin-biotin. Immunoreactivity was visu
alized using 3,3′-diaminobenzidine (DAB) and counterstained with 
Harris hematoxylin (Sigma-Aldrich, Madrid, Spain).

Immunohistochemical analysis was carried out to localize NOX4 
expression in the arterial wall of kidney preglomerular arteries [42]. 
Renal interlobar arteries from HFD and STD rats were fixed by immer
sion in 4 % paraformaldehyde in sodium phosphate buffer (PBS), cryo
protected by immersion in 30 % sucrose overnight, and snap-frozen in 
liquid nitrogen. 5 μm thick transversal sections were obtained with a 
cryostat and then incubated in 10 % normal goat serum in PB containing 
0.3 % Triton-X-100 and 5 % BSA for 2–3 h. NOX4 expression was 
determined by double immunostaining incubating renal artery sections 
first with a polyclonal anti-NOX4 primary antibody (1/100) (Santa Cruz 
Biotechnology, Quimigen, Madrid, Spain) and then with a mouse mono
clonal anti-eNOS antibody (1:200) (Abcam, Cambridge, UK) for 48 h. 
Sections were then washed and incubated with a goat secondary serum 
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(anti-rabbit for NOX4, 1:200) (Chemicon International Inc) for 3 h at room 
temperature. The secondary antibodies used were Alexa Fluor 594 (red) 
and Alexa Fluor 488 (green). The slides were covered with a specific 
medium containing DAPI to stain all cell nuclei. Observations were 
made with a fluorescence microscope (Olympus IX fluorescence micro
scope (Leitz Diaplan type 020–437.035). No immunoreactivity could be 
detected in sections in the absence of antisera. Pre-adsorption with 
NOX4 proteins did not show cross-reactivity with the primary antisera.

2.12. Data presentation and statistical analysis

In the functional experiments, results are expressed as Nm− 1 of 
tension or as a percent of the Phe precontraction in each artery, as means 
± SEM of 6–10 arteries (1–2 artery from each animal). For O2

•- or H2O2 
production measurements, results are expressed in counts per minute 
(cpm) per mg of tissue and relative fluorescence units (RFU) per mg of 
tissue in arterial segments and cortex sample, respectively, as means ±
SEM of 4–10 animals. Mitochondrial respiration was determined by 
OCR/mm2 and ECAR/mm2, as means ± SEM of 7–8 animals.

Statistically significant differences between means were analyzed by 
using paired or unpaired Student’s t-test where appropriate, or one-way 
ANOVA followed by Bonferroni’s post hoc test for multiple comparisons 
involving more than two groups. P < 0.05 were considered significant. 
All statistics were calculated using GraphPad Prism 8.2.1 (GraphPad 
Software, Inc., San Diego, CA, United States).

3. Results

3.1. HFD-induced obesity leads to renal structural abnormalities and 
kidney injury

The metabolic profile of HFD-fed rats is shown in Table 1. After 14 
weeks of HF diet feeding, rats exhibited a significant increase in body 
weight, hyperglycemia, hypertriglyceridemia, and elevated lactate 
levels compared to STD (Table 1), that along with hyperinsulinemia 
earlier reported in this model [45] indicates a state of metabolic 
syndrome.

Obesity induced by HFD resulted in renal injury manifested as 
significantly reduced urine output indicative of oliguria (Fig. 1A), and 
increased protein excretion (Fig. 1B). Serum cystatin C (CYS) is a good 
marker of glomerular filtration rate (GFR) in humans and rodents and 
more sensitive than creatinine to detect minor reductions in the GFR 
[38,39,46]. Interestingly, CYS serum levels were found to be signifi
cantly reduced in HFD compared to STD rats (Fig. 1C) indicative of 
increased GFR, a hallmark of renal dysfunction in diabetes and obesity 
[47]. The later alterations in urine and serum renal parameters suggest 
an early stage of kidney functional damage. Renal functional impair
ment was associated with kidney structural alterations in obese rats. 
Kidney weight was significantly increased (Fig. 1D) despite unaltered 
kidney/body weight ratio in HFD obese rats. The histopathological 
study revealed normal glomeruli in number and size in the control STD 
group (Fig. 1E left), while kidney sections of HDF rats showed reduced 
number of glomeruli (Fig. E right and F), and significant increases in 

glomerular tuft area (Fig. 1E right and G), and Bowman’s space expan
sion (Fig. 1E right and H), with a resulting increase in glomerular tuft 
volume (Fig. 1I) without changes in the number of cells per glomerular 
tuft (Fig. 1J). All these morphological changes indicate glomerular hy
pertrophy, a hallmark of progressing renal disease in obesity and dia
betes nephropathy, associated with hyperfiltration and proteinuria.

Masson’s trichrome staining of renal tissue sections revealed marked 
differences in glomerular and tubular architecture between control and 
HDF-fed rats (Fig. 1K). In the control group, glomeruli exhibited normal 
morphology with well-preserved capillary tufts and minimal collagen 
deposition, as evidenced by sparse blue staining. Renal tubules appeared 
structurally intact, with open lumens and little interstitial collagen, 
indicating preserved tubular integrity and the absence of fibrosis. In 
contrast, kidneys from HDF-fed rats showed pronounced glomerular 
alterations, including increased blue staining within the glomerular tuft, 
indicative of enhanced collagen deposition and glomerulosclerosis. The 
surrounding tubulointerstitial compartment also displayed signs of 
tubular atrophy and interstitial fibrosis, as shown by expanded blue- 
stained areas between tubules. Quantitative analysis confirmed these 
histological findings. The percentage of collagen within the glomerular 
tuft was significantly elevated in HDF-fed rats compared to controls, 
with values of 43.2 % ± 2.5 % versus 17.2 % ± 1.4 %, respectively (p <
0.05). These results demonstrate that HDF feeding induces significant 
glomerular and interstitial fibrotic changes in the kidney.

3.2. Endothelial dysfunction in renal preglomerular arteries from HFD- 
induced rats

To assess vascular function in kidney from HFD-induced obese rats, 
we investigated contractility and endothelial function of renal pre
glomerular arteries. HFD did not significantly alter internal lumen 
diameter of renal arteries (l1 = 247 ± 14 μm, n = 17 and 263 ± 14 μm, n 
= 16, in STD and HFD rats, respectively), thus initially ruling out sig
nificant arterial remodeling. However, HFD augmented contractions 
induced by a high K+ depolarizing solution (KPSS) (1.58 ± 0.22 Nm− 1, 
n = 16, in HFD, versus 1.10 ± 0.13 Nm− 1, n = 21, in STD rats, p < 0.05, 
unpaired t-test), and reduced endothelium-dependent relaxations eli
cited by ACh (Fig. 2A and B), thus indicating enhanced vasoconstriction 
and endothelial dysfunction in preglomerular arteries.

Compromised NO synthesis and/or bioavailability induced by NOX- 
derived vascular oxidative stress have been involved in obesity-induced 
endothelial dysfunction [9,48]. Accordingly, pretreatment with the NOS 
inhibitor L-NOARG reduced vasodilator responses to ACh in renal ar
teries from control (Fig. 2C), but not from HFD rats (Fig. 2D), and the 
selective Nox1 inhibitor significantly improved renal endothelial re
laxations in obese rats (Fig. 2F) compared to STD rats (Fig. 2E), thus 
suggesting the NOX1-derived oxidative stress is involved in the reduced 
NO-dependent endothelial relaxations of kidney preglomerular arteries 
in HF diet-induced obesity. On the other hand, ROS generation and 
peroxynitrite formation was evidenced by nitrotyrosine immunostaining 
in the kidney of obese rats. Nitrotyrosine immunoreactivity was local
ized primarily in the glomerular endothelium and in the endothelial 
lining of preglomerular arterioles of the HFD kidney (Fig. 3A, right 
panel), while slight or no immunostainig for nitrotyrosine was found in 
renal tissue from STD rats (Fig. 3A, left panel). Relaxations of kidney 
preglomerular arteries elicited by the NO donor SNAP were unaltered in 
arteries from HFD compared to control rats (Fig. 3B).

3.3. Mitochondrial oxidative stress, redox imbalance, and reduced 
vasodilator H2O2 contribute to endothelial dysfunction in preglomerular 
arteries in HFD-induced obesity

Since mitochondrial oxidative stress has been accepted as a unifying 
cause of diabetic-related vascular complications including nephropathy 
[20], we sought to elucidate the impact of obesity on mitochondrial 
redox homeostasis and endothelial function of kidney preglomerular 

Table 1 
Biochemical parameters of HFD and STD rats.

STD n HFD n

Body Weight (g) 383 ± 14 7 515 ± 5*** 7
Age (weeks) 17 7 17 7
Glucose blood (mg/dl) 122 ± 9 7 184 ± 19** 7
Lactate blood (mg/dl) 1.3 ± 0.2 5 2.0 ± 0.2* 6
Triglycerides blood (mg/dl) 123 ± 11 6 281 ± 34** 7

Data represent values for weight, age, and biochemical parameters of STD and 
HFD rats. Data are expressed as means ± SEM for the weight of 5–7 STD rats and 
7 HFD rats. Significant differences between means were analyzed by Student’s t- 
test for unpaired observations. *p < 0,05; **p < 0,01; ***p < 0,001.
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Fig. 1. HFD-induced obesity causes renal structural abnormalities and kidney injury. (A–C) Kidney function measurements showing reduced urine output (A), 
increased protein excretion (B) and reduced cystatin C plasma values indicative of decrease GFR (C). n = 7 HFD rats compared to 6 STD. (D–J) Morphometric 
histopathological study showing increased kidney weight (D) but reduced nº of glomeruli (E upper panel, F) and glomerular hypertrophy (glomerulomegaly) (E lower 
panel) illustrated by the increased glomerular area (G) and volume (I), and increased Bowman space area (H) without changes in the number of cells of the 
glomerular tuft (J) in HFD kidneys compared to STD. Measurements were taken from the average of 5 cortical fields, or 10 glomeruli cut at the vascular pole for each 
kidney from 6 STD and 6 HFD rats. (K) Masson’s trichrome staining revealing glomerular and interstitial fibrotic changes in kidney of HFD compared to STD, depicted 
by the increased blue staining within the glomerular tuft and tubulointerstitial compartment. (Left) Quantified collagen content expressed as a percentage of the total 
glomerular area. P < 0.05; p < 0.01 Student’s t-Test for impaired observations.

Fig. 2. NOX1-derived ROS are involved in NO-mediated endothelial dysfunction of kidney preglomerular arteries from obese rats (A) Isometric force recordings 
showing the relaxations to the endothelial agonist ACh in preglomerular renal arteries from STD (upper) compared to HFD rats (down). (B) Average relaxations to 
ACh in arteries from STD and HFD rats. (C–F) Average relaxations to ACh in renal arteries after treatment with the nitric oxide (NO) synthase (NOS) inhibitor, L-NG- 
nitro-arginine (L-NOARG) (C–D), and with the NOX1 inhibitor NoxA1 ds-tat (E–F). Results are expressed as a percentage of the increase in tension induced by Phe (1 
μM). Data are presented as the mean ± SEM of 7–9 arteries of STD and 8–9 arteries of HFD. Significant differences between means were analyzed by Student’s t-test 
for unpaired observations. *p < 0.05, **p < 0.01 versus STD.
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arteries. mtROS levels were measured with MitoSOX (superoxide) and 
Amplex red (H2O2) fluorometric assays in kidney tissues from STD and 
HFD. While renal arteries from HFD-fed rats exhibited elevated mtROS 
levels compared to STD (Fig. 4A), this effect was not observed in renal 
cortex (Fig. 4B). H2O2 participates in endothelial cell signaling and has 
been involved along with NO in the endothelium-dependent vasodila
tion of kidney arteries [42,49]. Measurement of basal H2O2 levels 
revealed a significant decrease in both arteries (Fig. 4C) and renal cortex 
(Fig. 4D) from HFD rat kidney. Despite increased NOX1-derived ROS 
production (Fig. 2F), global NOX-derived H2O2 was not augmented in 
either kidney arteries (Fig. 4E) or cortex (Fig. 4F) from HFD rats, as 
depicted by the unchanged levels of NADPH activity-dependent ROS 

levels. Interestingly, treatment with the mitochondria-targeted antioxi
dant mitoTempo reduced ACh-induced arterial vasodilation in STD an
imals (Fig. 4G), while improving endothelial relaxations in kidney 
arteries from obese rats (Fig. 4H). Together, these results suggest that 
enhanced mitochondrial O2

.- along with reduced vasodilator H2O2, 
contribute to the observed endothelial dysfunction in kidney pre
glomerular arteries in HF diet-induced obesity.

3.4. HFD-induced obesity down-regulates NOX4 and PGC1α expression 
in kidney preglomerular arteries

To further investigate the mitochondrial redox status of kidney 
vascular and cortical tissues in diet-induced obesity, expression levels of 
ROS generating enzymes and regulators of mitochondrial antioxidant 
defenses were determined by Western Blot analysis in STD and HFD rats. 
NOX4, a mitochondrial enzyme highly expressed in the kidney that 
directly generates H2O2, is a physiological source of endothelium- 
derived vasodilator H2O2 in renal arteries [42]. The present findings 
demonstrate that expression of NOX4 is confined to the renal arterial 
endothelium wherein it co-localizes with eNOS in both control and 
obese rats kidney (Fig. 5A), and that NOX4 protein levels are signifi
cantly reduced in both renal arteries and cortex of HFD rats (Fig. 5B and 
E). Positioned strategically within the mitochondria, MnSOD converts 
harmful O2

•-, a byproduct of the mitochondrial ETC, into H2O2 that 
rapidly diffuses out of the mitochondria. Protein expression of MnSOD 
was unaltered in renal arteries (Fig. 5D) but increased in renal cortex 
(Fig. 5G) of obese animals. The transcriptional coactivator PGC-1α is a 
regulator of mitochondrial biogenesis that also regulates mitochondrial 
antioxidant systems in vascular endothelial cells [50]. PGC-1α protein 
levels were significantly reduced in both arteries and cortex from HFD 
rat kidney (Fig. 5C and F), suggesting impaired kidney mitochondrial 
biogenesis and dysregulation of endothelial antioxidant systems in HF 
diet-induced obesity.

3.5. HFD-induced obesity enhances mitochondrial respiration in kidney 
preglomerular arteries

Mitochondrial dysfunction in metabolic diseases is manifested by 
alterations in OXPHOS leading to mitochondrial oxidative stress. Having 
observed considerable changes in mtROS production and variations in 
antioxidant defenses expression in kidney arteries from obese rats, the 
impact of obesity on vascular mitochondrial bioenergetics was next 
assessed in freshly isolated intact kidney preglomerular microarteries by 
using a Seahorse Analyzer and a Mito-stress protocol for real-time mea
surements of oxygen consumption and extracellular acidification 
(Fig. 6). Interestingly, the bioenergetic profile of preglomerular arteries 
was markedly increased in HFD rats (Fig. 6A). Basal respiration and 
oxygen consumed for ATP synthesis obtained following oligomycin 
addition, were significantly heightened in arteries from obese rats 
(Fig. 6A–C), along with increased maximal respiration induced by the 
uncoupling agent FCCP (Fig. 6A and D), and augmented proton leak 
(Fig. 6A and E). These data align with the previously observed increase 
in mitochondrial ROS generated as by-products of the ETC enhanced 
activity. Oxygen consumed for non-mitochondrial respiration was also 
found to be increased after adding rotenone and antimycin A (Fig. 6A 
and F), and probably derived from prooxidant and pro-inflammatory 
enzymes such as NADPH oxidases and cyclooxygenases [13,14].The 
rise in mitochondrial respiration was concomitant with the increased 
levels of protons indicating augmented glycolytic activity and subse
quent increase in extracellular acidification in preglomerular arteries 
from HFD rats (Fig. 6G). Consistent with the enhanced mitochondrial 
bioenergetic profile, expression of mitochondrial ECT complex IV 
(COX-IV) was increased in renal arteries of HFD-fed animals (Fig. 6H).

Fig. 3. Augmented peroxynitrite and preserved exogenous NO-mediated re
laxations in kidney preglomerular from HFD-induced obese rats. (A) Nitro
tyrosine immunostaining for peroxynitrite was enhanced in renal cortex, mostly 
in the glomerular tufts and endothelial lining of renal arterioles from HFD 
(right) compared to STD (left) rats. Sections are representative of n = 3 STD and 
n = 3 HFD rats. (B) Average relaxations to the NO donor SNAP in preglomerular 
arteries from STD and HFD rats. Data are presented as the mean ± SEM of 
arteries of 4 STD and 4 HFD.
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3.6. ER stress induces endothelial dysfunction and blunts adrenergic 
vasoconstriction in kidney preglomerular arteries

Because ER stress has been involved in the pathogenesis of endo
thelial dysfunction in the context of obesity [33], and in proteinuric 
kidney disease, ER stress status in renal tissues affected by HFD-induced 
obesity was next assessed. A significant increase in expression of some of 
the activated sensors of the UPR pathway such as pPERK, peIF2α, and 
pIRE1α was found in kidney arteries (Fig. 7A, B, and D), and of the 
chaperone BiP and peIF2α, and pIRE1α in renal cortex (Fig. 7E–G, H and 
I) of obese rats compared to the control group, while ATF6α was 
decreased in renal arteries (Fig. 7C) but increased in renal cortex 
(Fig. 7C) from HFD animals. The latter may be attributed to the 
complexity of ER stress activation, given that different UPR pathways 
can be selectively stimulated together with suppression of others [25]. 

Expression of the indicator of UPR-apoptosis activation, CHOP, exhibi
ted a non-significant upwards trend (Fig. 7J).

To further investigate the impact of ER stress on vascular function of 
kidney preglomerular arteries, a rat model of chemically-induced ER 
stress with tunicamycin was stablished. Increased expression/activation 
of various ER stress markers was found in both renal arteries and cortex 
of rats treated with tunicamycin (Fig. S2 A-I), thus validating the ER 
stress model in the kidney. Vascular dysfunction in kidney pre
glomerular arteries from tunicamycin-treated rats was depicted by the 
reduced contraction induced by the α1-adrenergic agonist phenyleph
rine (Fig. 8A) along with the blunted NO-mediated vasodilation in 
response to ACh indicative of endothelial dysfunction in renal pre
glomerular arteries from rats with ER stress (Fig. 8B and D). Vaso
relaxation elicited by the β-adrenergic agonist isoprenaline remained 
unchanged (Fig. 8C).

Fig. 4. Mitochondrial ROS imbalance contributes to renal endothelial dysfunction in HFD-induced obesity (A–B) Basal mitochondrial ROS (O2
•-) measured by MitoSOX 

fluorescence, and (C–F) basal H2O2 (C,D) and NADPH-stimulated H2O2 (E,F) production measured by AmplexRed fluorescence in renal arteries (A–E) and cortex 
(B–F) from STD and HFD rats. Data are presented as mean ± SEM from 24 to 25 arteries and 26–27 cortex samples form 6 STD and 6 HFD (A, B); 24–26 arteries and 
23–25 cortical samplex from 9 STD and 9 HFD rats (C,D); 6 arteries and 6 cortex samples of 4 STD and 4 HFD (E,F). Significant differences between means were 
analyzed by Student’s t-test for unpaired observations. **p < 0.01; ***p < 0.001 versus STD group (A–D) and One-way ANOVA followed by Bonferroni test (E,F). 
***p < 0.001 vs basal levels, ††p < 0.01vs NADPH-stimulated; (G,H) Average relaxations to ACh in the absence and after treatment with the mitochondrial anti
oxidant mitoTempo in control STD (G) and HFD (H) renal arteries. Results are expressed as a percentage of the pre-contraction induced by Phe (0.1–0.3 μM). Data are 
presented as the mean ± SEM of 6–8 arteries from 6 STD and 6 HFD rats. Significant differences between means were analyzed by Student’s t-test for paired ob
servations. *p < 0.05; **p < 0.01 versus control arteries in the absence of MitoTempo.

Fig. 5. Obesity induced by HFD downregulates PGC-1α and NOX4 in kidney tissues (A) Immunofluorescence for NOX4 protein (red) is distributed throughout the 
endothelial lining of the renal arteries in STD (upper panels) and HFD (lower panels) groups. The endothelial cell layer is visualized using the anti-eNOS marker 
(green). Double immunofluorescence labeling for eNOS and NOX4 shows colocalization in the renal endothelium (yellow). Nuclei are stained with DAPI (blue). Scale 
bars indicate 25 μm. Sections are representative of n = 3 STD and n = 3 HFD rats. (B–G) Western blot analysis of NOX4, PGC-1α and MnSOD expression in samples of 
preglomerular renal arteries (B–D) and cortex (E–G) showing that expression of NOX4 and PGC-1α was decreased in both renal arteries and cortex of HFD rats, while 
MnSOD was not changed in renal arteries, but increased in renal cortex from obese animals. Data are shown as the mean ± SEM of 4–7 STD and 4–7 HFD rats. 
Significant differences between means were analyzed by using unpaired t-test. *P < 0.05, **P < 0.01 versus STD.
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To assess the impact of NOX-derived oxidative stress on renal 
endothelial function under ER stress conditions, the effect of the non- 
selective NOX inhibitor apocynin was examined on renal pre
glomerular arteries from tunicamycin-treated rats. Apocynin inhibited 
ACh-induced endothelial relaxations in control arteries (Fig. 8E), 
without affecting relaxations in the ER stress group (Fig. 8F), indicating 
that relaxations mediated by endothelial NOX-derived ROS in renal 
preglomerular arteries [42] are lost in ER stress rats. Accordingly, 
lucigenin chemiluminescence revealed an elevation in NADPH-induced 
ROS production in renal cortex but not in renal arteries of 
tunicamycin-treated rats compared to controls (Fig. 8G and H). The 
NADPH-dependent ROS increase was reversed by apocynin in control 
arteries, but this reversal was not observed in ER stress renal arteries 
(Fig. 8G). In contrast, apocynin effectively reduced elevated 
NADPH-dependent ROS levels in renal cortex samples from 
tunicamycin-treated rats. In summary, these data suggest that ER stress 
blunts the release of endothelial NOX-derived relaxing ROS, presumably 
H2O2 in renal preglomerular arteries, but induces NOX-derived oxida
tive stress in renal cortex.

3.7. Impaired REDOX balance and reduced mitochondrial H2O2 
contribute to kidney endothelial dysfunction in chemically-induced ER 
stress

Involvement of mtROS and mitochondrial oxidative stress in endo
thelial dysfunction induced by ER stress was further investigated. 
Endothelium-dependent vasodilation elicited by ACh was reduced by 
the mitochondrial O2

•- scavenger mitoTempo in control rats (Fig. 9A), but 
this effect was reversed in arteries from ER stress rats (Fig. 9B). Levels of 
both mitochondrial O2

•- and H2O2 were significantly reduced in ER stress 
preglomerular arteries (Fig. 9C and D), thus suggesting the loss of 
physiological vasodilator mtROS [42], likely H2O2. In renal cortex from 
tunicamycin-treated rats, unchanged mitochondrial O2

•- but reduced 
H2O2 levels were also found (Fig. 9G and H). To further investigate the 
impact of ER stress on antioxidant defense status of kidney tissues, 
protein expression of NOX4 and MnSOD was assessed. In line with the 
decreased H2O2 production, ER stress led to the reduction in NOX4 
expression in both renal arteries (Fig. 9E) and cortex (Fig. 9I) of ER stress 
rats compared to controls. Moreover, there was a significant increase in 
MnSOD levels in renal arteries (Fig. 8F), while a decrease was observed 
in the renal cortex (Fig. 9J) from tunicamycin-treated rats.

3.8. ER stress enhances mitochondrial respiration in kidney preglomerular 
arteries

To further investigate redox changes and the impact of ER stress on 
kidney vascular bioenergetics, mitochondrial respiration was assessed in 
renal preglomerular intact arteries from the ER stress rat model, 
revealing that ER stress led to an elevation in basal oxygen consumption 
(Fig. 10A and B), and oxygen consumed for ATP production (Fig. 9A and 
C). However, maximal respiration induced by FCCP (Fig. 10A and C) was 
unchanged, but the increase in basal respiration resulted in a reduced 
spare respiratory capacity (Fig. 10A and E), which is crucial during other 
stress requirements. In tunicamycin-treated rats, there was a significant 
elevation in the ECAR (Fig. 9F), indicating an augmentation of glycolytic 
activity under ER stress conditions.

4. Discussion

Mitochondrial dysfunction is involved in the pathogenesis of obesity 
and CKD, and oxidative stress derived from mtROS plays a pivotal role in 
the microvascular complications of both obesity and type 2 diabetes. 
The results presented here elucidate a complex molecular interplay 
involving redox imbalance, impaired mitochondrial function, and ER 
stress in the context of kidney vascular dysfunction associated with 
obesity-induced renal injury. We demonstrate that endothelial 
dysfunction of renal preglomerular arteries in diet-induced obese rats or 
under ER stress conditions is linked to impaired vascular mtROS gen
eration featured by increased vasoconstrictor ROS and a reduction of 
vasodilator H2O2 along with downregulation of NOX4 and of the mito
chondrial biogenesis marker PGC1α. These changes are associated with 
an adaptive enhancement of arterial mitochondrial bioenergetics likely 
related to hemodynamic changes in kidney preglomerular arteries to 
supply function of injured glomeruli in obesity.

Obesity and overweight were early associated with impaired 
endothelium-dependent vasodilation in clinical studies [51], compro
mised NO synthesis and bioavailability due to oxidative stress being key 
factors in the pathogenesis of endothelial dysfunction, an early patho
genic event in CVD [48,52]. Accordingly, NO-mediated vasodilation was 
found to be impaired in kidney preglomerular arteries from diet-induced 
obese rats and selective inhibition of NOX1 partially restored endothe
lial vasodilatation thus suggesting that NOX1-derived superoxide blunts 
relaxations involving NO, consistent with that found in genetically obese 
rats [9]. Moreover, we demonstrate here that HFD induces nitrosative 
stress in the kidney due to the interaction of augmented superoxide with 
NO thus generating the strongly oxidative and toxic peroxynitrite 
radical. Peroxynitrite accumulation in the kidney glomerular and arte
riolar endothelium, as depicted by the nitrotyrosine immunostaining, 
causes oxidative damage to DNA, lipids and proteins, eNOS uncoupling, 
enhanced apoptosis and tissue injury and inflammation. However, re
laxations induced by exogenous NO were preserved in preglomerular 
arterioles of HFD-induced obese rats, consistent with the reported 
enhanced sensitivity to NO of coronary arterioles developed to maintain 
NO-mediated dilatation in HFD-induced obesity [45].

On the other hand, the present data further demonstrate that an 
imbalance in vascular mtROS levels also contributes to renal endothelial 
dysfunction in obesity. Thus, blunted endothelium-dependent re
laxations in kidney preglomerular arteries of obese animals were asso
ciated with increased levels of mtROS, consistent with the involvement 
of mitochondria-derived oxidative stress in endothelial dysfunction, as 
earlier reported for human arterioles of type 2 diabetic patients [35]. 
The critical role of mtROS in endothelial dysfunction has also been 
evidenced by the improved vascular function after treatment with 
mitochondria-targeted antioxidants demonstrated in preclinical studies 
[53,54] and human trials [55]. In diabetic patients, altered mitochon
drial dynamics in endothelial cells affects eNOS activation and NO 
bioavailability via excess mtROS which leads to endothelial dysfunction 
[56]. However, whereas the mitochondrial-targeted antioxidant mito
Tempo improved endothelial function in arterioles from diabetic pa
tients [35], in the present study treatment with mitoTempo revealed 
differential effects both inhibiting and improving relaxant responses in 
kidney preglomerular arteries from control and obese rats, respectively. 
These results demonstrate an impaired mitochondrial redox balance 
with augmented constrictor in detriment of vasodilator mtROS in kidney 
arteries from HFD rats, which is confirmed by the increased O2

.- levels 

Fig. 6. Obesity enhances mitochondrial bioenergetics in kidney preglomerular arteries (A–G) The MitoStress test was performed on freshly isolated preglomerular 
arterial segments using Seahorse technology to measure the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in STD and HFD rats. 
Sequential injections of oligomycin, FCCP, and rotenone/antimycin A were administered to assess mitochondrial function (A). Renal arteries from HFD rats exhibited 
increased basal respiration (A and B), ATP production (A and C), maximal respiration (A and D), proton leak (A and E), non-mitochondrial respiration (A and F), and 
ECAR (G) compared to STD. Results are expressed as pmol O2/min (OCR) or mpH/min (ECAR) values and referred to the arterial segment surface in mm2. (H) 
Western Blot analysis showing increased expression of mitochondrial ECT complex IV (COX-IV). Data are shown as means ± SEM of 7–8 STD and 7–9 HFD arteries 
from n = 7 rats. Significant differences between means were analyzed by using unpaired t-test. *P < 0.05, **P < 0.01, ***p < 0.001 versus STD.
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Fig. 7. ER stress markers in kidney tissues of HFD-induced obese rats Western blot analysis showing the expression of ERS markers in kidney preglomerular arteries 
(A–D) and cortex (E–J) from HFD-fed rats. The expression of pPERK (A), peIF2α (B) and pIRE1α (D) was increased in renal arteries from HFD rats, while ATF6α (C) 
was decreased. Protein expression of BiP (E), peIF2α (G), ATF6α (H), pIRE1α (I) were significantly augmented, while CHOP showed a trend to increase (J) in renal 
cortex from HFD rats. Data are shown as the mean ± SEM of 4–7 STD and 5–7 HFD rats. Significant differences between means were analyzed by using unpaired t- 
test. *P < 0.05, ***P < 0.001 versus STD.
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Fig. 8. Vascular dysfunction in kidney preglomerular arteries from ER stress rats (A) Contractions to the α1-adrenergic agonist Phe, (B) relaxations to the endothelial 
agonist ACh and (C) the β-adrenoceptor agonist isoprenaline in renal arteries from control and the ERS inductor tunicamycin in vivo-treated rats. (D) Average re
laxations to ACh in presence of the NOS inhibitor L-NOARG in control and tunicamycin-treated rats. (E–F) Effect of apocynin on ACh-induced relaxations in renal 
arteries of (E) control and (F) tunicamycin-treated rats incubated with the NOX inhibitor apocynin. Contractile results are expressed as a percentage of KPSS (A), 
relaxation is expressed as percentage of the increase in tension induced by Phe (0.1–0.3 μM) (B–F). Data are presented as the mean ± SEM of 6–28 arteries of control 
and 6–30 of tunicamycin-treated rats. Significant differences between means were analyzed by Student’s t-test for paired observations. *p < 0.05, **p < 0.01, ***p <
0.001 versus control. (G–H) ROS production measured by lucigenin-enhanced chemiluminescence, under basal, NADPH-stimulated and NADPH-induced in presence 
of the NOX inhibitor apocynin conditions in renal arteries (G) and cortex (H) from control and tunicamycin-treated rats. Data are presented as mean ± SEM from 7 to 
8 control arteries and 6–8 cortex samples from 4 control and 5 tunicamycin-treated rats. Significant differences between means were analyzed by Student’s t-test for 
unpaired observations. ***p < 0.001 versus basal conditions; †p < 0.05, ††p < 0.01, †††p < 0.001 versus NADPH stimulation; #p < 0.05 versus control group.
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measured by mitoSOX along with the reduction in vasodilator H2O2 
levels measured by Amplex Red.

Although endothelial cells have a relatively lower mitochondrial 
content compared to cells that depend on aerobic glycolysis and 
OXPHOS to meet their energetic demands such as cardiac or skeletal 
myocytes, mitochondria play a key role in endothelial function through 
its ability to generate mtROS involved in endothelial cell signaling and 
calcium homeostasis [57]. H2O2 derived from endothelial mitochondrial 
NOX4 is an endothelium-derived hyperpolarizing (EDH) factor involved 
along with NO in the vasodilatation of kidney preglomerular arteries 
[42], which is supported in the present study by the inhibitory effect of 
the mitochondrial antioxidant mitoTempo on the endothelial re
laxations of control arteries. Reduction of mitochondrial vasodilator 
H2O2 levels in kidney tissues of HFD rats thus contributes to endothelial 

dysfunction and further emphasizes redox imbalance in kidney vascu
lature in diet-induced obesity.

The analysis of crucial markers linked to mitochondrial biogenesis 
and redox metabolism revealed differential expression of NOX4, PGC-1α 
and MnSOD in the kidney of HFD rats compared to the STD controls. The 
transcriptional coactivator PGC-1α links mitochondrial biogenesis to the 
regulation of mitochondrial antioxidant systems and ROS signaling and 
has been ascribed a protective role in atherogenesis, as it increases 
expression of antioxidant enzymes in endothelial cells, thus improving 
NO bioavailability and preventing hyperglycemia-induced mitochon
drial dysfunction [50]. In the present study, we demonstrate reduced 
PGC-1α protein levels in both kidney preglomerular arteries and cortical 
tissue samples that include glomerular endothelium from HFD-induced 
obese rats, consistent with the dysregulation of PGC-1α reported in 

Fig. 9. Reduced NOX4 expression and lower H2O2 levels contribute to renal endothelial dysfunction in tunicamycin-induced ER stress. (A–B) Average relaxations to 
ACh after treatment with the mitochondrial antioxidant mitoTempo in renal arteries of control (A) and tunicamycin treated rats (B). The results are expressed as a 
percentage of the pre-contraction induced by Phe (0.1–0.5 μM). Data are presented as the mean ± SEM from 10 to 12 arteries from 6 control and 7 ER stress rats. 
Significant differences between means were analyzed by Student’s t-test for paired observations. *p < 0.05; **p < 0.01 versus arteries without MitoTempo. (C and G) 
Mitochondrial ROS (O2

•-) measured by MitoSOX fluorescence, and (D and H) H2O2 production measured by AmplexRed in renal arteries (C–D) and cortex (G–H) from 
control and tunicamycin treated rats. Data are presented as mean ± SEM from 13 to 14 arteries and 14–16 cortex samples from 4 control and 4 tunicamycin-treated 
rats. Significant differences between means were analyzed by Student’s t-test for unpaired observations. *p < 0.05 **p < 0.01 versus control. (E-F and I-J) Western 
blot analysis of NOX4 and MnSOD expression in samples of preglomerular renal arteries (E–F) and cortex (I–J) of control and tunicamycin-treated rats. Data are 
shown as the mean ± SEM of 5–6 control and 6–7 tunicamycin treated rats. Significant differences between means were analyzed by using unpaired t-test. *P < 0.05, 
**P < 0.01 versus controls.
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obese patients and animals [58–60], and with the lower gene expression 
of PGC-1α associated to impaired biogenesis and reduced mitochondrial 
complex activity reported for the kidney of type 2 diabetic patients with 
CKD [21]. In the diabetic kidney, reduced gene expression and protein 
levels of PGC-1α were associated with reduced AMPK activity and lower 
mtROS levels [21], as shown here in HFD preglomerular arteries and 
consistent with earlier findings in kidney arteries from obese rodents 
wherein AMPK activity was also blunted [10]. In the present study, 
downregulation of PGC-1α was linked to reduced arterial levels of 
vasodilator H2O2 despite unchanged expression of the mitochondrial 
MnSOD, which contributed to renal endothelial dysfunction in 
HFD-induced obese rats.

Interestingly, we further demonstrate here that the lower levels of 
arterial H2O2 were linked to reduced expression of NOX4 in pre
glomerular arteries from diet-induced obese rats, confirming previous 
data in genetically obese rats wherein down-regulation of NOX4 blunts 
NOX4-mediated endothelium-dependent relaxations [9]. In contrast to 
that found in preglomerular arteries, tubule-interstitial injury, fibrosis, 
and inflammation were associated with upregulation of NOX4 and 
increased H2O2 levels in renal proximal tubule from HFD mice [23], thus 
suggesting differential pathogenic pathways in kidney vascular and 
tubular tissues that contribute to renal injury in obesity. NOX4 is a 
mitochondrial enzyme that directly generates H2O2 [61] and is released 
from endothelial cells by flow-induced shear stress [62]. NOX4 has 
protective vascular effects by reducing blood pressure [63], inhibiting 
inflammation and remodeling [64] and promoting angiogenesis via 
eNOS activation [65]. Furthermore, NOX4-derived H2O2 has recently 
been shown to induce mitochondrial biogenesis and to increase respi
ratory capacity of skeletal muscle to avoid the deleterious effects of ROS 
after exercise [60]. In contrast, NOX4 deletion or obesity-induced NOX4 
reduction led to decreased expression of genes involved in the control of 
mitochondrial biogenesis such as Pgc1α and Nrf2 thus reducing levels of 
PGC-1α and OXPHOS protein complexes [60]. Our findings therefore 
suggest that obesity-induced decreased expression of endothelial NOX4 
and lower H2O2 levels in kidney preglomerular arteries not only blunt 
NOX4-mediated endothelium vasodilatation but also may underlie 
down-regulation of PGC-1α leading to altered vascular mitochondrial 
biogenesis and impaired redox balance, thus contributing to the loss of 
NOX4 protective effects on kidney vasculature [9,42].

Mitochondrial dysregulation involved in the vascular complications 
of metabolic disorders is produced by alterations in mitochondrial 
biogenesis and OXPHOS leading to altered mtROS production, cellular 
apoptosis, and tissue injury [33,35,56]. We demonstrate here that 
obesity impacts OXPHOS by enhancing mitochondrial bioenergetics and 
greatly increasing basal and maximal respiration, oxygen consumed for 
ATP synthesis, proton leak and glycolytic activity of intact kidney pre
glomerular arteries. Increased mitochondrial activity and electron flow 
through the ETC may be responsible for the increased mtROS production 
found in preglomerular arteries from HFD rats. Furthermore, increased 
proton leak, that is usually higher in vascular myocytes compared to 
skeletal muscle or cardiac myocytes, is typically associated with 
increased mtROS production that activates mechanisms promoting 
proton leak in a protective feed-back loop to reduce ROS and limit 
damage to the mitochondria [66,67]. Interestingly, the enhanced bio
energetic profile found in kidney arteries from obese rats contrasts with 
reports on the impact of obesity on bioenergetics of heart and other 
vascular beds showing augmented mtROS and endothelial dysfunction 
associated to reduced mitochondrial respiration and lower proton leak 
in brain [37] and systemic penile arteries [44]. Moreover, reduced 
respiratory capacity of cardiac myocytes linked to impaired coronary 
metabolic dilatation has also been reported in rodent models of genetic 
and diet-induced obesity [36,68]. Interestingly, the higher oxygen 
consumed for ATP synthesis and maximal respiration of preglomerular 
arteries from obese rats was associated with the increased relative 
expression of the cytochrome C oxidase- COX-IV, complex of the ETC 
suggested to preserve efficiency of respiration under conditions of 

Fig. 10. ER stress enhances mitochondrial respiration in kidney preglomerular 
arteries (A–C) The MitoStress test was performed in freshly isolated pre
glomerular artery segments using Seahorse technology to measure the oxygen 
consumption rate (OCR) and extracellular acidification rate (ECAR) in control 
and tunicamycin treated rats. Sequential injections of oligomycin, FCCP, and 
rotenone/antimycin A were administered to assess mitochondrial function (A). 
Renal arteries from ERS rats exhibited increased basal respiration, oxygen 
consumed for ATP production (A and B), unchanged maximal respiration (A 
and D), reduced spare respiratory capacity (A and E) and increased ECAR (G) 
glycolytic activity, compared to controls. Results are expressed as pmol O2/min 
(OCR) or mpH/min (ECAR) values and referred to the arterial segment surface 
in mm2. Data are shown as means ± SEM of 10–12 control and 10 tunicamycin 
treated arteries from n = 9 rats from each group. Significant differences be
tween means were analyzed by using unpaired t-test. *P < 0.05, **P < 0.01 
versus tunicamycin-induced ERs stress rats.
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limited oxygen bioavailability, and lead adaptative responses to hypoxia 
[69].

On the other hand, our findings showing enhanced mitochondrial 
bioenergetics in kidney preglomerular arteries in response to HFD would 
align with the increased estimated GFR indicative of glomerular 
hyperfiltration along with the kidney structural abnormalities including 
glomerular hypertrophy and reduced number of glomeruli demon
strated in the histopathological study of the kidney from HFD-induced 
obese rats. These changes suggest a metabolic adaptation of kidney 
preglomerular arteries to the hemodynamic changes aimed to increase 
intraglomerular pressure and glomerular filtration, therefore increasing 
metabolic demand in the first stages of obesity-associated kidney disease 
[70]. In fact, glomerular hyperfiltration is considered a hallmark of renal 
dysfunction in diabetes and obesity indicative of an unfavorable he
modynamic profile that increases filtration fraction to supply function of 
injured glomeruli, but later leading to injury of the glomerular filtration 
barrier, glomerular and podocyte hypertrophy and apoptosis, which 
accelerates the progression of CKD [7,47], as demonstrated here by the 
increased protein excretion and reduced urine output indicative of oli
guria, along with glomerulomegalia, fibrosis and loss of glomeruli in the 
HFD-fed rat kidney. While increased respiration has also been reported 
in isolated mitochondria from whole kidney in HFD-fed mice [23], we 
first report here a specific bioenergetic adaptative mechanism of kidney 
preglomerular arteries to lipid overload that increases mitochondrial 
respiration in contrast to the reduced respiratory capacity induced by 
obesity in arteries from other vascular beds [36,37,44,68], but likely 
related to the increased renal blood flow and glomerular hyperfiltration 
developed to compensate dysfunction of injured glomeruli in 
obesity-associated kidney disease [7].

Obesity impairs the protein-folding machinery within the ER and 
activates the ER stress response induced by accumulation of misfolded 
proteins leading to UPR to maintain ER homeostasis. Chronic activation 
of ER stress and disruption of UPR contributes to insulin resistance, 
impaired lipid metabolism and CVD [26,32,71], and has been involved 
in the pathogenesis of proteinuric kidney disease and diabetic ne
phropathy [28,29]. The present results demonstrate that HFD 
induced-obesity activates the UPR pathway in kidney as shown by the 
increased expression/activity of some ER stress markers such as the 
chaperone BiP and the three sensors of the UPR pathway in the ER 
lumen, PERK, ATF6 and IRE1, without significant changes of the ER 
stress-activated pro-apoptotic factor CHOP. While 
experimentally-induced ER stress contributes to renal tubular cell and 
podocyte injury, cellular apoptosis, and renal damage with albuminuria 
[29,72], we demonstrate here that ER stress impacts kidney arterial 
function by impairing vasoconstriction and mimicking endothelial 
dysfunction, redox imbalance and enhanced mitochondrial bio
energetics in renal preglomerular arteries, which suggests that ER 
stress-induced renal vascular dysfunction contributes to 
obesity-associated nephropathy.

Reduced α1-adrenergic vasoconstriction of kidney arteries in 
tunicamycin-treated rats would be consistent with impairment of the 
sarco/endoplasmic reticulum calcium ATPase (SERCA) activity. SERCA 
regulates cellular calcium homeostasis and maintains ER calcium stores; 
impairment of the ER fatty acid and lipid composition results in the 
inhibition of SERCA activity and ER stress, while SERCA overexpression 
in vivo ameliorates chronic ER stress and improves glucose homeostasis 
[73]. Since the α1-adrenoceptor in VSM is coupled to the PLC-IP3- 
sarcoplasmic reticulum (SR) intracellular calcium release pathway, 
blunted adrenergic vasoconstriction of kidney arteries from rats with 
chemically-induced ER stress could be ascribed to the ER stress-induced 
impairment of the SR calcium store. We have earlier demonstrated that 
obesity causes SR Ca2+ store dysfunction and reduces SR intracellular 
calcium stores in arterial smooth muscle of coronary and peripheral 
resistance arteries [74,75], which aligns with the present findings in 
kidney preglomerular arteries showing reduced adrenergic vasocon
striction under ER conditions.

Interactions between mitochondria and ER have been involved in 
mitochondrial oxidative stress leading to endothelial dysfunction and to 
the vascular complications of metabolic disorders [32,33]. ER stress 
induction in preglomerular arteries impaired endothelium-dependent 
relaxations mediated by NO as depicted by the lack of inhibitory ef
fect of NOS blockade in ER stress arteries compared to controls, and in 
agreement with the decreased eNOS promoter activity, blunted eNOS 
activation and expression and lower NO levels in coronary endothelial 
cells [32], and the reduced endothelial NOS phosphorylation and 
impaired endothelium-dependent relaxations in arteries from mice with 
ER stress induced by hypertension [71]. Whereas tunicamycin-induced 
oxidative stress via upregulation of endothelial NOX2 and NOX4 and 
increased NADPH oxidase activity was involved in endothelial 
dysfunction of aorta and systemic resistance arteries [32], in kidney 
preglomerular arteries from tunicamycin-treated rats NADPH oxidase 
activity was unchanged and the non-selective NOX inhibitor apocynin 
hardly improved endothelial dysfunction. However, a distinctive feature 
of NOX activity induced by ER stress in kidney preglomerular arteries 
was the decreased NOX4 expression and reduced vasodilator mito
chondrial H2O2 levels, which along with the loss of the inhibitory effect 
of mitoTempo on the endothelium-dependent relaxations suggests that 
redox imbalance and loss of mitochondrial NOX4-derived vasodilator 
H2O2 contribute to the ER stress-induced endothelial dysfunction simi
larly to that also found in kidney arteries from HFD obese rats.

Concerning mitochondrial bioenergetics, we demonstrate here that 
likewise obesity, ER stress enhances basal respiration, oxygen consumed 
for ATP synthesis and glycolytic activity in renal preglomerular arteries, 
but reduces spare respiratory capacity in contrast to that reported in 
cardiac myocytes wherein ER stress inhibited mitochondrial respiration 
and blunted mitochondrial biogenesis pathways [76]. However, a 
metabolic adaptative response has been reported in the earlier phases of 
ER stress by which new ER-mitochondria networks re-organization and 
increased Ca2+ transferred from ER to mitochondria lead to a compen
satory enhancement of mitochondrial bioenergetics with increased 
respiration and higher levels of ATP demanded for the augmented 
chaperone activity [77]. Furthermore, enhanced mitochondrial respi
ration associated to improved efficiency of the ETC in response to ER 
stress has been shown to inhibit ROS accumulation and promote cell 
survival in eukaryotic cells [78], in agreement with the present results 
showing increased bioenergetics along with decreased levels of mito
chondrial ROS in preglomerular arteries from tunicamycin-induced ER 
stress rats.

In conclusion, the present findings demonstrate that mitochondrial 
dysfunction and ER stress underlie renal vascular dysfunction contrib
uting to obesity-associated kidney disease. Decreased mitochondrial 
biogenesis induced by obesity and ER stress causes redox imbalance 
with downregulation of NOX4 and PGC1α, reduced vasodilator H2O2 
levels and endothelial dysfunction. A specific bioenergetic adaptative 
mechanism that increases respiration and ATP synthesis is developed in 
preglomerular arteries to reduce mitochondrial oxidative stress and to 
sustain hemodynamic changes that compensate dysfunction of injured 
glomeruli in obesity-associated kidney disease. These findings suggest 
that mitochondria emerge as new therapeutic strategies targets for the 
vascular complications of obesity-associated nephropathy.
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gation. Óscar Freire-Agulleiro: Methodology, Investigation. Ánxela 
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