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Attenuation of hypertension and renal damage in
renovascular hypertensive rats by iron restriction

Makiko Oboshi1, Yoshiro Naito1, Hisashi Sawada1, Toshihiro Iwasaku1, Yoshitaka Okuhara1, Akiyo Eguchi1,
Shinichi Hirotani1, Toshiaki Mano1, Takeshi Tsujino2 and Tohru Masuyama1

Iron is a catalyst in the formation of reactive oxygen species. Oxidative stress is associated with the pathogenesis of both human

and experimental animal models of renovascular hypertension. We hypothesized that iron is involved in the pathogenesis of

renovascular hypertension and that iron restriction may affect the pathogenesis of renovascular hypertension via the inhibition of

oxidative stress. Herein, we investigated the effect of iron restriction on hypertension and renal damage in a rat model of

two-kidney one-clip (2K1C) renovascular hypertension. Renovascular hypertension was induced by 2K1C in male Sprague–

Dawley rats. At the day of clipping, 2K1C rats were divided into untreated (2K1C) and dietary iron-restricted groups (2K1C+IR).

The 2K1C rats showed hypertension after the day of clipping, whereas dietary iron restriction attenuated the development of

hypertension. Vascular hypertrophy and the increased fibrotic area were suppressed in the 2K1C+IR group. The clipped kidney

developed renal atrophy in both the 2K1C and 2K1C+IR groups after clipping. However, the unclipped kidney showed renal

hypertrophy in the 2K1C and 2K1C+IR groups, and the extent was less in the 2K1C+IR group. The 2K1C rats exhibited

glomerulosclerosis and tubulointerstitial fibrosis in the unclipped kidney, whereas these changes were attenuated by an

iron-restricted diet. Importantly, proteinuria was decreased in the 2K1C+IR group, along with decreased urinary 8-hydroxy-

2'-deoxyguanosine excretion and superoxide production of the unclipped kidney. Moreover, the expression of nuclear

mineralocorticoid receptor in the unclipped kidney of the 2K1C rats was attenuated by iron restriction. These data indicate a

novel effect of iron restriction on hypertension and renal damage in renovascular hypertension.
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INTRODUCTION

Secondary hypertension is often resistant to standard antihypertensive
treatment. Renovascular hypertension (RVHT) is the most common
type of secondary hypertension, accounting for 1 to 5% of patients
with hypertension.1 RVHT is caused by stenosis or obstruction of the
renal artery, and the etiology of RVHT is mostly atherosclerosis in
elderly patients and fibromuscular dysplasia in younger patients.
Stenosis of the renal artery may result in both hypertension and
chronic kidney disease.2 The management of RVHT includes anti-
hypertensive medications, percutaneous transluminal renal angioplasty
and surgery. In patients with atherosclerotic RVHT, randomized
clinical trials have not shown any advantage of percutaneous
transluminal renal angioplasty over antihypertensive medications in
terms of hypertension or chronic kidney disease controls.3,4 Thus, the
management for RVHT remains controversial.
Iron is a vital element necessary for life. However, iron is a catalyst

in the formation of reactive oxygen species, which induces cell and
tissue damage. Therefore, iron is considered to be associated with the
pathogenesis of several cardiovascular and renal diseases. In both

human and experimental animal models of RVHT, increased oxidative
stress is associated with the pathogenesis of RVHT;5,6 however, there
has been no report assessing the pathogenesis of RVHT in terms of
iron so far. Thus, we hypothesized that iron is involved in the
pathogenesis of RVHT and that iron restriction (IR) may affect the
pathogenesis of RVHT via the inhibition of oxidative stress.
The two-kidney one-clip (2K1C) hypertensive rat is an experimental

model that, in many respects, resembles human RVHT.7 In the
present study, we assessed the effect of dietary IR on hypertension and
renal damage in 2K1C rats. Herein, we demonstrate that IR attenuates
the development of hypertension and renal damage in 2K1C rats.

METHODS

Rat model of RVHT
Five-week-old male Sprague–Dawley rats were fed a normal diet for 1 week.

Thereafter, RVHT was induced using the Goldblatt 2K1C method, as described

previously.8,9 A right retroperitoneal flank incision was performed. Next, the

right renal artery was exposed and occluded with a U-shaped silver clip with an

internal diameter of 0.20 mm on the vessel.
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Protocol 1. At the day of clipping, 2K1C rats were randomly divided into two
groups and were given a normal diet (RVHT, n= 10) or an iron-restricted diet
(RVHT+IR, n= 10) for 8 weeks. Sham-operated animals on a normal diet
served as a control (Control, n= 10). The nutrients of the normal diet consisted
of 33% cornstarch, 22% casein, 5% cellulose, 30% sucrose, 5% corn oil, 4% of
a mineral mixture and 1% of a vitamin mix. The mineral mixture contains
0.43% CaHPO4·2H2O, 34.31% KH2PO4, 25.06% NaCl, 0.623%
FeC6H5O7·5H2O, 4.8764% MgSO4, 0.02% ZnCl2, 0.121% MnSO4·5H2O,
0.156% CuSO4·5H2O, 0.0005% KI, 29.29% CaCO3, 0.0025%
(NH4)6MO7O24·4H2O and 5.11% microcrystalline cellulose. The iron-
restricted diet was based on the normal diet but with a mineral mixture free
of FeC6H5O7·5H2O.

Protocol 2. At the day of clipping, 2K1C rats were randomly assigned to the
two groups and were given a normal diet (RVHT, n= 6) or a 30% iron-
restricted diet (RVHT+mild IR, n= 6) for 8 weeks. Sham-operated animals on
a normal diet served as a control (Control, n= 6). The nutrients of the normal
diet were same as that of protocol 1. A 30% iron-restricted diet was based on
the normal diet with a mineral mixture of 0.1869% FeC6H5O7·5H2O. The rats
were maintained on a 12 h light/dark cycle and had free access to food and
water. All of our experimental procedures were approved by the Animal
Research Committee of Hyogo College of Medicine. At 8 weeks after surgery,
the rats were killed. Their blood was quickly withdrawn by abdominal aorta
puncture, and the serum and plasma were stored at − 80 °C before analysis. The
tissues were resected and washed in phosphate-buffered saline. Thereafter, the
organs were quickly snap frozen in liquid nitrogen and stored at − 80 °C.

Assessments of blood pressure, heart rate, urine, blood and tissue
iron content
Systolic blood pressure and heart rate were measured using a noninvasive
computerized tail-cuff system in conscious rats every week after surgery
(MK-2000; Muromachi Kikai, Tokyo, Japan).10 Twenty-four-hour urine
samples were collected in metabolic cages at 7 weeks after surgery. The urinary
concentrations of total protein, sodium and potassium were determined using
the pyrogallol red method and electrode method, respectively.11 The urinary
concentrations of 8-hydroxy-2'-deoxyguanosine (8-OHdG) and iron were
determined by enzyme-linked immune sorbent assay (Japan Institute for the
Control of Aging, Shizuoka, Japan) and the atomic absorption method,
respectively. The peripheral blood cell count was measured using an automatic
cell count analyzer (Pentra 60 LC-5000; Horiba, Kyoto, Japan). Serum iron and
erythropoietin levels were determined as reported previously.12 The plasma
aldosterone level was measured by the radioimmunoassay (SPAC-S Aldosterone
Kit; TFB, Tokyo, Japan). The renal iron content was measured using the
Metallo Assay Kit according to the manufacturer’s instructions (AKJ Global
Technology, Chiba, Japan). The iron content was then corrected to the kidney
weight for each sample.13

Gene expression analysis
RNA was extracted from the kidney using TRIzol reagent (Invitrogen). DNase-
treated RNA was reverse transcribed into cDNA using random primers
(Applied Biosystems). Real-time PCR assays were performed using the ABI
PRISM 7900 with TaqMan Universal PCR Master Mix and TaqMan Gene
Expression Assays (Applied Biosystems).12 The TaqMan Gene Expression
Assays used as primers and probes for each gene were as follows: collagen type
I (assay ID Rn00801649_g1), collagen type III (assay ID Rn01437683_m1),
CD68 (assay ID Rn01495634_g1), monocyte chemoattractant protein-1
(MCP-1; assay ID Rn00580555_m1), serum and glucocorticoid regulated
kinase 1 (SGK1; assay ID Rn00570285_m1) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; assay ID Rn99999916_s1). GAPDH was used as an
internal control.

Western blot analysis
Aortic tissues were homogenized with ice-cold lysis buffer as described
previously,10 and nuclear extracts from the kidney were isolated with
commercially available kits (BioVision, Livingston, NJ, USA). The protein
homogenate from the aorta and nuclear extracts from the kidney were

separated by SDS-PAGE and transferred onto polyvinylidene difluoride
membranes. The expression levels were detected using an Enhanced Chemi-
luminescence Kit (Thermo Scientific, Rockford, IL, USA). Here, the primary
antibodies used were rabbit anti-phospho-endothelial nitric oxide synthase
(Ser1177) (Cell Signaling Technology, Danvers, MA, USA; 1:1000 dilution),
rabbit anti-endothelial nitric oxide synthase (Santa Cruz, Dallas, TX, USA;
1:1000 dilution), rabbit anti-mineralocorticoid receptor (MR) (Perseus Pro-
teomics, Tokyo, Japan; 1:1000 dilution) and rabbit anti-cAMP response
element binding protein (Millipore, Billerica, MA, USA; 1:1000 dilution).

Histological analysis
The aorta and kidney tissues were fixed with buffered 4% paraformaldehyde,
embedded in paraffin and cut into 4-μm-thick sections. Hematoxylin–eosin
staining of the aorta, periodic acid-Schiff staining of the kidney and Masson’s
trichrome staining of the aorta and kidney were performed using serial sections.
Aortic fibrotic lesions were evaluated by the semiquantitative score using the
ImageJ software (National Institute of Health, Bethesda, MD, USA). Glomer-
ular and tubular lesions were evaluated using the semiquantitative score
method as described previously.12 The clipped kidney sections were stained
using the von Kossa method (Polysciences, Warrington, PA, USA). Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
staining was performed according to the manufacturer’s protocol (TaKaRa,
Shiga, Japan). The section was counterstained with DAPI (4',6-diamidino-2-
phenylindole). The numbers of TUNEL-positive cells per 60 glomeruli and
tubules in 10 randomly selected fields were counted. Kidney tissues were also
quickly embedded in Tissue-Tek OCT compound (Sakura Finetechnical,
Tokyo, Japan) and snap frozen in liquid nitrogen. Superoxide detection was
performed on transverse cross-sections of 8 μm thickness incubated with
dihydroethidium as described previously.10 The dihydroethidium fluorescence
intensity was measured by the semiquantitative score using the ImageJ software.

Statistical analysis
Values are reported as the means± s.e.m. Statistical analysis was performed
using one-way analysis of variance. Analysis of variance (Kruskal–Wallis test,
followed by Mann–Whitney U-test) was used for statistical comparisons.
Probability values o0.05 were considered to be significant.

RESULTS

Impact of IR on the development of hypertension in renovascular
hypertensive rats
Systolic blood pressure increased after the day of clipping and was
reduced gradually after 3 weeks of clipping in the 2K1C group
(Figure 1a). By contrast, dietary IR attenuated the initial development
of hypertension from the day of clipping in the 2K1C rats (Figure 1a).
The heart rate was not significantly different among the groups
throughout the experimental period (Figure 1b). The phosphorylation
of endothelial nitric oxide synthase at Ser1177 in the aorta was not
different among the groups at 8 weeks after clipping (Figure 1c);
however, as shown in Figure 1d, vascular hypertrophy and an
increased fibrotic area were observed in the 2K1C group compared
with the control group at 8 weeks after clipping, and these pathologic
changes were suppressed in the 2K1C+IR group (Figures 1d and e).
Body weight was lower in the 2K1C+IR group compared with that in
the other groups (Table 1). Anemia was observed in the 2K1C+IR
groups at 8 weeks after clipping. The serum iron levels were decreased
and serum erythropoietin levels were increased in the 2K1C+IR group.
During the experimental period, there was no significant difference in
the feeding behavior and activity among the groups, and none of the
rats died in any of the groups.

Impact of IR on renal structure in renovascular hypertensive rats
Stenosis of the unilateral renal artery develops into progressive atrophy
of the stenotic kidney and compensatory hypertrophy of the
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contralateral kidney.14 Thus, we assessed the renal structure and
function in the experimental groups. As shown in Figure 1f, the
clipped kidney developed into renal atrophy in both the 2K1C and
2K1C+IR groups at 8 weeks after clipping. The clipped kidney weight
to tibia length ratio was decreased in the 2K1C and 2K1C+IR groups,
and the extent was not different between the 2K1C and 2K1C+IR
groups (Figure 1f). The renal histology of the clipped kidney showed

glomerulosclerosis, interstitial fibrosis and tubular atrophy in both the
2K1C and 2K1C+IR groups (Figure 1g). von Kossa staining of the
clipped kidney showed diffuse calcifications in both the 2K1C and
2K1C+IR groups (Figure 1g).
However, unclipped kidney showed renal hypertrophy in the 2K1C

and 2K1C+IR groups at 8 weeks after clipping, and the extent was less
in the 2K1C+IR group (Figure 2a). The renal histology of the
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unclipped kidney revealed that glomerulosclerosis and interstitial
fibrosis were increased in the 2K1C group at 8 weeks after clipping
compared with those in the Control group, whereas these changes
were attenuated in the 2K1C+IR group (Figures 2b–d). In addition,
TUNEL staining showed an increase in apoptosis in the glomeruli and
tubules of the 2K1C group at 8 weeks after clipping, whereas these
increases were suppressed in the 2K1C+IR group compared with the
2K1C group (Figures 2b and e). Consistent with these findings, gene
expression of collagen type I and collagen type III was increased in the
unclipped kidney of the 2K1C group, whereas IR attenuated this
increment (Figure 2f). Gene expression of CD68 and MCP-1 in the
unclipped kidney was not different among the groups (Figure 2g).
Collectively, these data indicate that IR attenuated the progression of
compensatory hypertrophy in the unclipped kidney of 2K1C rats.

Impact of IR on renal function in renovascular hypertensive rats
There was a trend toward an increase in proteinuria in the 2K1C
group compared with the Control group at 7 weeks after clipping,
whereas the increment was suppressed in the 2K1C+IR group
compared with that in the 2K1C group (Figure 3a). Because oxidative
stress is associated with the pathogenesis of RVHT,5,6 we next assessed
oxidative stress in the experimental groups. Dihydroethidium staining
showed increased superoxide production in the unclipped kidney of
the 2K1C group compared with that in the Control group, whereas IR
attenuated this increment (Figure 3b). In addition, there was a trend
toward an increase in urinary 8-OHdG and iron excretion in the 2K1C
group compared with that in the Control group, whereas IR
attenuated these increases in the 2K1C rats (Figures 3c and d). The
tissue iron content in the unclipped kidney was decreased in the 2K1C
+IR group compared with that in the other groups (Figure 3e).

Impact of IR on renal MR signaling in renovascular hypertensive
rats
Because we have previously reported that IR attenuates renal MR
signaling in 5/6 nephrectomized rats and normal Sprague–Dawley
rats,11,12 we next examined renal MR signaling in the unclipped kidney
of the experimental groups. Importantly, there was a trend toward an
increase in renal MR nuclear import in the 2K1C group compared
with that in the Control group at 8 weeks after clipping, and it was
decreased in the 2K1C+IR group compared with that in the 2K1C
groups (Figure 4a). Similarly, there was a trend toward an increase in

renal gene expression of SGK1, a key downstream effector of MR
signaling, in the 2K1C group compared with that in the Control
group, whereas the increase was suppressed in the 2K1C+IR group
compared with that in the 2K1C group (Figure 4b). Urinary sodium
excretion tended to be increased and urinary potassium excretion was
decreased in the 2K1C+IR group compared with that in the other
groups (Figures 4c and d). However, serum sodium and potassium
levels and plasma aldosterone levels were not different among the
groups (Table 1).

Impact of mild IR on hypertension and renal damage in
renovascular hypertensive rats
As shown in Table 1, an iron-restricted diet induced severe anemia in
2K1C rats, and it may lead to beneficial effects on hypertension and
renal damage in 2K1C rats. Thus, we further examined the effects of
mild IR (30% iron-restricted diet) in 2K1C rats. The blood hemoglo-
bin levels and body weight were slightly decreased in the 2K1C+mild
IR group compared with those in the other groups at 8 weeks after
clipping (Figures 5a and b). The increments of systolic blood pressure
at 2 weeks after clipping were attenuated in the 2K1C+mild IR group
compared with that in the 2K1C group (Figure 5c). In addition,
proteinuria, glomerulosclerosis and renal interstitial fibrosis were
suppressed in the 2K1C+mild IR group compared with that in the
2K1C group (Figures 5d–f).

DISCUSSION

To our knowledge, this study showed, for the first time, a novel effect
of IR on hypertension and renal damage in RVHT. Hypertension is a
major risk factor of cardiovascular death and is related to morbidity
and mortality. Although essential hypertension is the most common
form of hypertension, there is increasing recognition of secondary
hypertension leading to morbidity and mortality in patients with
hypertension. We have previously reported that IR prevents organ
remodeling in several animal models of salt-sensitive
hypertension.10–12 In this study, we wanted to assess the effect of IR
on secondary hypertension induced by renal artery stenosis to evaluate
whether dietary IR could attenuate the development of hypertension
and organ remodeling in 2K1C rats.
Renal artery stenosis leads to both hypertension and chronic kidney

disease.2 In this study, dietary IR attenuated the initial development of
hypertension from the day of clipping in 2K1C rats. In addition,
histological analyses showed that vascular remodeling, such as vascular
hypertrophy and increased fibrosis, was suppressed in the 2K1C+IR
group compared with that in the 2K1C group at 8 weeks after clipping.
Because vascular remodeling is a chronic change, attenuation at the
initial development of hypertension may lead to the progression of
vascular remodeling. Furthermore, the heart rate and phosphorylation
of eNOS at Ser1177 in the aorta were not different among the groups
at 8 weeks after clipping. Oxidative stress is associated with the
pathogenesis of RVHT.5,6 In addition, MR signaling is associated with
the progression of hypertension.15,16 In this study, we found that IR
attenuated superoxide production and MR nuclear import in the
unclipped kidney, as well as urinary 8-OHdG excretion in 2K1C rats.
Thus, IR may suppress the initial development of hypertension
through the inhibition of oxidative stress and renal MR signaling.
By contrast, IR attenuated renal damage in 2K1C rats. This

beneficial effect of IR on renal damage is consistent with the results
previously reported in different models of renal disease.11,12,17,18

Stenosis of the unilateral renal artery develops into progressive atrophy
of the stenotic kidney and compensatory hypertrophy of the con-
tralateral kidney, which might contribute to the pathogenesis of

Table 1 Physiological and hematologic parameters in all groups at

8 weeks after clipping

Parameter Control 2K1C 2K1C+IR

n 6 6 6

Body weight (g) 514.9±14.4 496.1±12.6 421.7±8.8a,b

Tibia length (mm) 43.2±0.2 42.4±0.3 42.3±0.2

Hemoglobin (g dl−1) 14.1±0.3 14.4±0.1 7.8±0.1a,b

Hematocrit (%) 42.4±0.7 42.6±0.3 23.3±0.4a,b

Serum iron levels (μg dl−1) 229.0±9.3 209.3±11.9 35.6±3.3a,b

Serum Epo levels (mU ml−1) 0.9±0.1 0.7±0.1 13.9±4.2a,b

Serum sodium levels (mEq l−1) 144.2±0.5 143.5±0.8 143.1±0.8

Serum potassium levels

(mEq l−1 )

6.0±0.4 5.7±0.5 6.2±0.4

Plasma aldosterone levels

(pg ml−1)

163.8±8.5 198.0±12.7 173.4±16.0

Abbreviations: 2K1C, two-kidney one-clip; Epo, erythropoietin; IR, iron-restricted diet.
aPo0.05 vs. Control group.
bPo0.05 vs. 2K1C group.
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renovascular disease.14 In this study, IR did not affect renal atrophy in
the clipped kidney, whereas compensatory hypertrophy of the con-
tralateral kidney was attenuated in the 2K1C+IR group compared with
that in the 2K1C group. The signaling pathways associated with
fibrosis and inflammation are reported to be activated in the
contralateral kidney following induction of renal artery stenosis.19 In
the present study, IR attenuated gene expression of collagen type I and
collagen type III but not that of CD68 and MCP-1 in the contralateral

kidney. Therefore, IR may suppress compensatory hypertrophy of the
contralateral kidney by the inhibition of fibrosis but not inflammation.
Iron is a vital element that is necessary for life. In the current study,

we started the experiments using immature rats (5-week-old), and we
observed lower body weight in the 2K1C+IR group compared with
that in the other groups at 8 weeks after clipping. Meanwhile, mild IR
(30% iron-restricted diet) slightly decreased body weight in 2K1C rats.
Thus, these results indicate that iron is necessary for growth. By
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contrast, iron is a catalyst in the formation of reactive oxygen species,
which induces cell and tissue damage. In fact, in both humans and
experimental animal models of RVHT, increased oxidative stress is
associated with the pathogenesis of RVHT.5,6 In this study, we showed
decreased superoxide production in the contralateral kidney and
urinary 8-OHdG excretion in the 2K1C+IR group compared with
that in the 2K1C group. Therefore, IR might attenuate the develop-
ment of hypertension and renal damage in 2K1C rats through the
inhibition of oxidative stress.
MR signaling contributes to the progression of hypertension and

renal disease.15,16 We have previously reported that IR attenuates renal
MR signaling in normal Sprague–Dawley rats and 5/6 nephrectomized
rats.11,12 Similar to our previous results, we found that IR attenuated
renal MR nuclear import and SGK1 gene expression in the unclipped
kidney of 2K1C rats. These data suggest that IR attenuated the
development of hypertension and renal damage through the inhibition
of renal MR signaling, along with the inhibition of oxidative stress.
However, oxidative stress is associated with renal MR activation.20

Thus, IR may suppress renal MR signaling through the attenuation of
oxidative stress in 2K1C rats.
A recent clinical study has shown that higher blood hematocrit

levels are associated with the incidence of hypertension in men.21

Meanwhile, long-term IR induces iron deficiency anemia. Actually, in
this study, an iron-restricted diet induced severe anemia in 2K1C rats,
and it may lead to the beneficial effects on hypertension and renal
damage in 2K1C rats. Therefore, we further examined the effects of
mild IR (30% iron-restricted diet) in this rat model. Mild IR slightly
reduced blood hemoglobin levels; however, it attenuated the

development of hypertension and renal damage in 2K1C rats,
suggesting that IR could contribute to the preventive effects of
hypertension and renal damage in 2K1C rats. Although severe anemia
must be corrected, systemic iron balance should be considered for the
pathogenesis of RVHT.
In conclusion, we demonstrated a novel effect of IR on hyperten-

sion and renal damage in 2K1C rats.
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