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A B S T R A C T   

Diabetic nephropathy is a major health challenge with considerable economic burden and significant impact on 
patients’ quality of life. Despite recent advances in diabetic patient care, current clinical practice guidelines fall 
short of halting the progression of diabetic nephropathy to end-stage renal disease. Moreover, prior literature 
reported manifestations of renal dysfunction in early stages of metabolic impairment prior to the development of 
hyperglycemia indicating the involvement of alternative pathological mechanisms apart from those typically 
triggered by high blood glucose. Here, we extend our prior research work implicating localized inflammation in 
specific adipose depots in initiating cardiovascular dysfunction in early stages of metabolic impairment. Non- 
obese prediabetic rats showed elevated glomerular filtration rates and mild proteinuria in absence of hyper-
glycemia, hypertension, and signs of systemic inflammation. Isolated perfused kidneys from these rats showed 
impaired renovascular endothelial feedback in response to vasopressors and increased flow. While endothelium 
dependent dilation remained functional, renovascular relaxation in prediabetic rats was not mediated by nitric 
oxide and prostaglandins as in control tissues, but rather an upregulation of the function of epoxy eicosatrienoic 
acids was observed. This was coupled with signs of peri-renal adipose tissue (PRAT) inflammation and renal 
structural damage. A two-week treatment with non-hypoglycemic doses of metformin or pioglitazone, shown 
previously to ameliorate adipose inflammation, not only reversed PRAT inflammation in prediabetic rats, but 
also reversed the observed functional, renovascular, and structural renal abnormalities. The present results 
suggest that peri-renal adipose inflammation triggers renal dysfunction early in the course of metabolic disease.   

1. Introduction 

Diabetes mellitus is one of the leading non-communicable diseases 
associated with high mortality rates [1]. Diabetic complications could 
result in life-threatening disorders in multiple organ systems [2]. The 
development and prevalence of diabetes and its complications are 
influenced by several risk factors. Among these complications, chronic 

kidney disease (CKD) is a main health challenge worldwide [3,4]. Dia-
betic nephropathy initiates as hyperfiltration followed by a gradual 
decline in renal function culminating in end-stage kidney disease [5]. 

Clinical practice guidelines recommend tight glycemic control to 
reduce the progression of diabetic complications, with tighter targets 
advised for patients with nephropathy [6]. However, intensive hypo-
glycemic therapy was found to be ineffective in altering the progression 
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of CKD to end-stage kidney disease in diabetic patients [7]. Moreover, 
the metabolic syndrome, occurring in the course of type 2 diabetes, was 
shown to induce CKD, implicating factors other than hyperglycemia and 
hypertension in the diabetic renal involvement [8–10]. In parallel, 
clinical studies addressing vascular complications in diabetic patients 
revealed that lowering glucose levels was insufficient to reduce risks of 
those complications [11,12]. As well, the fact that CKD is often detected 
early in the course of type 2 diabetes and the evidence of vascular 
complications in prediabetic patients pose the question of the nature of 
factors instigating early renal and vascular dysfunction in the initial 
stages of metabolic impairment [12]. 

Previous reports highlighted a role for inflammation in diabetic 
vascular diseases apart from hyperglycemia [13,14]. Indeed, the tight 
link between obesity and CKD led to the assumption that adipose tissue 
expansion, which promotes inflammation and oxidative stress, may be 
involved in alteration of renovascular function [8,14]. Inflammation 
associated with visceral obesity contributes to endothelial dysfunction 
in many patients with prediabetes [15]. Yet, specific studies to address 
the exact pathway leading to renal injury or whether early elimination 
of risk factors could delay or even prevent adverse outcomes were not 
addressed. Similarly, the mechanistic framework through which early 
metabolic challenge induces kidney disease has not been thoroughly 
explored. 

Being asymptomatic in nature, the diagnosis of the earliest stages of 
CKD is challenging, particularly because it is difficult to unequivocally 
define the onset of metabolic changes [16]. Indeed, our previous work 
on a rat model of mild hypercaloric intake (HC) leading to a non-obese 
prediabetic phenotype of metabolic impairment showed that significant 
cardiovascular, cerebrovascular, vascular endothelial, cardiac auto-
nomic, and cognitive dysfunction occur in the absence of obesity, hy-
perglycemia, or hypertension [17–21]. The earliest signs of metabolic 
impairment seen consistently in this model were altered body compo-
sition, hyperinsulinemia, and localized perivascular adipose inflamma-
tion. This rat model degenerated into bona fide type 2 diabetes with 
hyperglycemia and elevated glycosylated hemoglobin levels upon pro-
longed HC feeding [17,20]. Significantly, interventions ameliorating 
perivascular adipose tissue inflammation, namely the antidiabetic drugs 
metformin and pioglitazone, corrected the observed vascular, hemody-
namic, autonomic, and cognitive alterations mostly with no effect on 
metabolic parameters. 

In the present study, we hypothesize that early metabolic dysfunc-
tion associated with adipose inflammation in this model is also associ-
ated with renal impairment that is driven by renovascular alterations. 
We show that perirenal adipose tissue (PRAT) inflammation might 
contribute to a state of hyperfiltration via loss of proper renovascular 
endothelial control. This was coupled with mild to moderate changes in 
renal oxidative stress, histopathology, and inflammation. Intervention 
with either metformin or pioglitazone appeared to correct these 
changes. 

2. Materials and methods 

2.1. Experimental animals 

All animal studies were conducted according to a protocol approved 
by the Institutional Animal Care and Use Committees of the American 
University of Beirut and in accordance with the Guide for Care and Use 
of Laboratory Animals. Male Sprague-Dawley rats (5–6 weeks of age; 
150 g) were used in this study. Rats were housed individually and had 
unrestricted access to food and water throughout the study. Male rats 
were randomly allocated to four groups (n = 6 each), and fed (1) normal 
chow (control, NC, Envigo, Teklad Rodent Diets, Madison, WI, 3 Kcal/ 
g), (2) HC diet for 12 weeks (HC, 4.035 Kcal/g), (3) HC diet for 12 weeks 
and treated with Metformin (Met, 30 mg/kg twice daily), and (4) HC 
diet for 12 weeks and treated with Pioglitazone (Pio, 2.5 mg/kg daily). 
An additional group of five rats fed HC diet for four weeks was added to 

examine whether the renal functional and structural alteration occurred 
as a direct consequence of dietary exposure prior to the development of 
the metabolic changes characteristic of adipose inflammation. The 
metabolic parameters in these rats were compared to age matched 
control rats. 

HC diet was prepared as previously described [17–21]. Rats were 
caged individually, daily food intake was recorded, and calorie intake 
was calculated. During the last 2 weeks of HC feeding, rats in designated 
treatment groups received oral treatment with either pioglitazone or 
metformin incorporated into the chow as described previously [17,20]. 
The doses selected were commonly used in the literature to produce in 
vivo cardiovascular and renal protective actions without a hypoglycemic 
effect [22–24]. In our previous work, these doses were shown to lack an 
effect on weight gain, fasting and random blood glucose levels, glyco-
sylated hemoglobin levels, serum advanced glycated end products, or 
serum lipid levels. As well, these doses consistently demonstrated an 
anti-inflammatory effect on adipose tissue and improved cardiovascular 
function in prediabetic rats without altering any of the aforementioned 
parameters [17,18,20,25]. 

2.2. Non-invasive blood pressure measurement and examination of body 
composition: 

Following the intended feeding duration, systolic blood pressure was 
measured non-invasively by tail cuff using CODA High Throughput 
Monitor (Kent Scientific, Torrington, CT) [26]. Any irregular or unac-
ceptable recording noted as a false recording by the system was 
excluded. On the other hand, LF10 Minispec Nuclear Magnetic Reso-
nance (NMR) machine (Bruker, MA, USA) was used to measure rat fat: 
lean ratio to detect different tissue densities. The values obtained from 
each rat were compared to a standardized, calibrated rat. 

2.3. Urine and serum collection and analysis 

Following the designated feeding and treatment duration, animals 
were housed in metabolic cages, in which urine was collected. Serum 
was also collected from fasted rats for creatinine, blood glucose and lipid 
profile measurements. Twenty four-hour urine was collected and 
centrifuged at 6,000 g for 15 min. The supernatant was stored at − 20 ◦C 
until its use for protein and creatinine measurement. Overnight fasted 
rats were anesthetized with thiopental sodium (50 mg/kg); blood sam-
ples were collected from the orbital plexus, spun at 4000 rpm for 10 min. 
The serum was aspirated and stored at − 20 ◦C until its use for 
biochemical analyses. Insulin levels in serum were assessed using a rat 
insulin ELISA kit (Thermo-Fisher Scientific, Waltham, MA). Measure-
ment of blood glucose was done using Accu-check Performa glucometer 
(Roche Diagnostics, Rotkreuz, Switzerland). Creatinine levels in blood 
and urine, and serum triglyceride were carried out using Fluitest assay 
kits (Biocon Diagnostik, Mönchberg, Germany) according to the manu-
facturer’s protocol. Glomerular filtration rate (GFR) was calculated from 
creatinine concentrations in blood and urine with respect to volume of 
urine in 24 h. Total protein concentration in urine was determined using 
the Bradford assay [27]. 

2.4. Tissue collection and renovascular experiments 

Following the overnight fasting, urine and serum collection, the left 
kidney of the anesthetized rats was isolated and perfused according to 
the method described previously [28]. Briefly, the left kidney was 
exposed by an abdominal incision. The renal artery was catheterized 
with an 18-gauge needle through a small incision made after aortic 
ligation. Immediately, the kidney was flushed with heparinized saline 
and was perfused with Krebs solution (NaCl 120, KCl 5, CaCl2 2.5, 
MgSO4⋅7H2O 1.2, KH2PO4 1.2, NaHCO3 25, and glucose 11 mM) on a 
constant flow rate of 5 ml/min maintained at 37 ◦C and aerated with 
95% O2 and 5% CO2. The constant flow was delivered using a peristaltic 
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pump (Model P3; Pharmacia Fine Chemicals, Sweden). 
The pump delivered a pulsatile flow, and the venous effluent was 

allowed to drain freely. The kidney perfusion pressure was continuously 
monitored by means of a Millar pressure transducer distal to the pump 
and recorded on a LabChart-8 pro software (AD Instruments Ltd., Dun-
edin, New Zealand). At the beginning of the experiment, a stabilization 
period of 30 min was allowed. The perfusion rate was changed to 7.5 ml/ 
min for few minutes to assess renal endothelial feedback. To study the 
endothelium-dependent vasodilation, the renal vascular tone was 
elevated by continuous infusion of the α1-adrenoreceptor agonist 
phenylephrine (PE, 10 μM). Endothelium-dependent relaxation was 
examined in response to increasing concentrations of carbachol (CCh, 
1x10-12 M − 1 × 10− 5 M) injected into the perfusion solution. CCh effect 
was represented as the percentage inhibition the PE-mounted pressure. 
The contribution of the typical components of endothelium-mediated 
relaxation was assessed by the addition of the corresponding in-
hibitors in the perfusion solution; Nω-nitro-L-arginine (L-NAME, 100 
μM) and diclofenac (7 μM). As well, the role of arachidonic acid de-
rivatives, 20-Hydroxyeicosatetraenoic acid (20-HETE) and epox-
yeicosatetraenoic acids (EETs) in the CCh-evoked relaxation was 
examined using HET0016 (1.5 μM, Cayman Chemicals, Ann Arbor, MI) 
and MSPPOH (12 μM, Cayman Chemicals, Ann Arbor, MI), being se-
lective inhibitors of the renal microsomal enzymes producing 20-HETE 
[29] and EETs [30], respectively. The concentrations used were selected 
based on our prior experiments on isolated perfused kidney [28]. 

The right kidney was then removed. Renal cortices were dissected 
and PRAT was carefully collected from adipose tissues surrounding the 
kidney as described previously [31]. The tissues collected were alter-
nated between snap freezing in liquid nitrogen and storage at − 80 ◦C for 
molecular experiments or fixation in 4% formaldehyde, and then 
embedding in paraffin blocks for histology and immunostaining studies. 

2.5. Immunofluorescence, immunohistochemistry and histopathology 

Kidney sections (4 μm) of paraffin-embedded tissues were stained 
with periodic acid Schiff stain (PAS) or Masson’s trichrome stain while 
those of the PRAT were stained with Hematoxylin & Eosin (H&E). PAS 
staining was used for the examination of glomerular and mesangial 
matrix area changes. Mesangial matrix index was calculated as the ratio 
of mesangial area to glomerular area × 100 (% area). Masson’s tri-
chrome staining was done for assessment of glomerulosclerosis. In each 
representative slide, trichrome staining was semi-automatically quan-
tified in 20 fields and expressed as a percentage of staining of total 
surface area, and the results from all fields were averaged. H&E was 
used to assess adipocyte size measured by ImageJ. At least 10 adipocytes 
were measured from five random areas in the slide in question. Quan-
tification was performed by a blinded assessor via isolation and quan-
tification of the staining intensity using ImageJ software and 
normalization to the tissue area in each slide. 

Immunohistochemical detection of α–smooth muscle actin (α-SMA) 
was performed using 1:500 concentrations of rabbit anti-α-SMA (Abcam, 
Cambridge, UK), and visualized using Novolink Polymer Detection Kit 
(Leica Biosystems, Buffalo Grove, Illinois) according to the manufac-
turer’s protocol. Control experiments were performed by omitting pri-
mary antibodies and using rabbit IgG controls. Staining score was 
assessed by recording the number of tubules stained out of 100 counted 
tubules. 

Indirect immunofluorescence analysis was used to identify a tubular 
epithelial marker, Cytokeratin. Paraffin-embedded tissues were depar-
affinized and treated with a citrate antigen retrieval buffer (pH 6) for 40 
min in a steamer. Sections were allowed to cool to room temperature 
and were then washed and incubated with protein blocking buffer (10% 
normal goat serum (NGS), 0.1% Triton X-100, 3% bovine serum albumin 
(BSA) in PBS) for 1 h to block non-specific sites. Sections were then 
washed twice with PBST (0.05% Tween-20 in PBS) and incubated with 
1:100 rabbit anti-cytokeratin (Abcam, Cambridge, UK) in 2% NGS, 0.1% 

Triton X-100, 3% BSA in PBS overnight at 4 ◦C in a humidified chamber. 
Slides were then washed twice with PBST and were incubated with 
1:1000 secondary goat anti-rabbit Texas red antibody (Abcam, Cam-
bridge, UK) in 2% NGS and 0.1% Triton X-100 in PBS at room temper-
ature for two hours in the dark. Finally, slides were rinsed three times in 
PBST and were mounted. Ten random representative fields per tissue 
section were taken and the percentage area of 100 tubules per section 
along with the average pixel intensity per slide were compared among 
groups. Zen light software (2.3 blue version) was used for quantification 
of florescence intensity, and values were expressed as fluorescence in-
tensity (arbitrary units) per tubule. 

Reactive oxygen species load was detected using dihydroethidium 
staining (DHE) method as previously described [32]. Staining was per-
formed on cryosections of PRAT and kidney cortices. Fluorescent images 
of ethidium-stained kidney tissue were obtained with a laser-scanning 
confocal microscope (Carl Zeiss, Germany) and were detected through 
the Alexa Fluor 568 filter for the DHE red fluorescent labeling indicating 
superoxide production. Six random areas per tissue section were taken, 
and the average pixel intensity for each animal was compared among 
groups. Zen light software (2.3 blue version) was used for quantification 
of fluorescence intensity, and values were expressed as fluorescence 
intensity (arbitrary units). 

2.6. Western blot analysis 

Western blotting was performed as described previously [17,32]. 
Kidney cortices and PRAT samples were homogenized on ice, and the 
protein extracts were separated by SDS-polyacrylamide gel electropho-
resis. Proteins were then blotted to nitrocellulose membranes and were 
incubated in primary antibodies (1:1000 for rabbit polyclonal anti- 
phospho-eNOS Ser1177 and rabbit polyclonal anti-eNOS, 1:500 for 
rabbit polyclonal anti-IL-1β, 1:100 for rabbit anti-TGF-β1, 1:200 for 
rabbit monoclonal anti-VEGF, 1:500 for rabbit polyclonal anti-CYP2C11 
and 1:1000 for rabbit monoclonal anti-GAPDH, rabbit polyclonal anti- 
hypoxia inducible factor 1α (HIF1-α), Abcam, Cambridge, UK, and 
rabbit polyclonal anti-uncoupling protein 1 (UCP1), Cellsignaling, 
Danvers, MA) overnight at 4̊C. Membranes were then washed with 
0.02% TBST (Tris-buffered saline with 0.1% Tween 20) and incubated 
for 1 h at room temperature in 1:40,000 biotinylated conjugated goat 
anti-rabbit Ig. Membranes were then washed and incubated for 30 min 
at room temperature with 1:200,000 HRP-conjugated streptavidin 
(Abcam, Cambridge, UK). After two washes with 0.02% TBST (5 min) 
and two washes with TBS (5 min), the blots were exposed to Clarity 
Western ECL substrate (BioRad, Hercules, California) for 5 min and then 
detected by Chemidoc imaging system (BioRad, Hercules, CA). Densi-
tometric analysis of the protein bands was performed using ImageJ 
software. Measurements were normalized to the density of total protein 
for p-eNOS after stripping and re-probing or GAPDH for IL-1β, TGF-β1, 
UCP1, HIF1-α, VEGF, and CYP2C as described previously. 

2.7. Chemicals 

All chemicals were obtained from Sigma (St. Louis, MO) unless 
otherwise indicated. Pharmaceutical grade metformin and pioglitazone 
were a kind gift from regional manufacturers (Pharo Pharma and Hikma 
Pharmaceuticals). 

2.8. Statistical analysis 

Values were expressed as mean ± standard error of the mean (SEM). 
Statistical analysis was done using GraphPad Prism software version 7. 
Statistical analysis across groups was done using Student’s t-test, one- 
way ANOVA followed by Tukey’s post hoc test, and two-way ANOVA 
followed by Sidak’s post hoc test as indicated in the figure legends. P 
value < 0.05 was considered statistically significant. In CCh concen-
tration–response curves, statistics were run comparing the control 

S.H. Hammoud et al.                                                                                                                                                                                                                           



Biochemical Pharmacology 186 (2021) 114491

4

vasodilation and that after different treatment conditions, even though 
the data might be presented on more than one graph for clarity. 

3. Results 

3.1. Metabolic consequences of mild hypercaloric feeding 

A detailed metabolic and hemodynamic profiling was previously 
undertaken for this rat model [17–20]. In this study, key phenotypic 
parameters were confirmed in the rat cohorts used. As expected, there 
has been no change in body weight, fasting blood glucose, or systolic 
blood pressure (Fig. 1A–C). On the other hand, fat:lean ratio was 
increased after twelve weeks of HC feeding (Fig. 1D) indicative of adi-
pose expansion. As well, HC rats showed early signs of metabolic 
impairment including elevated serum insulin (Fig. 1E) and triglyceride 
levels (Fig. 1F) confirming the previously reported metabolic conse-
quences. Significantly, twelve weeks of HC diet feeding were associated 
with renal functional consequences. HC-fed rats had a higher urinary 
protein concentration (Fig. 1G) and an elevated glomerular filtration 
rate as measured by the creatinine clearance test (Fig. 1H). 

3.2. Alteration in renovascular function following HC feeding in rats: 

Fig. 2 depicts several aspects of renovascular endothelial function 
alteration observed in isolated perfused kidneys from HC-fed rats. Renal 
perfusion pressure was measured in response to a constant flow rate of 5 
ml/min. The average basal renal perfusion pressure amounted to ~ 75 
mmHg in organs isolated from control and HC rats. As expected, an 
abrupt increase in perfusion pressure occurred upon either increasing 
the flow rate to 7.5 ml/min or infusing PE at a concentration of 10 μM. 
Isolated perfused kidneys from HC-fed rats responded by a larger in-
crease in perfusion pressure in response to increased flow (Fig. 2A) or PE 
infusion (Fig. 2B) indicative of a reduced renal endothelial feedback. To 
further assess the endothelium-dependent vasodilatory function, the 
isolated perfused kidneys preconstricted with PE were challenged with a 

series of CCh concentrations. As shown in the representative tracings 
(Fig. 2C), HC-fed rat kidneys remained responsive to CCh. However, the 
observed CCh-evoked dilations in HC-fed rats were not mediated by 
neither nitric oxide (NO) nor prostaglandins, the typical renovascular 
endothelial mediators [33], apparent as a lack of an inhibitory effect of a 
combination of the endothelial nitric oxide synthase (eNOS) inhibitor, 
LNAME, and the cyclooxygenase inhibitor, diclofenac (Fig. 2E) as seen 
in isolated perfused kidneys from control rats (Fig. 2D). This was further 
corroborated by a reduced eNOS phosphorylation at the Akt phos-
phorylation site in renal cortices from HC rat (Fig. 2F) consistent with a 
state of vascular insulin resistance. In our previous work [28], drug 
induced renal dysfunction was associated with upregulation of EET- 
mediated vasodilation in renal cortices. Indeed, this was the case in 
HC-fed rats where the EET-mediated component of endothelium- 
mediated dilation was much enhanced in HC-fed rat kidneys as 
evident by a much larger change in the CCh response after perfusing the 
CYP2C inhibitor, MSPPOH (Fig. 2H), compared to control rat tissues 
(Fig. 2G). Moreover, treatment of control tissues with the 20-HETE 
synthesis inhibitor, HET0016, led to the expected vasodilation with a 
consistent reduction of the perfusion pressure by ~ 10 mmHg at all CCh 
doses. However, blockade of CYP4A in isolated perfused kidneys from 
prediabetic rats did not produce a change in perfusion pressure. 

3.3. Manifestations of PRAT inflammation in HC-fed rats and 
amelioration by Met or Pio treatment: 

Similar to our previous findings in perivascular adipose inflamma-
tion [17], HC feeding was associated with increased UCP-1 expression in 
PRAT (Fig. 3A). This was also associated with increased adipocyte size 
seen in H&E-stained PRAT sections (Fig. 3B), increased hypoxia mani-
festing as elevated HIF1-α expression, no change in CYP2C expression 
was detected, elevated oxidative stress shown as higher DHE staining, 
and PRAT inflammation detected by heightened levels of IL-1β 
compared to PRAT from control rats. Interestingly, two-week treatment 
with non-hypoglycemic doses of Met or Pio, shown previously to reduce 

Fig. 1. Metabolic and renal functional characteristic of HC-fed rats. Twelve weeks of HC diet feeding induce a non-obese prediabetic phenotype in rats without an 
increase in body weight (A), fasting blood glucose (BGL, B), and systolic blood pressure (C); but with increased fat:lean ratio (D), fasting serum insulin (E), and serum 
triglycerides (F). Renal impairment in these rats manifested as an increased urinary protein (G) and glomerular filtration rate (GFR, H). Results shown are mean ±
SEM of observations from six different rats per group. Statistical significance was tested by unpaired Student’s t-test. * denotes a P-value < 0.05. 
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perivascular adipose inflammation [17,19], reversed all of the previous 
manifestations of PRAT inflammation in HC-fed rats. Significantly, this 
occurred without an effect on body weight, fat:lean ratio, or serum tri-
glyceride (Fig. 3C). Only Pio treatment reduced PRAT adipocyte size 
(Fig. 3B) possibly consistent with its ability to reduce serum insulin to 
values not different from control, though the reduction did not appear to 
occur robustly across all rats in the treatment group (Fig. 3C). 

3.4. HC feeding induces renal cortical inflammatory and structural 
alterations reversed by Met or Pio treatment: 

In parallel to PRAT inflammatory changes, renal cortical tissues from 
HC-fed rats showed increased expression of inflammatory cytokines 
including IL-1β, TGF-β1 and VEGF (Fig. 4A and B). While there was no 
change in renal cortical CYP2C expression, this increase in the pro- 
inflammatory markers was associated with elevated DHE staining 
indicative of increased oxidative stress and glomerular sclerosis 
appearing in the Masson trichrome-stained cortical sections (Fig. 4C). 
Despite the upregulated expression of TGF-β1, there has been no change 
in the glomerular mesangial matrix in response to HC feeding. Yet, 
modest increases and decreases in α-SMA and cytokeratin staining were 
observed, respectively, (Fig. 4C) possibly consistent with tubular 

epithelial-to-mesenchymal trans-differentiation (EMT) [34]. Ameliora-
tion of PRAT inflammation with the two-week treatment with Met or Pio 
was associated not only with reduced signs of cortical inflammation, 
oxidative stress, and structural damage (Fig. 4A–D), but also with the 
restoration of eNOS phosphorylation levels (Fig. 4A). 

3.5. Amelioration of PRAT inflammation restores normal renal functional 
parameters: 

Alongside the positive impact on renal inflammatory and structural 
alterations, two-week treatment of HC-fed rats with either Met of Pio 
improved the renal functional deterioration observed in HC-fed rats. 
Urinary protein levels were reduced (Fig. 5A), together with the 
elevated glomerular filtration rates (Fig. 5B). Importantly, endothelial 
feedback in response to both an increased flow rate (Fig. 5C) and PE 
perfusion (Fig. 5D) was restored to levels that are not different from 
those seen in isolated perfused kidneys from control rats. 

3.6. Treatment with Met or Pio normalized the renal endothelium- 
mediated vasodilation: 

Consistent with the observed amelioration of PRAT inflammation 

Fig. 2. Renovascular endothelial dysfunction shown in isolated perfused kidneys from control and HC-fed rats. A & B, Reduced endothelial feedback manifested as a 
larger increase in kidney perfusion pressure in response to increased flow rate or infusion of 10 μM PE, respectively; C, Representative tracings of the CCh-evoked 
endothelium dependent vasodilation in control (top) and HC-fed rat (bottom) isolated perfused kidneys preconstructed with 10 μM PE in the absence and presence of 
different inhibitors of prostaglandins, NO, and EET synthesis; D, Summary of CCh-evoked vasodilation in isolated perfused kidneys from control rats in the absence 
and presence of LNAME/Diclofenac; E, Summary of CCh-evoked vasodilation in isolated perfused kidneys from HC-fed rats in the absence and presence of LNAME/ 
Diclofenac; F, Representative western blots showing eNOS phosphorylation in renal cortical tissue from control and HC-fed rats (left) and summary of quantified data 
(right). Values depicted are representative of experiments on tissues from three different rats in each group; G, Summary of CCh-evoked vasodilation in isolated 
perfused kidneys from control (left) and HC-fed (right) rats in presence of LNAME/Diclofenac with or without the CYP2C inhibitor, MSPPOH. Results shown are 
mean ± SEM of observations from six different rats per group. Statistical significance was tested by unpaired Student’s t-test for A, B & F and two-way ANOVA 
followed by Sidak’s multiple comparisons test for D, E & G. * denotes a P-value < 0.05. 
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and renal inflammatory, structural and functional alterations, a two- 
week treatment with Met or Pio normalized the balance of 
endothelium-dependent vasodilating mediators. Representative tracings 
in Fig. 6A show that the sensitivity of the CCh-evoked dilations to 
LNAME/Diclofenac was restored, with a significant reduction of the 
dilations after the mixture was perfused (Fig. 6B). Moreover, the EET- 
dependent vasodilation was reduced as shown by the effect of the 
CYP2C inhibitor, MSPPOH, on the CCH-induced dilations in isolated 
perfused kidneys from Met- or Pio-treated HC-fed rats (Fig. 6C). Fig. 6D 
highlights the increase in the EET-mediated dilatory component in iso-
lated perfused kidneys from HC-fed rats compared to that in organs from 
control or Met/Pio-treated animals. 

3.7. Metabolic and renal consequences following short duration HC 
feeding 

To preclude the possibility that the renal manifestations are a direct 
effect of HC feeding, an additional group of rats fed HC diet for a shorter 
period of 4 weeks was examined. As expected, the 4 weeks of HC feeding 
did not induce any change in body weight, fasting blood glucose, systolic 
blood pressure, serum insulin or fat:lean ratio (Fig. 7A). Moreover, no 
change was detected in the urinary protein concentration following 4 
weeks of HC feeding. To further asses possible alterations in renovas-
cular endothelial function, kidneys from 4 weeks HC-fed rats were iso-
lated and perfused. As depicted in tracings (Fig. 7B) renal perfusion 

pressure was measured in response to PE infusion and CCh-induced di-
lations were also assessed. No changes in renal endothelial feedback was 
observed in HC-fed rat kidneys. Moreover, following 4 weeks of HC 
feeding CCh-evoked dilations were still mediated by NO and prosta-
glandins same as the control group. This was also confirmed by the 
consistent eNOS phosphorylation in renal cortices from HC rats 
following 4 weeks of feeding (Fig. 7C). On the other hand, no changes 
were seen neither in the inflammatory cytokine IL-1β nor in VEGF 
expression in renal cortices isolated from 4 weeks HC fed rats (Fig. 7C). 

4. Discussion 

Recent estimates put diabetic nephropathy at the forefront of causes 
of CKD-related mortality and morbidity [35]. While tight glycemic 
control is typically recommended to control diabetic renal involvement, 
it is not only difficult to achieve, but rather ineffective in improving the 
prognosis of cardiovascular complications [11,36]. In the present study, 
we examined the role of PRAT inflammation as an alternative patho-
logical pathway, triggered in early metabolic dysfunction prior to the 
development of hyperglycemia, which might underlie renal impairment. 
We show that PRAT inflammation, occurring as an early consequence of 
metabolic imbalances induced by caloric excess, potentially evokes 
renal structural and functional deterioration associated with altered 
renovascular endothelial function. Alteration of endothelium-dependent 
vasodilator profile and impaired endothelial feedback might underlie 

Fig. 3. Manifestations of PRAT inflammation in HC-fed rat and the ameliorative effect of Met and Pio in the absence of an effect on metabolic parameters. A, 
Representative western blotting (left) and summary of the quantified data (right) showing the expression levels of UCP1, HIF1-α, IL-1β, and CYP2C in PRAT of 
control, HC-fed and Met- or Pio-treated HC-fed rats; B, Representative micrographs (left) and summary of the quantified data (right) showing the oxidative load in 
PRAT cryosections as red DHE staining on a black background and adipocyte size in H&E-stained PRAT sections of control. Scale bars are 50 μm for the DHE staining 
and 25 μm for the H&E staining, HC-fed and Met- or Pio-treated HC-fed rats; C, Two-weeks of Met or Pio treatment neither reduced body weight (top left), fat: lean 
ratio (top right), nor serum triglyceride (bottom right), with a potential reduction of serum insulin levels in the Pio-treated group to values not significantly different 
from the control (bottom left). Results shown are mean ± SEM. The blots shown are representatives of experiments on tissues from three different sets of rats, while 
summary data for micrographs are obtained from nine sections from three different rats per group. For C, observations were obtained from six different rats per 
group. Statistical significance was tested by one-way ANOVA followed by Tukey multiple comparisons test. * denotes a P-value < 0.05 vs. control rat values. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the observed hyperfiltration and proteinuria. Amelioration of PRAT 
inflammation at this early stage reversed the observed changes. 

For this purpose, we used a rat model of mild metabolic challenge 
developed in our laboratory, where a limited increase in daily caloric 
intake from saturated fats and refined sugars leads to a non-obese, 
hyperinsulinemic prediabetic state following twelve weeks of feeding 
[17–21]. Indeed, the salient features of this model were confirmed in the 
cohort of HC-fed rats used in the present study. Particularly, an 
increased fat:lean ratio was observed in these rats indicative of adipose 
tissue expansion and potential inflammation. While our previous work 
consistently showed that this state was associated with neither systemic 
nor disseminated white adipose depot inflammation [17,19,21], these 
rats had localized perivascular adipose tissue inflammation. This early 
involvement of perivascular adipose tissue was attributed to both an 
increased UCP1 expression together with adipocyte hypertrophy; 

concomitant processes occurring due to the peculiar nature of this adi-
pose depot [17]. Here, we show for the first time that a similar localized 
inflammatory state occurred in PRAT at this early stage of metabolic 
dysfunction. While studies of the PRAT protein expression profile are 
scarce, the available evidence shows several levels of UCP1 expression in 
PRAT adipocytes, which variably correlate with different disease states 
[37–39]. Similar to perivascular adipose, PRAT in HC-fed rats showed 
an increased UCP1 expression together with adipocyte hypertrophy. 
UCP1 increases mitochondrial energy dissipation as heat in a process 
known as non-shivering thermogenesis that is associated with increased 
oxygen consumption [40–42]. Such increased demand for oxygen will 
be augmented by adipocyte hypertrophy triggering PRAT hypoxia. This 
was indeed the case manifested not only by an increased expression of 
HIF1-α in HC-fed rat PRAT, but also by a concomitant increase in PRAT 
reactive oxygen species, an observation commonly encountered with 

Fig. 4. Signs of molecular and histopathological deterioration in renal cortices of HC-fed rats and their reversal by Met or Pio treatment. Representative western 
blotting (A) and summary of the quantified data (B) showing the expression levels of IL-1β, TGF-β1, VEGF, CYP2C as well as the phosphorylation levels of eNOS in 
renal cortices of control, HC-fed and Met- or Pio-treated HC-fed rats, together with representative micrographs (C) and summary of the quantified data (D) showing 
the glomerular oxidative load in cortical cryosections as red DHE staining on a black background, glomerular fibrotic tissue as blue staining on a red background in 
Mason’s trichrome-stained sections, α-SMA expression as brown staining, cytokeratin expression as red fluorescence on a black background, and mesangial matrix on 
PAS-stained section from control, HC-fed and Met- or Pio-treated HC-fed rats. Insets in (C) emphasizes areas of interest with representative differences. The scale bars 
in (C) are 25 μm for DHE staining, 20 μm for cytokeratin staining, and 50 μm for the rest of the micrographs. Results shown are mean ± SEM. The blots shown are 
representatives of experiments on tissues from three different sets of rats, while summary data for micrographs are obtained from nine sections from three different 
rats per group. Statistical significance was tested by one-way ANOVA followed by Tukey multiple comparisons test. * denotes a P-value < 0.05 vs. control rat values. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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adipose expansion in obesity [43]. Hypoxia is a major trigger of adipose 
tissue inflammation where it activates the NF-κB pathway [44] trig-
gering inflammatory cytokine production, including IL-1β [45,46] as 
observed in the current results in PRAT isolated from HC-fed rats. 
Interestingly, altered UCP1 expression and increased PRAT adipocyte 
size was observed in hypertensive patients [37]. Several mechanisms 
were proposed for the increased UCP1 expression in metabolic 
dysfunction including insulin resistance and increased sympathetic 
stimulation [47], both of which were observed in this prediabetic rat 
model [17,19,21]. 

From a renal functional perspective, HC-fed rats showed hyper-
filtration and proteinuria. Prior clinical observations suggested that 
hyperfiltration is a common upstream mechanism that occurs early and 
drives CKD in type 2 diabetes [5], where it is hypothesized to be a 
precursor of intraglomerular hypertension inducing proteinuria linked 
to the progression of CKD [5,48]. Indeed, previous research implicated 
perirenal fat expansion in microalbuminuria, hyperfiltration, and renal 
arterial endothelial dysfunction in high-fat fed rats and other animal 
models of obesity [49,50]. Although the mechanism through which 
PRAT alters renal function remains elusive, literature primarily sug-
gested a role for mechanical compression of the kidney by the expanding 
adipose tissue, with a possible contribution of local or systemic in-
flammatory changes [51]. In the present study, we focus on the early 
stages of metabolic dysfunction prior to overt obesity or type 2 diabetes. 
Our results indicate an association among PRAT inflammation, renal 
functional impairment, renovascular endothelial dysfunction, and renal 
histological alteration. In the absence of signs of gross cardiovascular 

pathology and systemic inflammation with a consistent lack of blood 
pressure elevation, cardiac ejection fraction abnormalities, and serum 
cytokine and adipokine profile alteration [17,19–21], a paracrine 
spillage of inflammatory mediators from PRAT to the renal cortex be-
comes the likely source of the observed renal functional and structural 
abnormalities. 

In this context, IL-1β was implicated in endothelial dysfunction and 
reduced NO-mediated endothelium-dependent relaxation in the context 
of metabolic disease [52]. Significantly, whereas the CCh-evoked 
endothelium-dependent dilation remained intact, the vascular endo-
thelial feedback was reduced in isolated perfused kidneys from HC-fed 
rats. Typically, the endothelium responds to increased blood flow and 
depolarizing vasoconstrictor agents by releasing endothelial vasodila-
tors including NO and prostaglandins [53,54]. As such, it would be ex-
pected that endothelial dysfunction would cause the perfused renal 
vasculature to mount a higher pressure in face of increased flow or a 
vasoconstrictor challenge. This was indeed the case in isolated perfused 
kidneys from HC-fed rats where the increase in perfusion pressure in 
face of higher flow rate or upon stimulation by 10 μM PE was higher 
than that observed in isolated perfused control kidneys. This observation 
indicates a possible lack of renovascular buffering of systemic hemo-
dynamic fluctuations. This was corroborated by a diminished contri-
bution of NO/prostaglandins to the observed CCh-evoked relaxation in 
HC-fed rat kidneys. The reduced eNOS activity could be explained 
either by the observed reduction in Akt-mediated eNOS phosphorylation 
as a result of insulin resistance [55] or an IL-1β-induced impairment of 
eNOS activity directly [56] or via increased oxidative stress [52]. The 

Fig. 5. Amelioration of renal functional manifestations and reduced endothelial feedback in HC-fed rats treated by Met or Pio. The effect of a two-week treatment of 
HC-fed rats by Met or Pio on urinary protein (A), glomerular filtration rate (B), and the reduced endothelial feedback manifested as an increase in kidney perfusion 
pressure in response to increased flow rate (C) or infusion of 10 μM PE (D). Results shown are mean ± SEM of observations from six different rats per group. Statistical 
significance was tested by one-way ANOVA followed by Tukey multiple comparisons test. * denotes a P-value < 0.05 vs. control rat values. 
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absence of endothelial feedback was similar to our findings in other 
vascular beds in the same rat model [18,20]. Significantly, decreased NO 
availability are known to trigger a detrimental impact of vascular 
endothelial growth factor (VEGF) on vascular function [57]. Indeed, the 
reduced glomerular eNOS phosphorylation and NO production observed 
in obese rats were associated with increased glomerular production of 
VEGF [58]. In turn, the latter is known to trigger renal endothelial 
proliferation and increased microvascular permeability potentially un-
derlying the observed proteinuria [59]. Significantly, this was the case 
in the present study where the reduced eNOS phosphorylation and 
decreased NO-mediated endothelial vasodilation were associated with 
increased VEGF expression and proteinuria. Moreover, the augmenta-
tion of the EET-mediated component of vasodilation might further 
contribute to the observed renal functional abnormalities. Importantly, 
CYP2C-mediated increased EETs production, and an exaggeration of 
their renovascular dilator effect was previously observed in drug- 
induced renal inflammatory conditions [28] and was associated with 
increased renal oxidative stress and inflammatory cytokine production 

[32]. Of particular interest, literature describes an intricate balance 
between endothelial NO and EETs whereby the vasodilatory role of EETs 
is elicited after NO availability is reduced [60]. In this regards, evidence 
shows that NO inhibits the catalytic activity of CYP2C without an effect 
on its protein expression levels [61]. This appears to be the case in our 
model since western blotting showed that CYP2C expression was not 
changed in renal cortex in prediabetic rats. Such an adaptive change 
might reflect the early nature of the kidney injury at this initial stage of 
metabolic impairment. Significantly, recent literature shows that this 
endothelial mechanism is lost as patients progress to type 2 diabetes 
owing to the increased activity of soluble epoxide hydrolase reducing 
the availability of EETs and attenuating the endothelial vasodilatory 
response [62]. Given the interaction between cortical NO production 
and CYP2C activity, it can only be inferred that changes in EET- 
dependent effects seen in our model are mainly related to CYP2C 
expression in the renal cortex rather than PRAT, which was dissected off 
the kidney tissue to allow adequate perfusion. Indeed, CYP2 and the 
resultant EETs have been shown to reduce adipose tissue inflammation 

Fig. 6. Normalization of renovascular endothelial function in HC-fed rats following treatment by Met or Pio. A, Representative tracings of the CCh-evoked endo-
thelium dependent vasodilation in Met- (top) and Pio-treated (bottom) HC-fed rat isolated perfused kidneys preconstructed with 10 μM PE in the absence and 
presence of different inhibitors of prostaglandins, NO, and EET synthesis; B, Summary of CCh-evoked vasodilation in isolated perfused kidneys from Met- (top) and 
Pio-treated (bottom) HC-fed rats in the absence and presence of LNAME/Diclofenac; C, Summary of CCh-evoked vasodilation in isolated perfused kidneys from Met- 
(left) and Pio-treated (right) HC-fed rats in the presence of LNAME/Diclofenac with or without the CYP2C inhibitor, MSPPOH; D, Summary of the EET-dependent 
component of vasodilation at different CCh concentrations in different rat groups. Results shown are mean ± SEM of observations from six different rats per group. 
Statistical significance was tested by two-way ANOVA followed by Sidak’s multiple comparisons test. * denotes a P-value < 0.05 vs. the corresponding control. 
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and insulin resistance [63], however, their role in PRAT in our model 
requires further clarification since there was no detectable change in 
CYP2C expression in PRAT. In further confirmation of the early nature of 
renal injury, 20-HETE, another arachidonic acid product shown to be 
involved in hyperglycemia-induced renal damage in later stages of 
metabolic dysfunction [64], had no role in our present observations in 
prediabetes. Interestingly, similar to VEGF, EETs have been shown to 
trans-activate growth factor receptors inducing endothelial cell prolif-
eration [65] as well as increase endothelial cell permeability in patho-
logical conditions associated with vascular injury [66]. While this could 

potentially imply a role for the observed EETs upregulation in the 
structural damage observed, it remains far from being ascertained. 

Structurally, HC-fed rat renal cortices showed several signs of his-
topathological and inflammatory changes. Interestingly, IL-1β was 
shown to induce considerable renal tubular cell damage involving 
increased production of the profibrogenic cytokine, TGF-β1 [67]. 
Indeed, increased expression of both IL-1β and TGF-β1 was observed in 
HC-fed rat renal cortices, together with an elevated glomerular oxidative 
load, glomerulosclerosis, and possible tubular EMT. However, no in-
crease in mesangial matrix expansion was detected suggesting an early 

Fig. 7. Metabolic and renovascular endothelial function following 4 weeks of HC feeding. A, Four weeks of HC diet did not induce any change in the metabolic 
phenotype in rats including body weight, fasting blood glucose (BGL), systolic blood pressure, fasting serum insulin, urinary protein and fat:lean ratio; B, Repre-
sentative tracings of the CCh-evoked endothelium dependent vasodilation in 4 weeks HC-fed rat isolated perfused kidneys preconstricted with 10 μM PE in the 
absence and presence of inhibitors of prostaglandins and NO (left), A summary of CCh-evoked vasodilation in isolated perfused kidneys from 4 weeks HC fed rats in 
the absence and presence of LNAME/Diclofenac appears in the middle, and endothelial feedback in response to infusion of 10 μM PE appears to the right. Results 
shown are mean ± SEM of observations from five different rats per group compared to their age matched controls; C, Representative western blots showing eNOS 
phosphorylation, IL-1β, and VEGF in renal cortical tissue from control and 4 weeks HC-fed rats (left) and summary of quantified data (right). The blots shown are 
representatives of experiments on tissues from three different sets of rats. Statistical significance was tested by unpaired Student’s t-test. * denotes a P-value < 0.05. 
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stage of renal damage in this rat model given that increased mesangial 
matrix deposition is a hall-mark of kidney injury in advanced stages of 
metabolic impairment associated with diabetes [68]. We and others 
previously reported that increased ROS production evokes downstream 
TGF-β1 expression in renal tissue favoring glomerular fibrosis [32,69]. 
TGF-β1 enhances extracellular matrix protein deposition in the 
glomerulus, which in turn causes glomerulosclerosis [48]. Moreover, 
increased IL-1β/TGF-β1 signaling was shown to underlie increased 
α-SMA expression and EMT in renal tubular cells leading to renal failure 
[67,70,71]. Consistent with the proposed early nature of the renal 
injury, our results showed only modest changes in cytokeratin expres-
sion. This is in line with prior studies showing that changes in α-SMA 
expression occur earlier than changes in cytokeratin expression in 
response to TGF-β1 [72,73]. Moreover, cytokeratin immunoreactivity 
persisted in vivo in situations where EMT was confirmed with multiple 
markers such as in severe renal inflammatory conditions, even in tubular 
epithelial cells expressing α-SMA [74]. Importantly though, the 
involvement of renal tubular EMT in the context of kidney damage 
observed in diabetic nephropathy, which we view as the culmination of 
the pathological process in the current model, is debatable [75,76]. 
Nevertheless, whether the observed renal structure damage is a direct 
consequence of a paracrine inflammatory mediator spill from PRAT or a 
result of exposure to unbuffered hemodynamic stresses evoked by 
renovascular endothelial dysfunction cannot be directly inferred from 
our present results. Certainly, both augmented hemodynamic stresses 
and increased circulating inflammatory mediators were suggested as 
causes of glomerulopathy, podocyte damage, and proteinuria in 

advanced obesity [77,78]. 
To further confirm the role of PRAT inflammation in the observed 

renal impairment at this early stage of metabolic dysfunction, HC-fed 
rats were treated by non-hypoglycemic doses of Met or Pio previously 
shown to mitigate adipose inflammation [79,80]. Such doses consis-
tently demonstrated a reduction in perivascular adipose inflammation in 
our rat model without an effect on blood glucose level, blood pressure, 
body weight, or blood lipid levels [17,19,20]. Similar effects were seen 
in PRAT in the present study. Whereas only Pio reduced serum insulin 
levels with a consequent reduction of adipocyte size [14], both drugs 
reduced HIF-1α and IL-1β expression in PRAT of HC-fed rats to control 
levels. Either drug treatment greatly reduced UCP1 expression offering 
an explanation for the observed ameliorative effect through reduced 
oxygen consumption and sensitivity to hypoxia. As well, PRAT oxidative 
stress was reduced. Reduction of UCP1 expression could possibly be 
mediated by the insulin sensitizing action of Met and Pio [81,82] and 
treatment-induced reduction of increased sympathetic activity in this rat 
model [19,21] and other forms of metabolic dysfunction [83,84]. 
Amelioration of PRAT inflammation in response to Met or Pio treatment 
were associated with normalization of the renovascular endothelial 
function, renal cortex molecular and structural deterioration, hyper-
filtration, and proteinuria. Our proposed model of the interaction be-
tween early metabolic challenge and PRAT inflammation with the 
consequent renal dysfunction together with the ameliorative effect of 
Met and Pio are summarized in Fig. 8. Indeed, the varying effects of Met 
and Pio observed in some of the cellular and metabolic aspects examined 
here could be related to peculiarities in the pleiotropic effects of either 

Fig. 8. The proposed model of renal impairment in early metabolic dysfunction transduced by PRAT inflammation. Even mild increases in calorie intake would drive 
metabolic changes leading to adipose tissue remodeling. PRAT responding both by adipocyte hypertrophy and upregulated UCP1 expression becomes sensitive to 
hypoxic changes leading to inflammation and increased production of inflammatory cytokines. Paracrine transfer of the produced cytokines trigger renal endothelial 
and structural deterioration observed as loss of endothelial feedback, increased glomerular sclerosis, increased tubular epithelial-to-mesenchymal trans-differenti-
ation, hyperfiltration, and proteinuria. Amelioration of PRAT inflammation by Met and Pio decreases the consequent renal manifestations and normalizes 
renal function. 
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drug. For instance, Met is known to switch the cellular metabolism into 
an anaerobic state [85], and thus would drastically lower the cellular 
demand for oxygen in adipocytes [86] directly alleviating hypoxia, 
whereas Pio being a PPARγ agonist might have promoted adipocyte 
progenitor cell recruitment and hyperplastic rather than hypertrophic 
PRAT expansion [87,88] associated with reduced adipocyte size, and 
thus decreased hypoxia. 

To further confirm our model and rule out a potential direct effect of 
exposure to saturated fat and refined sugars in the HC diet, we con-
ducted further experiments in rats exposed only to four weeks of HC diet 
feeding. While being a considerable duration of exposure, a four-week 
feeding protocol neither triggered hyperinsulinemia nor adipose 
expansion that underlie adipose tissue inflammation. Under such cir-
cumstances, a normal renovascular endothelial function was observed as 
well as normal renal cortical levels of eNOS phosphorylation and VEGF 
and IL-1β expression compared to age-matched controls. 

One limitation of the present study is that a direct effect of the in vivo 
treatment with either Met or Pio on renovascular endothelial function 
that is not mediated by an ameliorative effect on PRAT could not be 
ruled out. However, studies evaluating the effect of either drug on 
vascular endothelial function in the context of early metabolic impair-
ment report concomitant improvement of markers of adipose tissue 
dysfunction [89–91]. Moreover, our present and previous results [17] 
consistently show that adipose inflammation is the only detrimental 
consequence of mild metabolic challenge to be reversed by the doses of 
Met and Pio used suggesting that alternative bystander pathways are 
rather unlikely. 

In conclusion, our present results strongly implicate localized PRAT 
inflammation as a cause of renal impairment early in the course of 
metabolic deterioration. The paracrine effects of PRAT inflammatory 
mediators lead to renovascular endothelial dysfunction, hyperfiltration, 
renal cortical inflammation and proteinuria. Met and Pio ameliorate 
PRAT inflammation potentially leading to disease modifying effects 
correcting the initial pathological pathways resulting in diabetic ne-
phropathy. Even though selective tools targeting TGF- β1 and VEGF 
implicated as mediators of the detrimental effect seen in this model 
exits, the available evidence indicate that their complete blockade using 
monoclonal antibodies might be associated with harm in diabetic ne-
phropathy [92,93] emphasizing the potential value of targeting PRAT 
inflammation. Future research into tailored pharmacological tools for 
this purpose is warranted. 
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