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Abstract: Background: Dyslipidemia aggravates kidney injury distal to atherosclerotic renal artery stenosis (ARAS). 
Besides dyslipidemia, metabolic syndrome (MetS) also involves development of obesity and insulin-resistance 
(IR). We hypothesized that concurrent obesity and IR magnify swine stenotic-kidney damage beyond dyslipidemia. 
Methods: Pigs with unilateral RAS were studied after 16 weeks of atherogenic diets without (ARAS) or with (MetS 
+ RAS) development of obesity/IR (n=6 each). Additional pigs on normal diet served as normal or non-dyslipidemic 
RAS controls (n=6 each). Stenotic-kidney renal blood flow (RBF), glomerular filtration rate (GFR), and microvascular 
architecture were studied using CT, and oxygenation was studied using blood oxygen level-dependent magnetic-
resonance-imaging. We further compared kidney adiposity, oxidative stress, inflammation, apoptosis, fibrosis, and 
systemic levels of oxidative and inflammatory cytokines. Results: ARAS and MetS + RAS developed hypertension 
and dyslipidemia, and MetS + RAS also developed obesity and IR. RBF and GFR were similarly decreased in all 
post-stenotic pig kidneys compared to normal pig kidneys, yet MetS + RAS aggravated and expanded medullary 
hypoxia and microvascular loss. RAS and ARAS increased systemic levels of tumor necrosis factor (TNF)-α, which 
were further elevated in MetS + RAS. Renal oxidative stress and TNF-α expression increased in ARAS and further 
in MetS + RAS, which also upregulated expression of anti-angiogenic angiostatin, and magnified apoptosis, tubular 
injury, and fibrosis. Conclusion: Beyond dyslipidemia, obesity and insulin-resistance aggravate damage in the post-
stenotic kidney in MetS, despite relative hyperfiltration-related preservation of renal function. These observations 
underscore the need to control systemic metabolic disturbances in order to curb renal damage in subjects with 
ischemic kidney disease.  
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Introduction

Renal artery stenosis (RAS) is a major cause of 
secondary hypertension, and may result in 
renal and cardiac insufficiency [1]. Kidney im- 
pairment due to chronic hypoperfusion and 
ischemic nephropathy [2] imposes oxidative 
stress, inflammation, and fibrosis in the stenot-
ic kidney, as well as loss of kidney function. In 
older individuals, atherosclerotic RAS (ARAS) is 
the most common etiology [3], which, in some 
individuals, might be complicated by concur-
rent metabolic disorders, including obesity, 
insulin resistance (IR), and hyperlipidemia [4]. 

Metabolic syndrome (MetS) is a cluster of met-
abolic abnormalities that are closely associat-

ed with increased cardiovascular, stroke, and 
all-cause mortality [5]. MetS is defined by the 
presence of three of five traits: abdominal obe-
sity, high blood pressure, laboratory abnorma- 
lities of triglyceride, and high-density lipopro-
tein-cholesterol (HDL-C) levels, or IR [6]. MetS is 
present in approximately 20% of adults in the 
USA, and up to 50% of severely obese young-
sters [7]. MetS has also been recognized as a 
risk factor for kidney injury with increased inci-
dence of microalbuminuria or proteinuria [8], 
and ultimately increased risk for end-stage 
renal disease [9]. Of importance, each compo-
nent of MetS is independently associated with 
increased risk for chronic kidney disease (CKD), 
and their coexistence magnifies its incidence 
[10].

http://www.ajtr.org


Metabolic syndrome magnifies post-stenotic kidney injury

8966 Am J Transl Res 2021;13(8):8965-8976

We have shown that hyperlipidemia, a surro-
gate for early atherosclerosis, exacerbated ste-
notic kidney injury in ARAS [11]. Yet, in addition 
to hyperlipidemia [11, 12], development of IR 
and obesity during progression of MetS further 
aggravates cardiac injury [13], mitochondrial 
dysfunction, and fibrosis [14]. However, whe- 
ther MetS deteriorates stenotic kidney injury 
beyond hyperlipidemia alone remains unknown. 
We hypothesized that superimposition of MetS, 
characterized by development of obesity and 
IR, would magnify ischemic kidney injury in  
pigs compared to dyslipidemia alone. Thus, we 
studied both in-vivo and ex-vivo stenotic kid-
neys from dyslipidemic pigs, with and with- 
out IR and obesity that characterize MetS. 
Dyslipidemia and MetS were achieved by feed-
ing pigs with selective high-fat diets without or 
with additional high-carbohydrate components, 
respectively. 

Materials and methods

The Institutional Animal Care and Use Com- 
mittee of Mayo Clinic approved this study 
(A00003694-18). Three months-old domestic 
female pigs obtained from the same vendor 
(Manthei Hog Farm, Elk River, MN) were ran-
domized into four groups (n=6 each). For 16 
weeks, two groups (normal and RAS controls) 
were fed regular pig chow. To induce dyslipid-
emia, ARAS pigs consumed an atherogenic diet 
of 2% cholesterol and 15% lard (TD-93296, 
Harlan-Teklad), a surrogate of early atheroscle-
rosis [11]. To induce dyslipidemia as well as 
obesity and IR, MetS + RAS pigs were fed a 
MetS-inducing diet (5B4L; Purina Test Diet, 
Richmond, Indiana) that contains (in % kcal) 
17% protein, 20% complex carbohydrates, 20% 
fructose, and 43% fat supplemented with 2% 
cholesterol and 0.7% sodium cholate by weight 
[15].

In RAS, ARAS, and MetS + RAS pigs, a unilater-
al renal arterial obstruction was induced 6 
weeks after diet initiation, to reproduce the 
clinical situation in which diffuse metabolic 
aberrations precede vascular obstruction. For 
this purpose, animals were anesthetized with 
telazol (5 mg/kg IM) and xylazine (2 mg/kg IM), 
and sedation was maintained with isoflurane 
(1.5%). A local-irritant coil was then placed in 
the right renal artery, as described previously 
[16]. A sham procedure was performed in one 
group of normal diet-fed animals, which were 
subsequently used as controls.

Four weeks later, under anesthesia, the degree 
of stenosis was determined by angiography, 
and fasting blood samples were collected from 
the inferior vena cava and stenotic renal vein 
for plasma renin activity (PRA), serum creati-
nine (both kits were from DiaSorin, Stillwater, 
MN, USA), and cytokine levels. All pigs were 
studied using blood oxygen level-dependent 
(BOLD) MRI scanning, which evaluates deoxy-
hemoglobin concentration in the kidney, index- 
ed as R2* [17]. Multidetector computed-tomog-
raphy (MDCT) scanning was used to study sin-
gle-kidney structure, function, and perfusion. 
Renal blood flow (RBF) and glomerular filtration 
rate (GFR) were indexed for body weight. Two 
days after the completion of in vivo studies, 
pigs were euthanized (pentobarbital sodium, 
100 mg/kg IV, Sleepaway®, Fort Dodge Labo- 
ratories, Ft. Dodge, Iowa), kidneys were dissect-
ed, and sections were frozen in liquid nitrogen 
(and maintained at -80°C), preserved in forma-
lin, or prepared for micro-CT studies. 

Systemic measurements

During MDCT studies, an intra-arterial catheter 
was placed to record blood pressure. Syste- 
mic levels of oxidized low-density lipoprote- 
in (oxLDL), tumor necrosis factor-α (TNF-α),  
and monocyte-chemoattractant-protein (MCP)-
1 were measured by Luminex (Millipore, PC- 
YTMAG-23K) [18], and total cholesterol, triglyc-
erides (TG), low-density lipoprotein (LDL), and 
high-density lipoprotein (HDL) were measured 
by standard procedures. IR was characterized 
by the homeostasis model assessment insulin 
resistance index (fasting plasma glucose × 
fasting plasma insulin/22.5).

In vitro studies

Tubular injury was assessed in sections stained 
with Periodic acid-Schiff (PAS) as described 
[19]. Absence of brush border, dilation, atrophy, 
cast formation, cell detachment, or thickening 
of tubular basement membrane were scored 
from 1 to 5 based on the fraction of tubules 
injured (0: normal tubules, 1: <10%, 2: 10-25%, 
3: 26-50%, 4: 51-75%, 5: >75%). Glomerular 
score was assessed as percent of sclerotic 
glomeruli out of 100 counted glomeruli. Renal 
scarring was assessed by Masson’s trichrome 
staining, expressed as fraction of kidney sur-
face area, as well as by protein expression of 
plasminogen activator inhibitor (PAI)-1 and 
transforming growth-factor (TGF)-β (Western 
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blot). Apoptosis was evaluated by terminal 
deoxynucleotidyl transferase dUTP nick-end-
labeling (TUNEL) and activated caspase-3 
staining. Renal hypoxia was evaluated by Wes- 
tern blotting for hypoxia-inducible factor (HIF)-
1α, and angiogenic activity by vascular endo-
thelial growth factor (VEGF), its receptor VE- 
GFR2 (FLK-1), and the angiogenesis inhibitor 
angiostatin. Renal lipid deposition was mea-
sured by oil-red-O staining, and oxidative stress 
by dihydroethidium (DHE) staining (Life Techno- 
logies, D11347, 5 µg/ml) and superoxide dis-
mutase (SOD-1) expression (Western). Inflam- 
mation in the kidney tissue was evaluated by 
protein expression of MCP-1 and TNF-α 
(Western blot), and the metabolic sensor and 
anti-inflammatory protein sirtuin-1 (SIRT1). For 
Western blotting, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as loading 
control.

Micro-CT

We used a micro-CT scanner to assess micro-
vascular density. Briefly, an intravascular con-
trast agent (Microfil MV122, Flow-Tech) was 
perfused under physiological pressure through 
a cannula ligated in the renal artery. Samples 
were prepared and scanned at 0.5° angular 
increments and 18 μm resolution, and the spa-

tial density and size of microvessels in the inner 
and outer renal cortex were calculated using 
AnalyzeTM [20]. Microvessels were classified by 
diameters as small (20-200 μm), medium (201-
300 μm), or large (301-500 μm) [21]. The vas-
cular volume fraction of the tissue was mea-
sured as the ratio of the sum of all vessels 
cross-sectional areas to tissue surface area.

Statistical analysis

All statistical analysis was performed using 
JMP software package version 8.0 (SAS Ins- 
titute, Cary, NC). The Shapiro-Wilk Test was 
used to estimate distribution of the data. 
Results for normally distributed continuous 
data were expressed as mean ± SEM. Com- 
parisons among groups were performed using 
ANOVA and unpaired t-tests with Bonferroni 
correction. Nonparametric tests (Kruskal-Wal- 
lis) were used for data not following a Gaussian 
distribution. When P<0.05, the difference was 
considered statistically significant.

Results

Systemic characteristics

Systemic characteristics and renal function in 
the study groups are summarized in Table 1. 

Table 1. Systemic characteristics and renal function in the experimental groups (n=6/group)
 Normal RAS ARAS MetS + RAS
Body weight (kg) 56.2±6.46 44.8±4.92* 43±3.16* 86±10.05*,†,‡

Mean arterial pressure (mmHg) 92.80±6.56 113.44±20.12* 116.47±22.28* 128.2±7.2*

Degree of stenosis (%) 0.00 83.8±9.86* 89.80±10.3* 93.00±7.58*

GFR (ml/min/kg) 1.6±0.2 0.9±0.1* 1.1±0.1* 1.1±0.1*

Renal blood flow (ml/min/kg) 11.0±0.6 6.5±0.6* 7.9±1.2* 6.8±0.2*

Serum creatinine (mg/dl) 1.39±0.23 1.64±0.18 1.81±0.07* 2.11±0.18*,†,‡

Plasma renin activity (ng/ml/h) 0.21±0.05 0.64±0.46 0.38±0.23 0.90±0.52*

Total cholesterol (mg/dl) 82.00±8.46 80.76±7.55 494.8±54.22*,† 349.6±79.78*,†,‡

HDL cholesterol (mg/dl) 48.60±6.07 52.39±6.47 158.80±42.52*,† 127.60±41.48*,†

LDL cholesterol (mg/dl) 31.92±6.02 33.74±6.49 334.40±34.59*,† 355.16±132.85*,†

Triglycerides (mg/dl) 7.40±2.07 8.18±1.73 8.00±3.39 14.20±15.09
Insulin (mU/ml) 0.40±0.12 0.42±.0.08 0.15±0.08*,† 0.70±0.07*,†,‡

HOMA-IR score 0.62±0.04 0.62±0.08 0.88±0.42 1.94±0.11*,†,‡

Glucose (mg/dl) 121.60±34.05 110.40±30.67 137.8±31.2 123.00±23.03
Oxidized LDL (u/L) 10.0±3.1 12.5±1.7 22.4±3.2* 31.5±9.8*,†,‡

MCP-1 (pg/ml) 142.6±37.9 212.2±126.7 268.1±81.1* 844.2±250*,†,‡

Tumor necrosis factor-α (pg/ml) 21.9±3.0 32.7±1.9* 33.8±5.7* 172.9±33.6*,†,‡

RAS, renal artery stenosis; ARAS, atherosclerotic RAS; MetS, metabolic syndrome; GFR, glomerular filtration rate; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; MCP-1, 
monocyte-chemoattractant-protein 1. *P<0.05 vs. Lean; †P<0.05 vs. RAS; ‡P<0.05 vs. ARAS (ANOVA, unpaired t-tests).
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Body weight in ARAS and RAS groups was simi-
larly lower than that in Normal, but higher in 
MetS + RAS group. The 3 RAS pigs developed 
significant stenosis of a similar degree, and 
blood pressure increased to a comparable 
level, yet PRA was higher than Normal only in 
MetS + RAS pigs. Lipid panels were markedly 
increased in both ARAS and MetS + RAS groups 
compared to those in Normal and RAS groups. 
Fasting insulin and HOMA-IR score were ele- 
vated only in MetS + RAS group, suggesting a 
metabolic transition from hyperlipidemia to 
MetS, whereas glucose levels were not differ-
ent among the groups. Serum creatinine was 
higher in ARAS group compared with that in 
Normal group, and slightly further increased in 
MetS + RAS group. Stenotic-kidney GFR and 
RBF were similarly decreased in RAS, ARAS, 
and MetS + RAS groups compared with those 
in Normal pigs, indicating development of he- 
modynamically significant stenoses. Systemic 

oxLDL levels were elevated in ARAS group and 
exacerbated in MetS + RAS group. Systemic 
levels of the pro-inflammatory cytokine TNF-α 
were progressively increased in RAS and ARAS 
groups, and further increased in MetS + RAS 
group, whereas MCP-1 only increased in ARAS 
group and was further markedly elevated in 
MetS + RAS group. 

MetS + RAS aggravates intrarenal hypoxia

Cortex R2* values were higher only in MetS + 
RAS than in the Normal group (Figure 1A). 
Medullary R2* values were elevated in both 
ARAS and MetS + RAS groups compared to 
Normal group, but MetS + RAS group had sig-
nificantly higher medullary R2* than ARAS 
group. Similarly, HIF-1α expression was compa-
rable in the Normal and RAS groups, and pro-
gressively up-regulated in ARAS and further 
increased in MetS + RAS group (Figure 1B).

Figure 1. A. Blood oxygenation-level-dependent (BOLD) MRI images of the kidney, and quantification of tissue oxy-
genation (R2*-index). B. Renal expression of HIF-1α protein was progressively increased in RAS, ARAS and MetS + 
RAS groups (n=6 each). *P<0.05 vs. Normal; †P<0.05 vs. RAS; ‡P<0.05 vs. ARAS (ANOVA, unpaired t-tests, Kruskal-
Wallis).
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MetS + RAS aggravates intrarenal microvascu-
lar loss

Compared to Normal pigs, RAS demonstrated a 
decrease in the density of small-sized microves-
sels (<200 μm) through the inner, outer, and 
whole cortex of the stenotic kidney, and medi-
um-sized microvessels (200-300 μm) in inner 
cortex, while ARAS pigs showed a decrease in 
the density of all-size microvessels throughout 
the cortex. However, MetS + RAS pigs showed 
fewer numbers of microvessels of all diameters 
throughout the cortex compared to Normal 
pigs, and in the inner cortex also compared to 
RAS and ARAS pigs. Of note, MetS + RAS pigs 
resulted in a lower density of medium-sized 
and large microvessels compared to ARAS pigs. 
Congruently, the cortical vascular volume frac-

tion was reduced in RAS and ARAS groups, and 
further decreased in MetS + RAS group (Figure 
2A). Conversely, expressions of VEGF and VEGF 
receptor (FLK-1) were downregulated in RAS 
and ARAS groups, but not in MetS + RAS group, 
as was expression of the angiogenesis inhibi-
tor, angiostatin (Figure 2B).

MetS + RAS aggravates renal inflammation 
and oxidative stress

Superoxide anion production in situ as per DHE 
staining was elevated in RAS pigs compared to 
Normal pigs, further increased in ARAS pigs, 
and even further elevated in MetS + RAS pigs 
(Figure 3A). Upregulated SOD-1 expression was 
only observed in MetS + RAS pigs (Figure 3B). 
Renal expression of MCP-1 was upregulated in 

Figure 2. A. Representative 3-D micro-computed tomography images of the pig kidney, and quantification of the 
spatial density of size-specific microvessels in the whole, inner, and outer cortex. RAS decreased the density of small 
microvessels (<200 μm) through all cortical regions, and medium-sized microvessels (200-300 μm) in the inner 
cortex. ARAS decreased the density of all size microvessels throughout the cortex. MetS + RAS further decreased 
microvessels of all diameter range, and vascular volume fraction, throughout the cortex compared with normal, and 
in the inner cortex compared also to RAS and ARAS. B. Renal protein expression of VEGF, FLK-1, and angiostatin 
were progressively decreased in RAS and ARAS, but partly reversed in MetS + RAS (n=6 each group). *P<0.05 vs. 
Normal; †P<0.05 vs. RAS; ‡P<0.05 vs. ARAS (ANOVA, unpaired t-tests). 
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RAS pigs and was further enhanced in ARAS 
pigs, yet MetS + RAS pigs had the highest 
inflammation marker expression. TNF-α had a 
similar expression pattern, except for RAS pigs 
which remained unchanged (Figure 3C). 

MetS + RAS aggravates adiposity and apopto-
sis

Renal adiposity in RAS kidneys was similar to 
that of Normal pigs. ARAS goup showed in- 
creased lipid deposit only in the medulla, while 
adiposity in both the cortex and medulla of 
MetS + RAS group was markedly elevated com-
pared to that of ARAS pigs (Figure 4A). Apopto- 
tic activity assessed by TUNEL and caspase-3 
staining increased progressively in RAS and 
ARAS groups and became more pronounced in 
MetS + RAS group (Figure 4B). Renal expres-
sion of SIRT1 progressively decreased in RAS 
and ARAS groups compared with that of Nor- 
mal group, and MetS + RAS group had compa-

rable SIRT1 expression to ARAS group (Figure 
4C). 

MetS + RAS aggravates tissue injury and fibro-
sis  

PAS staining detected increased tubular injury 
score in RAS pigs that was further aggravated 
in ARAS pigs, whereas MetS + RAS pigs showed 
greater brush-border loss and vacuoles in tubu-
lar cells than ARAS pigs (Figure 5A). Sporadic 
focal interstitial fibrosis was observed in RAS 
kidneys, and became more extensive multifo-
cal in ARAS, while in MetS + RAS group, fibrosis 
almost doubled compared to that of ARAS 
group (Figure 5A). Similarly, mild glomerulo-
sclerosis was detected in RAS pigs, further 
exacerbated in ARAS pigs, while MetS + RAS 
pigs had the highest glomerular score (Figure 
5A). Expression of TGF-β was progressively 
increased in RAS, ARAS groups, and further 
enhanced in MetS + RAS group, whereas the 
PAI-1 remained unchanged (Figure 5B). 

Figure 3. A. Dihydroethidium (DHE) staining and quantifications indicated progressively increased oxidative stress. 
B. Renal expression and quantification of the anti-oxidant enzyme superoxide dismutase (SOD)-1. SOD-1 expres-
sion was markedly upregulated in MetS + RAS. C. Renal expression of the inflammatory markers MCP-1 and TNF-α 
progressively increased in ARAS and MetS + RAS (n=6 each group). *P<0.05 vs. Normal; †P<0.05 vs. RAS; ‡P<0.05 
vs. ARAS (ANOVA, unpaired t-tests).
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Discussion

The current study demonstrates that beyond 
hyperlipidemia alone, development of obesity 
and IR is associated with magnified systemic 
inflammation, renal inflammation, and oxida-
tive stress. Obesity and IR also aggravate renal 
tissue hypoxia, vascular loss, fibrosis, and tubu-
lar atrophy, despite preserved renal perfusion 
and function. These observations suggest that 
this is in the early phase of the disease. MetS 
directly exacerbates kidney tissue injury distal 
to the stenosis and reinforce the importance of 
abolishing obesity and IR in subjects with reno-
vascular disease. 

RAS accounts for a clinical condition, particu-
larly prevalent among the elderly population, 
which is associated with hypertension, renal 
injury, and cardiovascular complications [1], 
and often caused by atherosclerosis [3]. While 

endovascular therapy for symptomatic RAS 
might be effective in well-selected patients 
[22], it does not confer a meaningful benefit  
in the majority of patients with ARAS when 
added to comprehensive medical therapy [23]. 
Superimposition of additional metabolic de- 
rangements associated with MetS further un- 
dermines the beneficial effect of endovascular 
intervention in patients with ARAS [4]. These 
observations imply that mechanisms beyond 
the main vessel stenosis mediate the direct 
deleterious effect of MetS on the kidneys to 
augment damage. Indeed, lifestyle behaviors 
are potentially modifiable risk factors for peo-
ple with kidney disease [24]. Our previous stud-
ies have suggested that atherosclerosis and 
hypoperfusion increase renal oxidative stress 
and inflammation, thereby aggravating renal 
injury [11, 25]. However, how the development 
of obesity and IR in MetS interacts with RAS 
remains unknown. This study extended our pre-

Figure 4. A. Lipid deposits in kidney tissue, indicating significant adiposity increments in the MetS + RAS cortex 
and medulla; ARAS increased adiposity only in the medulla. B. TUNEL and caspase-3 staining and quantification, 
indicating a progressively increased kidney apoptosis. C. Renal expression and quantification of SIRT1, showing a 
progressively decreased SIRT1 expression in RAS and ARAS, whereas MetS + RAS had expression of SIRT1 compa-
rable to ARAS. (n=6 each group). *P<0.05 vs. Normal; †P<0.05 vs. RAS; ‡P<0.05 vs. ARAS (ANOVA, unpaired t-tests).  
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vious findings by showing that the cluster of risk 
factors represented by MetS magnifies stenot-
ic-kidney microvascular loss and tissue injury 
beyond the isolated hyperlipidemia observed in 
ARAS. This might be secondary to multifactorial 
MetS-associated factors in our study.

In the present study, both the ARAS and MetS + 
RAS groups were fed with a high-fat diet, but 
MetS pigs were additionally fed with a high- 
carbohydrate diet containing 20% fructose. 
Fructose is involved in the progression to MetS 
in humans, with increased postprandial plasma 
lipids [26] and hepatic IR [27], and fructose 
feeding causes hypertension, hyperinsulinemia 
[28], dyslipidemia and IR [29]. Dietary fructose 
induces inflammation, including activation of 

TNF-α, c-Jun amino-terminal kinase [30], and 
signal-transducer and activator of transcrip-
tion-3, which may be responsible for the pro-
gression to MetS. In addition, a high-fructose 
diet increases abundance of the oxidative radi-
cal hydrogen peroxide [31], which in turn con-
tributes to development of obesity and IR [32]. 

Importantly, IR is considered a critical factor 
linking visceral adiposity to chronic kidney inju-
ry. Our previous study has demonstrated that 
increased adiposity in the MetS heart and kid-
ney correlated with impaired glucose tolerance 
and development of IR [14, 15]. In the present 
study, despite slightly lower systemic choles-
terol levels, we also found markedly increased 
lipid deposits in MetS + RAS kidneys in both the 

Figure 5. A. PAS and trichrome staining and quantification, indicating progressive kidney tissue injury and fibrosis 
in the experimental groups. B. Renal expression of the fibrosis markers TGF-β and PAI-1, demonstrating a progres-
sive upregulation of TGF-β in ARAS and MetS + RAS, which was unchanged in RAS. However, there is no significant 
change of PAI-1 expression increased in RAS, ARAS, and MetS + RAS vs. Normal (n=6 each group). *P<0.05 vs. 
Normal; †P<0.05 vs. RAS; ‡P<0.05 vs. ARAS (ANOVA, unpaired t-tests, Kruskal-Wallis).
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cortex and medulla, while ARAS showed only 
medullary adiposity. The greater renal adiposity 
in MetS + RAS might be attributable to the fruc-
tose content of the diet, which increases sub-
strate for fat storage in visceral fat tissue [33]. 
Of interest, adiposity is also increased in the 
obese pig heart [14], and in the ARAS kidney in 
the present study, although at a lower extent 
than MetS, indicating that development of IR 
does not necessitate marked lipid deposits. 
Conceivably, adiposity might contribute to IR by 
altering insulin signaling or glucose metabolism 
in insulin-responsive tissues, altering release 
of adipokines to inhibit insulin signaling, recruit-
ing inflammatory cells, or releasing inflamma-
tory cytokines that modulate the insulin-signal-
ing pathway in adjacent or distant tissue [34]. 
TNF-α and MCP-1 have been implicated in the 
pathogenesis of IR [35], and organ adiposity is 
closely related to their levels [36, 37]. In line 
with this notion, the progressive increase in 
systemic levels of both MCP-1, TNF-α and renal 
adiposity in our experimental groups supports 
a link between lipid deposit-induced systemic 
inflammation and IR development. In addition, 
oxidative stress is recognized as a key mecha-
nism in IR [38], and visceral adiposity increases 
oxidative stress in both obesity and MetS [39, 
40]. In the present study, we indeed found no 
change in systemic oxLDL levels in RAS, but 
markedly increased levels in ARAS, which were 
exacerbated in MetS + RAS, indicating lipid  
oxidation. Possibly, inflammation and oxidative 
stress induced in other tissues by a high-fat/
high-carbohydrate diet may contribute to IR 
development in pigs.

We have previously shown that chronic inflam-
mation plays a vital role in kidney injury in RAS 
[19] and ARAS [11]. The current study shows 
that development of obesity and IR induces 
progressive renal inflammation in MetS + RAS 
group, which parallels tissue injury. Its intricate 
link to inflammation implies that IR might con-
tribute to injury in the stenotic kidney as well. 
An early clinical study has suggested a close 
link between microalbuminuria and systemic IR 
[41]. Subsequent findings indicated a strong 
relationship between CKD and IR independent 
of type-2 diabetes [42], and IR conveys an 
increased risk for progression of CKD to end-
stage renal disease [43]. 

We have found that MetS aggravated post-ste-
notic kidney injury and fibrosis, accompanied 

by increased expression of TGF-β and PAI-1. 
TGF-β signaling impairs renal tubule cell integ-
rity leading to atrophy, a hallmark of tubuloint-
erstitial fibrosis, by inducing epithelial apopto-
sis or autophagy [44]. This is consistent with 
our observation that the expression of TGF-β 
parallels the increased number of TUNEL-po- 
sitive and caspase-3-positive cells. TGF-β also 
upregulates expression of PAI-1, which might 
thereby inhibit extracellular matrix degradation 
[45], although PAI-1 expression was unchanged 
in our ARAS and MetS + RAS model. Further- 
more, a progressively deceased expression of 
SIRT-1, which protects the kidney by ameliorat-
ing apoptosis, oxidative stress, and inflamma-
tion [46], might also play a role in the exacerba-
tion of injury induced by obesity and IR. SIRT-1 
not only limits expression of pro-inflammatory 
genes, but constitutes a central metabolic sen-
sor that regulates energy homeostasis in res- 
ponse to nutrient availability, and is thus par-
ticularly relevant to superfluous nutrient states.

Development of obesity and IR in our study also 
aggravated loss of renal microvasculature, par-
ticularly in the inner cortex. Remarkably, renal 
angiogenic signaling (VEGF and FLK-1 expres-
sion) was reduced in RAS and ARAS, but not in 
MetS + RAS. This was consistent with our previ-
ous observations that obese and dyslipidemic 
swine might show proliferation of cardiac and 
renal microvessels at the early phase [15, 20], 
which might initially counterweight ischemia-
induced microvascular rarefaction. Yet, these 
dysfunctional microvessels are susceptible for 
ultimate loss. On the other hand, MetS upre- 
gulates expression of angiostatin that might 
impair angiogenesis in ischemia [47]. Indeed, 
unlike RAS and ARAS, MetS + RAS failed to 
down-regulate angiostatin expression, offset-
ting the effect of hypoxia [48]. Hence, activa-
tion of anti-angiogenic mechanism might have 
aggravated microvascular loss, in addition to 
increased inflammation and oxidative stress 
leading to vasoconstriction and vascular 
remodeling. 

Intriguingly, the decreased cortical microvascu-
lature in MetS + RAS did not aggravate sup-
pression of renal hemodynamics and function, 
likely due to obesity- or IR-induced hyperfiltra-
tion, which might initially counterbalance the 
loss of renal microvasculature [49]. Alas, vaso-
dilation or increased intravascular blood vol-
ume in-vivo are difficult to capture ex-vivo with 
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micro-CT. Of note, serum cholesterol levels 
were in fact lower in MetS + RAS than ARAS, 
indicating that rather than cholesterol levels, 
obesity and IR may drive renal damage. Vas- 
cular loss that was exacerbated in the MetS + 
RAS inner cortex might interfere with oxygen 
supply to tubular cells and medullary perfusion 
at times of heightened need. For example, 
MetS + RAS-induced glomerular hyperfiltration 
may increase tubular reabsorption and oxygen 
consumption that insufficient vessel numbers 
may be incapable of supporting, leading to 
medullary hypoxia [50]. Therefore, MetS + RAS 
triggers a vicious circle leading to severe tissue 
hypoxia. 

Limitations

These experiments were performed in a swine 
model of RAS accompanied by hyperlipidemia 
and MetS, to recapitulate the interaction be- 
tween chronic ischemia and dyslipidemia/met-
abolic components of human renovascular dis-
ease. However, the young age of our pigs, short 
duration of their exposure, moderate elevation 
in blood pressure, and unchanged glucose lev-
els all limit the applicability of this model to the 
clinical scenario. Because the focus of our 
study was on stenotic kidneys, we did not 
include a group of MetS pigs without RAS. For a 
similar reason, we cannot differentiate the con-
tribution of specific components of MetS or 
fructose in the development of RAS. Thus, 
future studies are needed to examine the inter-
action between RAS and individual compo-
nents of MetS and determine the specific role 
of each in kidney injury.  

Conclusion

Inflammation, oxidative stress, microvascular 
rarefaction, and fibrosis in the post-stenotic 
kidney in ARAS are aggravated when obesity 
and IR develop, suggesting that they further 
perpetuate a vicious circle of potentially irre-
versible injury. These observations reinforce 
obesity and IR as risk factors and therapeutic 
targets in ischemic kidney disease.
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