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NEW FINDINGS 

 

 What is the central question of this study? Central obesity is related to caloric excess 

promoting deleterious cellular responses in targeted organs such as kidney. However, 

the metabolic pathways regulating the effects of obesity on the kidney remain unknown. In 

this study, we sought to determine whether inducible nitric oxide (NO) is involved 

in the underlying mechanisms of high-fat diet-induced kidney disease using a specific 

iNOS inhibitor, N6-(1-iminoethyl)-L-lysine hydrochloride (L-NIL). 

What is the main finding and its importance? In this study, we were not able to 

demonstrate  an  upregulation  of  iNOS  renal  expression  after  high  caloric  intake, 

suggesting that iNOS might not be a crucial player in the development of obesity- 

induced kidney disease. However, L-NIL treatment clearly ameliorated systemic 

metabolic parameters in HFD mice such as fasting blood glucose, glucosuria, plasma 

lipid concentrations and insulin resistance. In contrast, the effect of chronic L-NIL 

treatment on loss of renal function, impairment of tubular integrity, oxidative stress and 

inflammation appeared to be more moderate. 

ABSTRACT 

 

Background. Central obesity is related to caloric excess promoting deleterious cellular 

responses in targeted organs. Nitric oxide (NO) has been determined as a key player in the 

pathogenesis of metabolic diseases. Here, we investigated the implication of inducible NO 

synthase (iNOS) in the development of obesity-induced kidney disease. 

Materials and Methods. C57Bl/6 male mice were randomized to a low-fat diet (LFD) or a 

high-fat diet (HFD) and treated with L-NIL, a specific iNOS inhibitor for 16 weeks. 
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Results. Mice fed a HFD exhibited a significant increase in body weight, fasting blood glucose, 

plasma levels of NEFA, triglyceride and insulin. iNOS inhibition prevented these changes in 

mice fed a HFD. Interestingly, the significant increase in albuminuria and mesangial matrix 

expansion were not ameliorated with L-NIL whereas a significant decrease in proteinuria, NAG 

( N-acetyl-ß-D-glucosaminidase) excretion and renal triglycerides content were found, suggesting 

that iNOS inhibition is more suitable for tubular function than glomerular function. The urinary 

hydrogen peroxide level, a stable product of ROS production, that was found to be increased 

in mice fed a HFD, was significantly reduced with L-NIL. Finally, despite a moderate effect of 

L-NIL on inflammatory process in the kidney, we demonstrated a positive impact of this treatment 

on adipocyte hypertrophy and on adipose tissue inflammation. 

Conclusions. These results suggest that inhibition of iNOS leads to a moderate beneficial effect on 

kidney function in mice fed a HFD. Further studies are needed for better understanding of the 

role of iNOS in obesity-induced kidney disease. 

 

 

BACKGROUND 

 

Obesity has been dramatically increasing worldwide during the last few decades. Its incidence has 

doubled since 1980, while this epidemic has drastically spread among children and in 

developing countries.  Obesity, characterized by an excessive fat accumulation, is often associated 

with insulin resistance, dyslipidemia, hyperglycemia and hypertension, leading to metabolic 

syndrome (Flegal et al., 2010; Seravalle & Grassi, 2017).  The  above  elements contribute to the 

development of diabetic nephropathy (DN) which is the major cause of end- stage renal disease 

(ESRD) and is associated with important cardiovascular morbidity and mortality (Whaley-

Connell & Sowers, 2017). Diabetic and obesity induced-kidney diseases are related to caloric 

excess promoting deleterious renal cellular responses  
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(Decleves et al., 2011; Decleves, 2013). However, a full understanding of the mechanisms 

involved in the progression of renal disease is still needed. Inducible nitric oxide synthase 

(iNOS) has been previously identified as a key player in the pathogenesis of metabolic kidney 

diseases (Nordquist et al., 2013; Slyvka et al., 2016). NO is a paracrine mediator  with numerous 

targets, which participates in a number of physiological and  pathological mechanisms, including 

the immune system, inflammation, gene regulation, apoptosis and the control of vascular tone 

(Klahr, 2001; Albrecht et al., 2002; Cheng et al., 2012; Forstermann & Sessa, 2012; Lee et al., 

2016). NO is produced from L-arginine by three isoforms of nitric oxide synthase (NOS): 

neuronal and endothelial NOS (nNOS and eNOS) are constitutively expressed while inducible 

NOS (iNOS) is up-regulated under pathological conditions such as obesity. While low NO 

level is essential to maintain metabolic integrity, high NO level is associated to 

posttranslational protein S-nitrosylation which in turn modify the protein activity and stability 

(Anand & Stamler, 2012). In addition, NO is able to react with superoxide free radical (O.-) to 

form peroxynitrite that belongs to the highly reactive nitrogen species (RNS) (Sharma, 2016). 

Basal NO production from eNOS and nNOS maintains physiology of tissues and organs while 

NO-derived from iNOS appears to induce inflammation and oxidative stress. These events create 

a deleterious environment that ultimately lead to cellular damages (Costa et al., 2016; Lee et al., 

2016). In the kidney, NO is involved in the regulation of renal vascular resistance, glomerular 

filtration rate (GFR), water and sodium excretion and maintenance of renal structural integrity 

(Mount & Power, 2006). Interestingly, progressive kidney disease is associated with decreased 

endothelial NO production which contributes to the impairment of renal function and structure 

(Prabhakar et al., 2007; Lee et al., 2016). Moreover, eNOS and nNOS KO mice have been 

found to display a reduced mitochondrial capacity, a defect in fatty acid metabolism as well as 

insulin resistance (Shankar et al., 2000; Le Gouill et al., 2007). Regarding iNOS, it is 

upregulated during inflammation, creating a pool of highly reactive NO. Indeed, many studies 

have demonstrated the role of iNOS in diseases associated with development of insulin 

resistance and with a chronic inflammatory state found in pathogenesis like type 2 diabetes, 
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cardiovascular disease, hypertension and kidney disease (Klahr, 2001; Prabhakar et al., 2007; 

Lorin et al., 2014). A significant increase of iNOS expression in the liver was also 

demonstrated in a mouse model of high-fat diet-induced obesity. This increase was correlated 

with the development of steatosis in liver (Ha & Chae, 2010). However, the role of iNOS in 

obesity-induced kidney disease has not been fully investigated. Therefore, our present study 

aims to evaluate the effect of iNOS inhibition on kidney structure and function in a mouse 

model of obesity. To do so, C57Bl/6 mice were fed a high-fat diet (HFD) or a low-fat diet (LFD) 

during 16 weeks. Indeed, HFD is well known to induce development of obesity and metabolic 

syndrome as well as kidney damages (Deji et al., 2009; Decleves et al., 2011; Decleves et al., 

2014). Here, a specific inhibitor of iNOS, N6-(1-iminoethyl)-L-lysine hydrochloride (L-NIL), 

has been used. 

 

MATERIALS AND METHODS 

 

Ethical approval. All animal procedures of this study were carried out according to the guidelines 

laid down by the animal welfare committee of the University of Namur, and conform to the 

principles and regulations, as described in the Editorial by Grundy (2015). The experimental 

protocols were approved and recorded as “13 206 CA”. 

 

Animals. Experiments were performed on C57Bl/6J male mice (Elevage Janvier, Le Genest 

Saint-Isle, France). Six week old mice were fed ad libitum a low-fat diet (LFD - 10% of total 

calories from fat) (D12450J, Research Diets, New Brunswick, NJ) or a high-fat diet (HFD - 

60% of total calories from fat (90% lard + 10% soybean oil) (D12492, Research Diets, New 

Brunswick, NJ) treated or not with L-NIL (N6-(1-Iminoethyl)-L-lysine hydrochloride) 

(BACHEM). L-NIL is a specific iNOS inhibitor. L-NIL administration in drinking water (100 

mg/kg bw/24 h) began concomitantly to the HFD initiation (Vermeire et al., 2000; Soliman et 
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al., 2008; Nordquist et al., 2013). The concentration of compound was adjusted once every 

other day based on water consumption and body weight (BW). Mice were placed in metabolic 

cages for 24-h urine collection at week 16 while the body weight and the fasting blood glucose 

were also measured. Fasting blood glucose concentration was measured after 6 hours of fasting 

(OneTouchVita, LifeScan, USA). Mice were anesthetized with a i.p. injection of a mixture of 

ketamine (80 mg/kg, SVA usine, Belgium) and medetomidine (0.5 mg/kg, Bayer, Belgium) 

after 16 weeks on diet. Mice anesthesia was assessed by monitoring respiratory rate and effort, 

color of mucous membranes and pedal reflex (firm toe pinch). Then, mice were euthanized by 

intra-cardiac puncture, and therefore exsanguination. Blood sample was collected and 

centrifuged at high speed for 20 min at 4˚C. Plasma was collected and stored at -80˚C until 

use. Kidneys were collected, weighted and immediately processed for further analysis. 

Portions of kidneys and peri-renal white adipose tissue (WAT) were snap-frozen in liquid 

nitrogen for RNA and protein isolation. An additional portion of kidney and WAT was fixed in 

Duboscq-Brazil solution for histological analysis. 

 

Urine metabolic data. Urine from 24h collections were stored at -20°C until analyses were 

performed. The urine albumin and creatinine were measured with a mouse Albuwell ELISA kit 

and a Creatinine Companion kit (Exocell, USA). Total proteinuria was quantified by the 

Bradford binding assay as described in (Debelle et al., 2002). Urinary excretion of lysosomal 

enzyme N-acetyl-ß-D-glucosaminidase (NAG) was measured by a colorimetric assay following the 

manufacturer’s protocol (Roche Diagnostic, France) (Lebeau et al., 2005). Urinary glucose 

concentration was also determined (OneTouchVita, LifeScan, USA).  All urinary markers were 

factored by creatinine to obviate any losses in urine collection. 
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Insulin resistance. Plasma insulin level was determined by ELISA kits (Millipore, USA). The 

HOMA insulin resistance index was determined using a model for assessment calculator available 

from the Oxford Centre for Diabetes, Endocrinology and Metabolism. 

(https://www.dtu.ox.ac.uk/homacalculator/download.php). 

 

Plasma Triglyceride and non-esterified fatty acids (NEFA) level. Plasma triglyceride level was 

measured using a colorimetric enzymatic test according to the manufacturer instructions (Diasys, 

Diagnostic System, Holzheim, Germany). Plasma NEFA level was measured using a colorimetric 

enzymatic test according to the manufacturer instructions (Wako NEFA-HR - Wako pure 

Chemical Industries, Ltd, Japon). 

 

Kidney Triglyceride level. 90 mg of snap-frozen tissue was homogenized in glass-glass 

homogenizer (Tenbroeck, Kimble/Kontes Glass Co, Vineland, NJ) kept chilled on ice with 

0.7 ml of nitrogen-sparged acid methanol:[0.2N HCl/0.2M NaCl] (4:1 mix). 310 μl of 

nitrogen- sparged Chloroform was added for the first phase extraction, followed by a 30 

second vortex to mix, extract, and denature all the proteins. The second phase 

extraction took place with another 250 μl of Chloroform and 300 μl of Water.  The 

samples were centrifuged at 16,000g x 10 min at 4°C to separate the phases. The lower 

chloroform phase was used for measurement of total triglycerides (Diasys, Diagnostic 

System, Holzheim, Germany) according to the manufacturer’s protocols.  

Oxidative stress Marker. As an index of oxidative stress, urine samples were also analyzed 

for hydrogen peroxide by Amplex red assay (Invitrogen, USA) following the 

manufacturer’s protocol. 

 

 

http://www.dtu.ox.ac.uk/homacalculator/download.php)


 

 

 
This article is prote cted by copyright. All rights reserved.  

 

Histology. Paraffin-embedded kidney sections were stained with Periodic Acid Schiff (PAS), 

hemalun, and Luxol fast blue to assess morphological alterations. On the other hand, paraffin-

embedded peri- renal white adipose tissue (WAT) sections were stained with Hematoxylin-eosin 

to quantify the adipocyte size and evaluate the overall tissue morphology. 

 

Morphologic Analysis. Morphometry of sections of kidneys was carried out as 

previously reported (Decleves et al., 2011). Briefly, twenty-five randomly selected 

glomeruli in the outer cortex of each kidney section were evaluated in a blinded manner. 

An image of each glomerulus was overlaid with grids. Each grid intersection was 

determined for the following features: capillary lumen, (PAS) positive mesangial area 

and nuclear number. The accumulation of all the grid intersections was calculated for 

overall glomerular area. 

In addition, the frequency of tubules containing vacuolated cells was evaluated by a 

semi- quantitative basis by adapting a single-blind analysis. To standardize the evaluation 

procedure, an additional lens engrave with a square grid was inserted in one of 

microscope eyepieces. For each paraffin section, 10 square fields (0.084 mm2/field) were 

observed at x200 magnification. 

 

Immunohistochemistry. Immunostaining of macrophages (rat anti-mouse F4/80 antibody, 

Abcam, UK), iNOS (Thermo Scientific) and 4-hydroxynonenal (4-HNE) (AbCam, UK) 

was performed on paraffin-embedded kidney section (Decleves et al., 2006). Briefly, 

after dewaxing and rehydration, a microwave pre-treatment in citrate buffer (pH 6.2) was 

performed to unmask antigens present in the renal tissue. Tissue sections were then 

incubated for 1 h with different primary antibodies. After rinsing in PBS, slides were 

exposed for 30 min to the appropriate secondary antibody. Kidney sections were 

finally incubated with ABC complex (Vector Laboratories) for 30 min and bound 
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peroxidase activity was detected with the DAB kit. Image J software was finally used to 

quantify the percentage of iNOS and 4-HNE positive area. Twenty fields randomly 

taken at 200x magnification in the renal tissue were analyzed from 8 mice per group. 

The frequency of macrophage-positive cells in the interstitial spaces was evaluated by a 

semi-quantitative analysis as described previously (Decleves et al., 2006). Briefly, the 

distribution of positive cells was performed on one section per experimental animal. For 

each section, 10 square fields (0.084 mm2/field) were observed at x200 magnification. 

Quantifications were performed by two investigators blind to the group origin of the 

mouse. 

 

Real-time quantitative PCR. Frozen kidneys (-80°C) samples were homogenized and total 

RNA was then extracted. The mRNA quantification was performed using a 2-step real-time 

reverse-transcriptase polymerase chain reaction (LightCycler, Roche Diagnostics). Real-time 

quantitative PCR was performed on kidney using the primers for iNos, Mcp-1, IL-1β, VCAM, 

ICAM-1 and 18S as a housekeeping gene designed and purchased from Eurogentec. Relative 

gene expressions were calculated using the 2-ΔΔCt   method. 

 

Gene  Primer sequences (5’-3’) 

iNOS Fw CAGCTGGGCTGTACAAACCTT 

 Rv ATGTGATGTTTGCTTCGGACA 

MCP-1 Fw CTTCTGGGCCTGCTGTTCA 

 Rv CCAGCCTACTCATTGGGATCA 

IL-1β Fw AGTTGACGGACCCCAAAAG 
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 Rv AGCTGGATGCTCTCAYCAGG 

VCAM Fw TGGTGAAATGGAATCTGAACC 

 Rv CCCAGATGGTGGTTTCCTT 

VCAM Fw TGGTGAAATGGAATCTGAACC 

 Rv CCCAGATGGTGGTTTCCTT 

ICAM-1 Fw CCCACGCTACCTCTGCTC 

 Rv GATGGATACCTGAGCATCACC 

18S Fw CGCCGCTAGAGGTGAAATTCT 

 Rv CGAACCTCCGACTTTCGTTCT 

 

Adipocyte automated size measurement. This measurement was carried out using the software 

MATLAB (R201b, MathWorks) through the package adipocyte quantification available at 

http://webspace.buckingham.ac.uk/klanglands/.  Briefly, for each paraffin WAT section, 15 fields 

were scanned at x200 magnifications using a DeltaPix digital camera (model DP200). Then, all 

scanned images were further analyzed using the MATLAB software allowing the area 

measurement of each adipocyte in the field as described in (Osman et al., 2013). 

 

WAT protein extraction for MCP-1 measurements. Snap-frozen WAT was homogenized into 

cell lysis buffer (Cell Signaling Technology, MA, USA) with a 1% protease inhibitor cocktail 

(Sigma-Aldrich, USA). Samples were then centrifuged at 10 000 rpm at 4°C for 15 min. 

Supernatants were stored at -80°C. Protein concentrations were determined by the Pierce BCA 

protein assay kit (Thermo Scientific, MA, USA). Then, MCP-1 was measured in WAT 

homogenates using ELISA kits (BD Biosciences, CA, USA). Levels of MCP-1 was reported to 

the total amount of proteins. Results were expressed as ng/mg. 

http://webspace.buckingham.ac.uk/klanglands/
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Calculation and statistical analysis. Results are presented as mean values ± SD. The level for 

statistical significance was defined as p<0.05. Analyses were carried out using Graph Pad Prism 

Software version 4.03. Differences between data groups were evaluated for significance using 1-

way ANOVA and Newman-Keuls post-hoc tests for multiple comparisons. 

The glomerular filtration rate (GFR, ml/min) was calculated as follows: [Ucreat (μmol/l) * V 

(ml/min)] / Pcreat (μmol/l). 

 

RESULTS 

 

Chronic L-NIL treatment prevents obesity, hyperglycemia, insulin resistance, as well as plasma 

NEFA and triglyceride content. 

Metabolic data of mice fed a low-fat diet (LFD) with or without L-NIL, or high-fat diet (HFD) 

with or without L-NIL treatment for 16 weeks are shown in Table 1. The relative increase of 

body weight (137.0 ± 29.1 %) and kidney weight (18.3 ± 1.6 mg/mm tibia length) of HFD mice 

were significantly higher than these of LFD mice (45.4 ± 9.2 % and 14.0 ± 2.6 mg/mm tibia 

length, respectively). The change in body weight gain was attenuated in HFD mice treated with L-

NIL. In contrast, L-NIL treatment did not prevent the kidney hypertrophy (17.7 ± 4.1 mg/mm tibia 

length). To determine the impact of food intake on increased body weight, caloric intake was 

measured for all groups. Caloric intake was significantly higher in both groups of HFD mice 

compared to LFD groups. However, there was no difference between HFD group and HFD+L-

NIL group. The level of fasting blood glucose was significantly increased in HFD. In addition, 

hyperinsulinaemia and insulin resistance measured by HOMA-IR were found in mice fed a HFD. 

L-NIL treatment in HFD mice prevented these increases. Similarly, increased glucosuria was 

dampened with L-NIL treatment in HFD group. 

Finally, the effects of chronic iNOS inhibition on plasma lipid content, non-esterified fatty 

acids (NEFA) and triglycerides were evaluated. As observed, HFD induced a significant elevation 
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of plasma NEFA (2379 ± 801 vs 1463 ± 541 nM) and triglycerides level (1029 ± 546 vs 483 ± 

190 nM). These increases were normalized by L-NIL treatment (1568 ± 549 nM and 485 ± 191 

nM, respectively). 

 

Effect of chronic L-NIL treatment on iNOS kidney expression 

 

To determine the effect of L-NIL treatment on iNOS expression in renal tissue, we measured its 

expression at the mRNA and protein levels in mice fed a LFD, a LFD+L-NIL, a HFD or a 

HFD+L-NIL (Figure 1). 

As observed in Figure 1A, even though a slight decrease was observed in mice treated with L- 

NIL, there was no significant change in iNOS mRNA level in any group of mice. 

 

The localization of iNOS was then determined by immunochemistry. Representative photographs 

of iNOS in the renal tissue in LFD, LFD+L-NIL, HFD and HFD+L-NIL are illustrated 

Figure 1 (B-E). In control (LFD) mice, iNOS was mainly located in proximal tubules in the 

cortex and the outer stripe of outer medulla (Figure 1B, arrow). Its localization was observed in 

the apical pole of the proximal tubules, close to brush border. In HFD mice, the immunostaining 

of iNOS did not seem to enhance compared to LFD mice (Figure 1D). However, after L-NIL 

treatment, a very interesting pattern was observed. Indeed, L-NIL- treated mice displayed a 

clearly reduced immunolocalization of iNOS in the proximal tubules (Figure 1C and E). This 

was confirmed by a quantitative analysis of iNOS-positive staining in renal tissue as observed in 

Figure 1F. 
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Impact of Chronic L-NIL treatment on renal function 

 

To determine the effect of L-NIL treatment on renal function and structure, glomerular filtration 

rate (GFR), urine albumin (UACR) and urine total protein level, as well as N-acetyl-ß-D-

glucosaminidase (NAG) were measured in all experimental  groups  (Figure  2).  As illustrated 

in Figure 2A, GFR was significantly increased in mice fed a HFD (1092 ± 488 ml/24H) 

compared to the mice fed a LFD (298 ± 132 ml/24H), suggesting a glomerular hyperfiltration in 

obese mice as already observed in (Decleves et al., 2013). However, L-NIL treatment had no 

impact on this parameter (1057 ± 604 ml/24H) (Figure 2A). Similarly, significant increase 

of albuminuria and proteinuria were also observed in mice fed a HFD (B-C). L-NIL treatment 

presented a beneficial effect by decreasing proteinuria in mice fed a HFD. In contrast, even 

though a trend was observed in reducing albuminuria, statistical significance was not reached. 

Finally, the excretion of urine N-acetyl-ß-D-glucosaminidase (NAG) was measured as a marker 

of tubular damage (Figure 2D). A significant rise in NAG excretion was found in mice fed a HFD 

that was prevented in mice treated with L-NIL (Figure 2D). 

 

 

Impact of Chronic L-NIL treatment on glomerular expansion 

 

Figure 3 illustrates the effect of L-NIL treatment on glomerular expansion. The morphological 

analysis revealed that mice fed a HFD developed a significant increase of glomerular area along 

with a dense Periodic-Acid-Schiff (PAS)-positive matrix in the mesangium (Figure 3C, D, E, F). 

However, L-NIL treatment did not attenuate these increases as attested by the quantitative 

analysis of PAS-positive matrix and glomeruli area (Figure 3 E-F). 
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Impact of chronic L-NIL treatment on tubular histology and lipid storage 

 

The Figure 4 illustrates the tubular morphological changes in mice fed a LFD, a LFD+L-NIL, a 

HFD and a HFD+L-NIL. HFD mice displayed vacuolated tubular cells (Figure 4C, D, E) as 

observed previously by Declèves et al. (Decleves et al., 2014). These tubular alterations in 

proximal tubules were found to be located in cortex. Moreover, signs of loss of brush border 

were also detected as illustrated in Figure 4 E at higher magnification (arrow). Even though, 

there was a trend towards a decreased number of vacuolated tubules, L-NIL treatment did not 

statistically prevent this morphological change (Figure 4 F). 

Finally, the content of triglycerides (TG) in renal tissue was specifically measured to determine the 

effect of chronic L-NIL treatment on lipid storage. As illustrated in Figure 4G, a significant rise in 

the triglycerides level was found in HFD mice and this rise was significantly attenuated by L-NIL 

treatment. 

 

 

Impact of chronic L-NIL treatment on oxidative stress markers 

 

In order to better characterize the effect of chronic L-NIL treatment on oxidative stress, urine 

H2O2 level and renal 4-hydroxynonenal (4-HNE)-positive staining were performed (Figure 5). As 

illustrated in Figure 5A, urinary H2O2 level was significantly increased after HFD and this 

increase was attenuated with L-NIL. Similarly, mice fed a HFD displayed a significant increase in 

4-HNE-positive staining in kidney in comparison to LFD mice (Figure 5B-F). 
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Impact of chronic L-NIL treatment on inflammatory markers 

To determine the effect of L-NIL on renal inflammation, monocyte chemoattractant protein-1 

(MCP-1), Interleukin-1β (IL-1β), VCAM and ICAM-1 mRNA levels were evaluated as well as 

macrophage infiltration in renal cortex. As observed in Table 2, although the mRNA levels of the 

early pro-inflammatory cytokines, MCP-1 and IL-1β, as well as of adhesion molecules, VCAM 

and ICAM-1, tended to be slightly higher in HFD mice, these changes did not reach statistical 

significance. However, mRNA expressions for IL-1β, VCAM and ICAM-1 were significantly 

reduced with L-NIL treatment. Regarding the infiltration of macrophage into the renal tissue, we 

observed a significant increase in the HFD group (Figure 6C). However, this increase was not 

prevented by L-NIL (Figure 6D-E). 

Chronic L-NIL treatment on white adipose tissue 

In order to further investigate the systemic effect of L-NIL in our model, morphological 

changes in peri-renal WAT were evaluated using a hematoxylin-eosin staining on paraffin 

sections in all experimental groups (Figure 7). The morphological observation revealed that 

mice fed a HFD presented a significant increase of adipocyte size compared to the LFD mice, as 

attested by the quantitative analysis of the mean adipocyte size (3107 ± 487 μm2 for HFD group 

compared to 2057 ± 284 μm2 for LFD group) (Figure 7E). Interestingly, L-NIL treatment 

prevented this change in HFD mice (p<0.05) (Figure 7D). Additionally, morphological 

observation showed a marked increase in extracellular matrix deposit in HFD group along with 

a higher number of interstitial cells (Figure 7C). To determine whether inflammatory process 

was activated in WAT in mice fed a HFD and whether L-NIL could prevent it, WAT MCP-1 

level was measured (Figure 7F). As illustrated, there was a significant increase in MCP-1 protein 

level in HFD mice that was prevented by the L-NIL treatment. 
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DISCUSSION 

 

NO is a well-known vasoactive factor that was shown to play a critical role in kidney injury 

and was identified as a key factor in the progression of diabetic and obesity-induced renal 

disease (Fujimoto et al., 2005; Ha & Chae, 2010; Cheng & Harris, 2014). NO synthesis occurs 

through activation of NO synthases (NOS): the nNOS, the eNOS, and the iNOS. The third 

isoform, iNOS, is widely recognized for its role in inflammatory and oxidative stress 

environments (Mount & Power, 2006). To better determine the role of iNOS in HFD-induced 

kidney injury, the effect of a chronic L-NIL treatment, a specific inhibitor of iNOS, was 

evaluated. In the present study, we demonstrate that chronic effects of L-NIL treatment presented 

only a moderate effect on renal lipid accumulation and loss of renal function. In contrast, 

beneficial effects of L-NIL treatment were clearly demonstrated on metabolic parameters. 

Indeed, here, we showed that high-fat feeding induced a significant increase in body weight, 

fasting blood glucose, urinary glucose level, plasma insulin level, and plasma lipid levels 

(increased NEFA and triglyceride levels). All these metabolic responses to HFD were 

prevented by L-NIL treatment. Similar data have been reported in rodent models of obesity 

or diabetes using L-NIL or L-NAME (N(G)-nitro-L-arginine methyl ester), a non- selective 

NOS inhibitor (Fujimoto et al., 2005; Tsuchiya et al., 2007). Moreover, fasting blood glucose and 

plasma insulin allowed us to generate the HOMA-IR, which was also reduced in mice fed a 

HFD+L-NIL. Taken together, these results suggest an improvement of insulin sensitivity in 

HFD+L-NIL mice. This is also in agreement with the iNOS null mice model that have been 

demonstrated to be protected from a HFD-induced insulin resistance (Perreault & Marette, 

2001). In addition, our data did not show any difference in food intake between the groups of 

mice. In contrast, mice fed a HFD absorbed a higher calorie count compared to mice fed a LFD 

while the caloric intake measured in mice fed a HFD with or without L-NIL was similar. This 

result proved the net beneficial effect of L-NIL regarding the metabolic derangement. 
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Regarding renal iNOS expression, our results indicated that iNOS was present at a basal level in 

mice fed a LFD. However, there was no significant increase in mice fed a HFD as attested by 

mRNA and protein expression analyses. Nevertheless, iNOS expression was significantly 

reduced by L-NIL treatment. To date, even though many studies reported an induction of iNOS 

expression in rodent model of diabetes and obesity (Perreault & Marette, 2001; Fujimoto et al., 

2005; Tsuchiya et al., 2007; Kuloglu & Aydin, 2014), iNOS expression is still controverted. In 

ob/ob mice, Fujimoto and Co. (2005) demonstrated a significant increase in iNOS expression in 

the liver while Perreault and Co. did not in a HFD-induced obesity in mice (Perreault & 

Marette, 2001; Fujimoto et al., 2005). The investigators suggested that only mild increase in 

fasting hyperglycemia in mice fed a HFD compared to the dramatic increase in ob/ob could 

explain this discrepancy. Here, only a mild even though significant increase in fasting blood 

glucose was shown. Therefore, this could explain why an increase in iNOS expression was not 

observed in our study. Nevertheless, to further investigate, the potential effect of a chronic 

iNOS inhibition in kidney, several features of obesity-induced kidney disease were determined 

such as albuminuria, glomerular filtration rate, glomerular and tubular morphology as well as 

renal inflammation. First, regarding renal function, while increased albuminuria and glomerular 

hyperfiltration were observed in HFD mice. These were no beneficial effect of chronic L-NIL 

treatment on these changes.  Interestingly, the increased proteinuria in mice fed a HFD was 

reduced with L-NIL treatment. Little is known regarding the implication of iNOS in obesity-

induced loss of renal function. Nordquist and Co. (2013) reported that L-NIL treatment 

normalized GFR but did not ameliorate the increase in urinary protein excretion (Nordquist et 

al., 2013). Even though no information is available regarding albuminuria in that study, this is 

somehow in contrast with our present data showing a reduction of proteinuria with L-NIL. This 

discrepancy can be explained by the experimental model used. In their study, a streptozotocin-

diabetic rat model was used whereas in ours, we employed a high-fat diet model in mice. 

Increased proteinuria (total protein level) is considered as a marker of renal damage that may 

reflect either glomerular or tubular dysfunction. However, albuminuria is a well-known sign of 
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glomerular damage. Therefore, in our experimental conditions, the decrease of proteinuria after 

L-NIL treatment might reflect its implication in tubular function more than in glomerular 

function. To better characterize the effect of L-NIL treatment on tubular damages, the NAG 

enzymuria, a lysosomal enzyme was measured. It has been demonstrated to reflect structural 

impairment of tubular cells (Lebeau et al., 2005; Voisin et al., 2014; Decleves et al., 2015). 

Here, mice fed a HFD presented a significant increase in NAG enzymuria.   This   alteration   was   

significantly   ameliorated   by   L-NIL   treatment.   The morphological analysis of the tubular 

compartment showed the presence of vacuoles reflecting intracellular lipid accumulation in 

proximal tubular cells (Declèves et al. 2014; D’Agati et al. 2016). In this study, a slight decrease 

in the number of vacuolated tubular cells was observed after L-NIL treatment, this was associated 

with significant improvement of triglyceride content in HFD mice treated with L-NIL. As already 

described by other researchers, NO produced by iNOS in tubular cells can induce a rise of 

oxidative damage, that may lead to tubular impairment. Inhibition of iNOS provided an 

improvement of tubular function by suppressing proteinuria and oxidative stress production 

(Kadkhodaee et al., 2009; Schneider et al., 2011). Finally, the effects of L-NIL treatment on 

oxidative stress and inflammation were evaluated. Indeed, iNOS expression is usually related 

to inflammation and oxidative stress. Currently, there is a lack of available and reliable 

techniques to measure oxidative stress in vivo. Therefore, in our study, we evaluated the 

hydrogen peroxide (H2O2) level, also known as marker of oxidative stress. Hydrogen peroxide 

is a good marker to attest an increase in superoxide anion that is trickier to measure due to its 

short half-life. Here, we showed that the urinary level of H2O2 was decreased after L-NIL 

treatment in mice fed a HFD. This was along with a reduction in 4-hydroxynonenal (4-HNE) 

expression, a product of lipid peroxidation. Regarding inflammation, the expression of pro-

inflammatory markers measured did not show an impressive increase in mice fed a HFD. Our 

result might be explained by the fact that obesity is characterized by a low-grade inflammatory 

state (Sikorska et  al., 2017).  However, the expression of these markers was reduced after L-
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NIL treatment in obese mice. Moreover, even though macrophage infiltration was observed in 

HFD mice, there was no reduction with L- NIL. 

To further attest whether the beneficial impact of L-NIL is due to a systemic or intrarenal effect, 

adipocyte size and adipose tissue inflammation were investigated. We observed that adipocyte 

size from WAT was increased in mice fed a HFD compared to mice fed a LFD. Interestingly, L-

NIL administration prevented this hypertrophy. This was along with a reduction of MCP-1 

level in WAT from HFD mice treated with L-NIL compared with HFD mice. Adipose tissue is 

considered as the first tissue to be impacted by high caloric intake, leading to a hypertrophy of 

adipocytes. However, adipose tissue is not a passive energy storage but an active tissue able to 

produce a number of hormonally and metabolic factor. In a healthy state, there is a balance 

between these factors in order to maintain body energy homeostasis. In contrast, during obesity, an 

excessive caloric intake contribute to adiposity and initiates a cascade of cellular events that leads 

to progressive obesity-associated diseases (Hotamisligil, 2003; Rosen & Spiegelman, 2006; 

Bluher, 2009). In the obese rodent and human, adipose tissue has been demonstrated to be 

inflamed and to likely contribute to the development of insulin resistance (Hotamisligil, 2003; 

Makki et al., 2013). Insulin resistance is also a key metabolic risk promoting chronic kidney 

disease (Liao et al., 2012). Therefore, taken together, chronic L-NIL treatment by 

ameliorating fasting blood glucose and plasma lipid concentrations as well as insulin resistance 

concomitantly with decreasing adipose tissue expansion and inflammation prevented the cascade 

of cellular events that leads to lipotoxicity environment and organ dysfunction. Hence, this 

beneficial effect may ameliorate the kidney as attested by the reduced proteinuria, better tubular 

function and decrease in urinary H2O2 level. Nevertheless, the effect of L-NIL treatment directly 

into the kidney is also attested by the decrease of iNOS expression in renal tubular cells in 

mice fed a HFD+L-NIL. The reduction in iNOS expression might have participate to preserve 

tubular function and avoid increase lipid accumulation in tubular cells attested by our result. 
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In conclusion, this study provides a new set of information regarding the role of chronic iNOS 

inhibition on metabolic parameters, as well as on obesity-related kidney injury. The results 

demonstrate a beneficial effect of iNOS inhibition on metabolic parameters and WAT function. In 

contrast, only a moderate beneficial effect on kidney function in mice fed a HFD was shown in our 

experimental conditions. Even though further studies are needed to better understand the role of 

iNOS in obesity-induced kidney disease, this opens new paths for further investigations. 
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TABLES 

 

Table 1. Metabolic data of mice fed a low-fat diet (LFD), a LFD+L-NIL, a 

high-fat diet (HFD) or a HFD+L-NIL. 

16 weeks on Diet LFD LFD+L-

NIL 

HFD HFD+L-

NIL 

Relative Increase of B.W. – % 45.4 ± 

9.2 

50.3 ± 

14.7 

137.0 ± 

29.1*+
 

113.0 ± 

7.8*+#
 

Kidney Weight – mg/mm of tibia 

length 

14.0 ± 

2.6 

14.0 ± 1.2 18.3 ± 

1.6*+
 

17.7 ± 4.1*+
 

Urinary Glucose level – mg/mg CRE 0.238 ± 

0.112 

0.229 ± 

0.120 

0.798 ± 

0.127*+
 

0.435 ± 

0.152*+#
 

Fasting Blood Glucose level – mg/dl  130 ± 29  116 ± 21  218 ± 54*+
  181 ± 29*+#

 

Plasma Insulin – ng/ml 0.73 ± 

0.22 

0.73 ± 0.15 2.33 ± 

1.65*+
 

0.98 ± 0.18#
 

HOMA-IR 2.62 ± 

0.76 

2.47 ± 0.42 6.66 ± 

2.66*+
 

3.64 ± 0.67#
 

Plasma NEFA Level - nM 1463 ± 

541 

1410 ± 506 2379 ± 

801*+
 

1568 ± 549#
 

Plasma Triglyceride Level -nM  483 ± 

190 

 359 ± 

153 

 1029 ± 

546*+
 

 485 ± 191#
 

 

Food Intake – g/24H 5.547 ± 0.907 5.610 ± 0.036 5.291 ± 0.789 5.488 ± 0.013 

Water Intake – ml/24H 3.27 ± 0.56 3.40 ± 0.47 3.22 ± 0.61 3.01 ± 0.51 



 

 

 
This article is prote cted by copyright. All rights reserved.  

 

Caloric Intake – Kcal/day 21.33 ± 3.49 21.54 ± 0.69 27.87 ± 3.82*+
 28.56 ± 0.73*+

 

Values are means ± SD. N=8 in each group. Statistical analyses were performed by one-way ANOVA followed by 

Newman-Keuls *p ≤ 0.05 versus mice on LFD, +p ≤ 0.05 versus mice on LFD+L-NIL, and #p ≤ 0.05 versus mice 

on HFD. 

 

 

Table 2. Effect of L-NIL treatment on renal gene expressions in mice fed a low-fat diet (LFD), a 

high-fat diet (HFD) or a HFD+L-NIL. 

16 weeks on Diet LFD HFD HFD+L-NIL 

MCP-1 1.00 ± 0.47 1.40 ± 0.60 0.95 ± 0.53 

IL-1β 
1.00 ± 0.25 0.82 ± 0.08 0.50 ± 0.11*#

 

ICAM 
1.00 ± 0.09 1.14 ± 0.47 0.59 ± 0.13*#

 

VCAM 1.00 ± 0.22 1.31 ± 0.31 0.69 ± 0.20#
 

Real time quantitative PCR was performed with kidney cortex from all groups each normalized against 

18S. Values are means ± SD. N=8 in each group. Statistical analyses were performed by one-way 

ANOVA followed by Newman-Keuls *p ≤ 0.05 versus mice on LFD and #p ≤ 0.05 versus mice on 

HFD. 

 

 FI GURE’S LEGENDS  

Figure 1. Effect of chronic L-NIL treatment on iNOS expression. 

 

Real time quantitative PCR for iNOS mRNA level was performed on kidney tissue from mice 

fed a LFD, a LFD+L-NIL, a HFD or a HFD+L-NIL and normalized against 18S (A). 

Representative photomicrographs (x200) illustrating iNOS-positive staining (arrow) on paraffin 

kidney sections from mice fed a LFD  LFD (B), a LFD+L-NIL (C), a HFD (D) or HFD+L- NIL 

(E). Quantitative analysis of iNOS-positive staining in renal tissue in LFD, LFD+L-NIL, HFD 
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and HFD+L-NIL (F). Values are means ± SD. N=8 in each group. Statistical analyses were 

performed by one-way ANOVA followed by Newman-Keuls *p ≤ 0.05 versus mice on LFD, +p 

≤ 0.05 versus mice on LFD+L-NIL, and #p ≤ 0.05 versus mice on HFD. 
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Figure 2. Chronic L-NIL treatment on renal function. 

 

Glomerular filtration rate (A), urine albumin/creatinine ratio (UACR), reflecting the urine 

albumin level in urine samples (B), were significantly increased with HFD at 16 weeks. A rise in 

urine total protein level (C) and NAG enzymurie (D) level was only observed in mice fed a 

HFD. Values are means ± SD. N=8 in each group. Statistical analyses were performed by one-

way ANOVA followed by Newman-Keuls *p ≤ 0.05 versus mice on LFD, +p ≤ 0.05 versus mice 

on LFD+L-NIL and #p ≤ 0.05 versus mice on HFD. 
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Figure 3. Chronic L-NIL treatment on glomerular expansion. 

Representative photomicrographs (x200) of PAS staining in mice fed a LFD (A), a LFD+L- 

NIL (B), a HFD (C) or a HFD+L-NIL (D) at week 16. Mice fed a HFD displayed large 

glomeruli (*) (C). Quantitative analysis of glomeruli demonstrates increased mesangial matrix 

expansion (E) and overall surface area (F). Values are means ± SD. N=8 in each group. 

Statistical analyses were performed by one-way ANOVA followed by Newman-Keuls *p ≤ 

0.05 versus mice on LFD and +p ≤ 0.05 versus mice on LFD+L-NIL. 

 

 



 

 

 
This article is prote cted by copyright. All rights reserved.  

 

 

Figure 4. Chronic L-NIL treatment on tubular histology and lipid storage. 

Representative photomicrographs (A-D: x200; E: x600) illustrating vacuolated proximal 

convoluted tubular cells (arrow) in LFD (A), LFD+L-NIL (B), HFD (C, E) and HFD+L-NIL 

(D) mice. Quantitative analysis of number of vacuolated tubules per mm2 (F). Quantitative 

analysis of Triglycerides level in the kidney (G). Values are means ± SD. N=8 in each group. 

Statistical analyses were performed by one-way ANOVA followed by Newman-Keuls *p ≤ 

0.05 versus mice on LFD, +p ≤ 0.05 versus mice on LFD+L-NIL and #p ≤ 0.05 versus mice on 

HFD. 
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Figure 5. Chronic L-NIL treatment on oxidative stress markers. 

Quantitative analysis of urine hydrogen peroxide (H2O2) level in mice fed a LFD, a LFD+L- 

NIL, a HFD or HFD+L-NIL (A). Representative photomicrographs (x200) illustrating 4-HNE 

(arrow) in LFD (B), LFD+L-NIL (C), HFD (D) and HFD+L-NIL (E) mice. Quantitative 

analysis of 4-HNE-positive staining in kidney tissue (F). Values are means ± SD. N=8 in each 

group. Statistical analyses were performed by one-way ANOVA followed by Newman- Keuls 

*p ≤ 0.05 versus mice on LFD, +p ≤ 0.05 versus mice on LFD+L-NIL and #p ≤ 0.05 versus 

mice on HFD. 
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Figure 6. Chronic L-NIL treatment on inflammatory markers. 

Representative photomicrographs (x200) illustrating macrophage infiltration (arrow) in LFD 

(A), LFD+L-NIL (B), HFD (C) and HFD+L-NIL (D) mice. Quantitative analysis of number of 

F4/80-positive cells in renal tissue in LFD, LFD+L-NIL, HFD and HFD+L-NIL mice (E). 

Values are means ± SD. N=8 in each group. Statistical analyses were performed by one-way 

ANOVA followed by Newman-Keuls *p ≤ 0.05 versus mice on LFD and +p ≤ 0.05 versus 

mice on LFD+L-NIL. 
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Figure 7. Chronic L-NIL treatment on white adipose tissue. 

Representative photomicrographs (x200) illustrating WAT in LFD (A), LFD+L-NIL (B), HFD 

(C) and HFD+L-NIL (D) mice. Arrows show extracellular matrix expansion in HFD group. 

Quantitative analysis of adipocyte size in LFD, LFD+L-NIL, HFD and HFD+L-NIL mice (E). 

Quantitative analysis of MCP-1 level in WAT from mice fed a LFD, a HFD or HFD+L-NIL 

(F). Values are means ± SD. N=8 in each group. Statistical analyses were performed by one- way 

ANOVA followed by Newman-Keuls *p ≤ 0.05 versus mice on LFD, +p ≤ 0.05 versus mice 

on LFD+L-NIL and #p ≤ 0.05 versus mice on HFD. 

 


