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SIRT1 and Klotho expression
in the heart and kidneys of
rats with acute and chronic
renovascular hypertension

Aim To evaluate Klotho and SIRT1T expression in the heart
and kidneys of rats with acute and chronic renovascular
hypertension.

Methods Four and sixteen weeks after the induction of
renovascular hypertension by clipping the left renal artery,
systemic blood pressure, serum angiotensin Il level, and
the expression of Klotho and SIRT1 proteins and oxidative
stress indices in the heart and kidneys were assessed.

Results SIRT1 level was significantly reduced in the isch-
emic (left) kidney in acute and chronic phases of hyper-
tension. In the heart, it decreased in the acute phase, but
increased in the chronic phase. Klotho levels in the heart
and kidneys did not change significantly in either hyper-
tension phase. Superoxide dismutase (SOD) activity in the
heart significantly decreased, and SOD, total antioxidant
capacity, and malondialdehyde in the ischemic kidney sig-
nificantly increased during the development of hyperten-
sion. Serum angiotensin Il level significantly increased in
the acute phase of hypertension.

Conclusion Development of renovascular hypertension
was associated with a reduction of SIRT1 expression in
the heart and ischemic kidney. As angiotensin Il and SIRT1
counteract each other’s expression, a SIRT1 reduction in
the heart and kidney, along with the influence of systemic/
local angiotensin I, seems to be partly responsible for hy-
pertension development. A combination of SIRT1 agonists
and angiotensin Il antagonists may be considered for use
in the treatment of renovascular hypertension.
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Najafipour et al: SIRT1 and Klotho in 2K1C rats

Hypertension is one of the leading causes of disease bur-
den worldwide, doubling the risk of coronary artery dis-
eases (1). The prevalence of hypertension in US adults in
the 2013-2016 period ranged from 26.1% in the age group
20-44 to 78.2% among people older than 65 years (2). De-
spite antihypertensive treatment, blood pressure of more
than half of American adults is not controlled (3). Thus, to
be able to produce more effective drugs, the underlying
mechanisms of hypertension should be investigated.

The most common cause of death in hypertensive patients
is hypertensive heart disease, which results from functional
and structural adaptation of the heart to high blood pres-
sure (1). Secondary hypertension is most frequently a result
of primary kidney disease. On the other hand, hyperten-
sion is a risk factor for kidney damage and end-stage renal
disease (1).

Hypertension and related cardiovascular diseases are age-
dependent (4,5). The aging of the cardiovascular system is
an important process determining longevity (6).

Sirtuins are a family of enzymes encoded by SIRT1 to
SIRT7 in mammals that play important roles in longev-
ity (7). These enzymes are abundantly expressed in the
nucleus and cytoplasm of several tissues, including the
heart and vascular endothelium (8). The most well-known
member of the sirtuin family is SIRT1, which plays benefi-
cial roles in age-associated metabolic, inflammatory, and
cardiovascular diseases (9). SIRT1 has anti-oxidant, anti-
inflammatory, and anti-apoptotic effects in the endothe-
lium and prevents endothelial senescence and dysfunc-
tion (10,11). Several studies showed that SIRT1 protected
against atherosclerosis (10-13). Increasing SIRT1 expres-
sion in mice improved vascular remodeling and hyper-
tension caused by angiotensin Il (14). In addition, through
reducing SIRT1 expression, hyperglycemia causes vascu-
lar damage (15).

Klotho is a membrane-bound protein that exerts anti-
aging function (16). Klotho deficiency leads to prema-
ture aging phenotype and shortens the lifespan (17),
while its increased gene expression increases life expec-
tancy (18). Klotho is involved in the prevention of arte-
riosclerosis, inducing its effects even in tissues that do
not express it, which indicates its endocrine role (16). A
recent study on Klotho haplodeficient mice showed that
Klotho deficiency led to arteriosclerosis and hyperten-
sion, but these effects were diminished by increasing
SIRTT activity (19).
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One of the experimental models to evaluate secondary hy-
pertension is 2-kidney-1-clip (2K1C) hypertension (20). In
this model, a clamp is placed on one of the renal arteries
to induce ischemia, while the other renal artery remains in-
tact. This procedure steadily increases blood pressure due
to an increased activity of the renin-angiotensin system in
the acute phase, and sodium and water retention in the
chronic phase (20,21). As SIRT1 and Klotho play a role in
blood pressure regulation, and the kidneys play a role in
secondary hypertension, we hypothesized that these two
proteins may partake in the development of acute and
chronic renovascular hypertension. Therefore, the aim of
this study was to assess the expression of these two pro-
teins in the heart and in the ischemic and non-ischemic
kidneys of 2K1C rats. On the other hand, it has been shown
that angiotensin Il infusion increases oxidative stress and
blood pressure, and that the deleterious effects of angio-
tensin Il on blood pressure and the kidneys can be pre-
vented by an inhibition of reactive oxygen species after an-
giotensin Il infusion (22) and in 2K1C rats (23). Furthermore,
it has been shown that SIRT1 exerts its beneficial effects by
reducing oxidative stress (11,24). Therefore, the amount of
oxidative stress in the heart and kidneys of the experimen-
tal animals was also assessed.

MATERIAL AND METHODS

Male Wistar rats (180-200 g) were purchased from Kerman
Physiology Research Center. The animals were housed
under a 12-h light/dark cycle, with standard rat chow
(containing normal sodium) and water ad libitum. All ex-
periments were performed according to the national
guidelines for animal studies. The study was approved by
the Ethics Committee of the Kerman University of Medi-
cal Sciences (IRKMU.REC.1397.039). Twenty-eight rats were
randomly allocated into four groups of seven animals: 1)
acute sham, 2) acute hypertension, 3) chronic sham, and 4)
chronic hypertension.

Induction of hypertension

Hypertension was induced by applying a plexiglass clip
on the left renal artery (25). Briefly, the animals were anes-
thetized with an intra-peritoneal injection of ketamine (80
mg/kg) and xylazine (10 mg/kg). The abdominal wall of
the flank was incised, and a clip with a 0.2-mm cleft diam-
eter was placed around the left renal artery to induce par-
tial ischemia. The sham groups were subjected to the same
procedure, without clip placement. The induction of acute
and chronic renovascular hypertension lasted four and six-
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teen weeks, respectively (26). At the end of the forth or 16th
week, the animals were anesthetized with an intra-peritone-
alinjection of sodium thiopental (50 mg/kg). A polyethylene
catheter (PE-50) was placed in the right femoral artery and
connected to a pressure transducer to record arterial blood
pressure for 20 minutes. Only rats with a systolic arterial
pressure >150 mm Hg were included in the hypertension
groups, as some animals may not develop hypertension due
to too loose (no ischemia) or too severe (renal necrosis) re-
nal artery occlusion. After blood pressure was recorded, the
animals were sacrificed under deep anesthesia. The heart
and kidneys were removed, washed in saline, and wiped us-
ing a sterilized and soft cloth. The atria and right ventricle
of the heart were removed using small surgical scissors. The
left ventricle + septum and both kidneys were weighed and
quickly immersed in liquid nitrogen and stored at -80 °C for
molecular experiments. The left-to-right kidney weight ratio
was used as an index of kidney ischemia. The ratio of left
ventricle+septum weight to body weight was used as an
index of left ventricular hypertrophy.

Western blotting for Klotho and SIRT1 expression
assessment

Tissue samples were homogenized in ice-cold RIPA lysis
buffer containing a protease inhibitor. The homogenates
were centrifuged at 14000 x g for 20 min at 4 °C. The lysate
protein concentration was determined using the Brad-
ford method (Bio-Rod Laboratories, Munich, Germany).
An equal volume of 2X SDS sample buffer was added, and
then the mixture was boiled for 5 min. The samples were
resolved electrophoretically on a 12.5% SDS-PAGE gel and
transferred to PVDF membranes. The membranes were
blocked overnight at 4 °C with 5% nonfat powdered milk
inTBST and then incubated for 3 h with a primary antibody
(SIRT1 or Klotho, 1:500; Santa Cruz Biotechnology Inc., Dal-
las, TX, USA) at room temperature. After washing in TBST
for three times (10 min each), the blots were incubated
with goat anti-mouse IgG secondary antibody (1:10000;
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Santa Cruz Biotechnology Inc) for 1 h at room tempera-
ture. All antibodies were diluted with blocking buffer. The
antibody-antigen complex was detected using Western
blot documentation system and analyzed with imageJ
analyzing software. -actin immunoblotting was used as
aloading control (27). Serum concentration of angiotensin
Il, was determined with the ELISA kit (Ray Biotech, Inc., Nor-
cross, GA, USA)

Oxidative stress evaluation

Superoxide dismutase (SOD) activity (as an antioxidant)
was measured using a colorimetric assay kit (Teb Pazhou-
han Razi, Tehran, Iran). In brief, 50 mg of heart or kidney tis-
sue was homogenized in 250 plL lysis buffer on ice. Thereaf-
ter, the samples were centrifuged at 14000 x g for 5 min at
4 °C. SOD activity was measured using 10 pL of the super-
natant according to the manufacturer’s instructions.

Total antioxidant capacity (TAC) of the tissues was mea-
sured by an appropriate commercial kit (Teb Pazhouhan
Razi). In brief, 100 mg of the tissues was homogenized
in 500 pL ice-cold 1X assay buffer and centrifuged at
12000x g for 15 min at 4 °C. TAC was measured at 415 nm
using 10 pL of supernatant, according to the manufactur-
er's instructions.

To estimate malondialdehyde (MDA, Teb Pazhouhan Razi)
level (as an oxidant), after homogenizing the tissues and
centrifuging, 100 pL of the supernatants was used. The
procedure was performed according to the manufacturer’s
instructions, and the concentration of MDA-thiobarbituric
acid was measured at 530 nm.

Statistical analysis
The normality of distribution was tested with the Kolmogo-

rov-Smirnov test. The values are expressed as mean =+ stan-
dard deviation. The unpaired t test was used for compari-

TABLE 1. The effect of clipping the left renal artery on systolic and diastolic blood pressure, left kidney-to-right kidney weight ratio,
and left ventricle hypertrophy index in the hypertension and sham groups

Variables Sham acute
LKW/RKW (mg/mg) 094+0.16
LKW/BW (ma/q) 3.64+0.29
RKW/BW (mg/g) 3.88+0.26
LVW/BW (mg/q) 2351045
Systolic blood pressure (mmHg) 114.6+219
Diastolic blood pressure (mmHg) 80.3+16.4

Hypertension acute

Sham chronic Hypertension chronic

0.62£0.58" 1.04+0.08 0.61+0.21
2.70+£0.821 3.26+0.21 237+0.26
4.50+0.79 34+0.08 39+0.52°
247+0.61 2.05+0.08 235+0.29°
169.5+12.4 110.8+£8.2 171.2£14.0°
121.7£10.8" 753+58 1209+ 12.7°

*Abbreviations: LKW - left kidney weight; RKW - right kidney weight; LVW - left ventricle weight; BW - body weight, LW - lung weight.

tP<0.01 vs sham.
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son of two groups, and one-way ANOVA test followed by
Tukey's post-hoc analysis for comparison among the stud-
ied groups. All P values were two-tailed, and P<0.05 was
considered as the significance level. The statistical analysis
was performed with SPSS, version 20.0 (IBM Corp., Armonk,
NY, USA).
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RESULTS
Basic parameters

Clipping the left renal artery significantly increased systolic
and diastolic blood pressure in rats with acute and chron-
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FIGURE 1. Klotho (A, C, E) and SIRT1 (B, D, F) expression in the heart (up), left kidney (middle), and right kidney (down) in rats with
hypertension (HTN) and the sham group (n=7). **P<0.01 vs corresponding sham, ## P<0.01 vs acute hypertension.
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ic 2K1C compared with their corresponding sham groups.
Clipping also decreased the weight of the left (ischemic)
kidney compared with the right (normal) kidney, and de-
creased the left-to-right kidney weight ratio and left kid-
ney weight-to-body weight ratio (Table 1).

Klotho and SIRT1 levels in the heart and kidneys

Klotho expression in the heart in hypertension groups was
not different from that in the corresponding sham groups
(Figure 1A). SIRT1 expression in the heart of rats with acute
hypertension was significantly lower and SIRT1 expression in
the heart of rats with chronic hypertension was significantly
higher than in their corresponding sham groups (Figure 1B).

Klotho expression in the ischemic (left) and non-ischemic
(right) kidney of rats with acute hypertension was not dif-
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ferent from that in their corresponding sham groups. SIRT1
level in the kidney of non-ischemic groups also did not
change. However, SIRTT level was significantly reduced in
the ischemic kidneys in both acute and chronic conditions
(Figure 1D).

Oxidative stress levels in the heart and kidneys

SOD activity in the heart of rats with acute hypertension
(Figure 2A) and MDA levels in the heart of rats with chronic
hypertension (Figure 2C) were significantly reduced. TAC
did not significantly change in the heart of either acute or
chronic hypertension rats (Figure 2B). SOD activity (Figure
2D), TAC (Figure 2E), and MDA levels (Figure 2F) significantly
increased in the ischemic kidney of rats with acute hyper-
tension, and MDA levels significantly decreased in the isch-
emic kidney (Figure 2F) of rats with chronic hypertension.
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FIGURE 2. Antioxidant and oxidant status of the heart (A-C), left kidney (ischemic, D-F), and right kidney (non-ischemic, G-I) in rats
with hypertension (HTN) and the sham group. SOD - superoxide dismutase activity, TAC - total antioxidant capacity, MDA - malon-

dialdehyde levels. (n=7); *P < 0.05 vs sham and **P<0.01 vs sham.
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Total antioxidant activity was reduced significantly in the
right kidney of rats with acute hypertension (Figure 2H).

Serum angiotensin ||

In the acute phase of hypertension, angiotensin Il level sig-
nificantly increased in the hypertension group compared
with the sham group. However in the chronic phase, it did
not significantly differ between the groups, ie, angiotensin
Il level returned to an almost normal level (Figure 3).
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FIGURE 3.The level of angiotensin Il in the serum of rats with
hypertension (HTN) and the sham group four (acute) and 16
weeks (chronic) after left renal artery clipping (n=6 in each
group); **P<0.05 vs sham.

DISCUSSION

In this study, Klotho levels in the heart and kidneys of acute
and chronic hypertension groups did not significantly dif-
fer from those in their corresponding sham groups. SIRT1
expression in the heart decreased in the acute phase and
increased in the chronic phase of renovascular hyperten-
sion. SIRT1 expression in the ischemic kidneys decreased
in both acute and chronic phases, but in the non-ischemic
kidneys it did not significantly change either in the acute
or the chronic phase.

Studies report on different SIRT1 levels in various patho-
logic conditions. For example, these levels are upregulated
in diabetes-induced cardiac remodeling (28) and in can-
cers (29,30). The current study showed reduced SIRTT lev-
els in the heart in acute hypertension and increased SIRT1
levels in chronic hypertension. Unilateral renal artery con-
striction initially increases blood pressure in response to
the activation of renin-angiotensin system (26,27). A key
factor in the induction of acute renovascular hypertension
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is angiotensin Il. However, in chronic renovascular hyper-
tension, which occurs nine weeks or more after renal ar-
tery constriction, high blood pressure results from sodium
and water retention and increase in plasma volume. In this
stage of hypertension, serum angiotensin Il levels return to
normal, as was shown by other investigators (26,31), but lo-
cal angiotensin Il in the kidneys remains high (20,21). It has
been reported that angiotensin Il reduces SIRT1 expression
in the aorta (14), and these regulatory factors counteract
each other’s expression. In acute renovascular hyperten-
sion, high angiotensin Il levels in blood and tissues de-
crease SIRTT expression in the heart and kidneys. In chron-
ic hypertension, high blood pressure and high volume
loads lead to cardiac hypertrophy. These processes were
in the present study accompanied by an increase in SIRT1
levels in the heart. Consistent with these findings, it has
been shown that SIRT1 expression increases in the heart
of spontaneously hypertensive rats (a chronic condition),
and that left ventricular hypertrophy positively correlates
with SIRTT expression (32). It has also been reported that
in humans, SIRT1 levels increase in (chronic) hypertension,
which is associated with cardiac hypertrophy (33).

SIRT1 expression in the non-ischemic kidney of rats did
not change in either acute or chronic condition. However,
in ischemic kidney it was decreased in both hypertension
phases, and in the heart it was decreased in the acute and
increased in the chronic phase. In conclusion, changes in
the heart SIRT1 respond to blood angiotensin Il levels and
are not directly related to what happens in the ischemic
kidney. Considering the high activity level of local renin-
angiotensin system in the clipped kidney (34), it is possible
that local angiotensin Il governs SIRT1 expression in the
ischemic kidney by a counter-regulatory effect.

In this study, Klotho levels in the heart and kidneys did
not change significantly in acute and chronic hyperten-
sive conditions. This is in agreement with the findings of
Aizawa et al (35), who showed that kidney Klotho levels
in spontaneously hypertensive rats (SHR) were not differ-
ent from those of normal Wild Kyoto rats at 18 weeks, but
were lower after 60 weeks. Some studies have shown that
Klotho levels in the kidneys decreased after ischemia rep-
erfusion injury (IRI) (36,37). In IRI, blood supply to tissues
is blocked for a short time (several minutes), but in 2K1C
the renal artery is narrowed for a longer period (4 and
16 weeks) and the blood flow is partially reduced. In ad-
dition, in IRI reperfusion is established, which per se can
activate some deleterious processes, while in 2K1C, the
blood flow is not re-established to a normal level. Thus,
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it seems that the mechanisms underlying the effects of
IRI'and long partial reduction of blood supply on kidneys'
Klotho level are different, and they need to be further in-
vestigated.

The current study found SOD activity to be significant-
ly reduced in the heart of acutely hypertensive rats. TAC
(non-enzymatic antioxidant biomarker) and MDA levels
(lipid peroxidation biomarker) did not change. In chronic
hypertension, heart SOD activity increased and MDA lev-
el decreased. SOD changes in the heart might be related
to SIRT1 changes. It has been shown that increased SIRT1
activity in endothelial cells increases SOD expression (38).
More experiments are needed to explore the temporal re-
lationship between SIRT1 and oxidant status in the heart
of 2K1Crats.

In the current study, SOD activity and TAC increased in the
ischemic kidneys of the acute hypertension group. Con-
sidering the reduced SIRT1 in this circumstances, it seems
that changes in the antioxidant system in the ischemic kid-
ney, unlike those in the heart, are not under SIRT1 control.
This difference can probably be explained by the existence
of different SOD isoenzymes in the heart and kidneys (39).
Furthermore, significant increase in MDA indicates that it
is possible for increased oxidative stress to increase SOD
activity and TAC as a compensatory mechanism (40). Dif-
ferent oxidant status in the left and right kidney can be
explained by the left kidney being ischemic and the right
kidney having normal blood flow and being indirectly in-
fluenced by systemic hypertension and renin production
by the left kidney. In addition, some studies have shown
differences in the biologic development and function of
the left and right kidney (41,42).

MDA is commonly used as an indicator of oxygen free
radical damage to cell membranes. In the present study,
MDA level decreased in the hearts of animals with chron-
ic hypertension, which was associated with a SIRT1 in-
crease. Furthermore, MDA significantly increased in the
ischemic kidney of animals with acute hypertension,
which was accompanied by a SIRT1 decrease. These re-
sults are consistent with other studies, which have shown
that increased SIRT1 expression is associated with de-
creased MDA in cardiac ischemia reperfusion injury and
in lung epithelial cells exposed to paraquat pesticide (43).
However, in the ischemic kidney of chronic hypertension
group, a significant MDA decrease was associated with
SIRT1 decrease, indicating other pathways involved in
chronic conditions.
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Finally, as it has been shown that clamp removal or angio-
tensin Il inhibition can reverse the changes in blood pres-
sure in 2K1C animals (26) and that angiotensin converting
enzyme (ACE) inhibition can revert angiotensin ll-induced
SIRTT downregulation (44), ACE inhibitors/angiotensin re-
ceptor blockers are likely able to restore SIRT1 levels in ren-
ovascular hypertension.

One of the limitations of this study was that we did not
evaluate different isoforms of SOD in the heart and kid-
neys. This type of assessment could help us understand
why the relationship between SIRT1 and antioxidant sys-
tem is different in the heart and kidneys. Furthermore, we
observed an association between SIRT1 and Klotho with
antioxidant system activity. To find out the probable caus-
ative link, more detailed experiments are needed.

Overall, the results of this study showed that the develop-
ment of renovascular hypertension was associated with a
SIRTT reduction in the heart and ischemic kidney. As an-
giotensin Il increases in the acute phase of this type of hy-
pertension, and angiotensin Il and SIRT1 counteract the
expression of each other, SIRT1 reduction in the heart and
kidney along with the influence of angiotensin Il may take
part in the establishment of hypertension. A combination
of SIRT1 agonists and angiotensin Il antagonists may be
considered for use in the treatment of hypertension, espe-
cially the renovascular type.

Acknowledgment This work was supported by grants from the Physiol-
ogy Research Center of Kerman University of Medical Sciences (Grant No
96001123).

Ethical approval given by the Ethics Committee of the Kerman University of
Medical Sciences (IR.KMU.REC.1397.039).

Declaration of authorship MYH, HN, and FR conceived and designed the
study; MYH, FR, and YMA acquired the data; MYH and HN analyzed and in-
terpreted the data; MYH, FR, and YMA drafted the manuscript; MYH and HN
critically revised the manuscript for important intellectual content; all au-
thors gave approval of the version to be submitted; all authors agree to be
accountable for all aspects of the work.

Competing interests All authors have completed the Unified Competing
Interest form at www.icmje.org/coi_disclosure.pdf (available on request
from the corresponding author) and declare: no support from any organi-
zation for the submitted work; no financial relationships with any organiza-
tions that might have an interest in the submitted work in the previous 3
years; no other relationships or activities that could appear to have influ-
enced the submitted work.

References

1 Jameson JL. Harrison’s principles of internal medicine. New York,
NY: McGraw-Hill Education; 2018.

2 ViraniSS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway
CW, Carson AP, et al. Heart disease and stroke statistics-
2020 update: A report from the American Heart Association.

Circulation. 2020;141:139-596. Medline:31992061 doi:10.1161/


www.icmje.org/coi_disclosure.pdf
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31992061&dopt=Abstract
https://doi.org/10.1161/CIR.0000000000000757

Najafipour et al: SIRT1 and Klotho in 2K1C rats

10

1Al

12

13

14

15

CIR.0000000000000757

Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway

CW, Carson AP, et al. Heart disease and stroke statistics-

2019 Update: A report from the American Heart Association.
Circulation. 2019;139:e56-528. Medline:30700139 doi:10.1161/
CIR.0000000000000659

Franklin SS. Ageing and hypertension: the assessment of blood
pressure indices in predicting coronary heart disease. J Hypertens
Suppl Off J Int Soc Hypertens. 1999;17:529-36. Medline:10706323
Ong KL, Cheung BMYY, Man YB, Lau CP, Lam KSLL. Prevalence,
awareness, treatment, and control of hypertension among

United States adults 1999-2004. Hypertension. 2007;49:69-75.
Medline:17159087 doi:10.1161/01.HYP.0000252676.46043.18
Wang Y, Sun Z. Klotho gene delivery prevents the

progression of spontaneous hypertension and renal damage.
Hypertension. 2009;54:810-7. Medline:19635988 doi:10.1161/
HYPERTENSIONAHA.109.134320

Corbi G, Bianco A, Turchiarelli V, Cellurale M, Fatica F, Daniele A,

et al. Potential mechanisms linking atherosclerosis and increased
cardiovascular risk in COPD: focus on sirtuins. Int J Mol Sci.
2013;14:12696-713. Medline:23774840 doi:10.3390/ijms 140612696
Borradaile NM, Pickering JG. NAD+, sirtuins, and cardiovascular
disease. Curr Pharm Des. 2009;15:110-7. Medline:19149606
doi:10.2174/138161209787185742

Zeng L, Chen R, Liang F, Tsuchiya H, Murai H, Nakahashi T, et al.
Silent information regulator, Sirtuin 1, and age-related diseases.
Geriatr Gerontol Int. 2009;9:7-15. Medline:19260974 doi:10.1111/
j.1447-0594.2008.00504.x

ZuY, Liu L, Lee MYK, Xu C, Liang Y, Man RY, et al. SIRT1 promotes
proliferation and prevents senescence through targeting LKB1 in
primary porcine aortic endothelial cells. Circ Res. 2010;106:1384-
93. Medline:20203304 doi:10.1161/CIRCRESAHA.109.215483
Zarzuelo MJ, Lépez-Sepulveda R, Sénchez M, Romero M, Gomez-
Guzman M, Ungvary Z, et al. SIRT1 inhibits NADPH oxidase
activation and protects endothelial function in the rat aorta:
implications for vascular aging. Biochem Pharmacol. 2013;85:1288-
96. Medline:23422569 doi:10.1016/j.bcp.2013.02.015

Nisoli E, Tonello C, Cardile A, Cozzi V, Bracale R, Tedesco L, et al.
Calorie restriction promotes mitochondrial biogenesis by inducing
the expression of eNOS. Science. 2005;310(5746):314-7.

Stein S, Lohmann C, Schafer N, Hofmann J, Rohrer L, Besler C,

et al. SIRT1 decreases Lox-1-mediated foam cell formation in
atherogenesis. Eur Heart J. 2010;31:2301-9. Medline:20418343
doi:10.1093/eurheartj/ehq107

Gao P, XuT-TT, Lu J, Li L, Xu J, Hao D-LL, et al. Overexpression of
SIRT1 in vascular smooth muscle cells attenuates angiotensin II-
induced vascular remodeling and hypertension in mice. J Mol Med
(Berl). 2014;92:347-57. Medline:24352856 doi:10.1007/s00109-013-
1111-4

Orimo M, Minamino T, Miyauchi H, Tateno K, Okada S, Komuro

20

21

22

23

24

25

26

27

28

CM)

I, et al. Protective role of SIRT1 in diabetic vascular dysfunction.
Arterioscler Thromb Vasc Biol. 2009;29:889-94. Medline:19286634
doi:10.1161/ATVBAHA.109.185694

Wang Y, Sun Z. Current understanding of klotho. Ageing Res Rev.
2009;8:43-51. Medline:19022406 doi:10.1016/j.arr.2008.10.002
Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu H,

et al. Regulation of oxidative stress by the anti-aging hormone
klotho. J Biol Chem. 2005;280:38029-34. Medline:16186101
doi:10.1074/jbc.M509039200

Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani P, et
al. Suppression of aging in mice by the hormone Klotho. Science.
2005;309(5742):1829-33.

Gao D, Zuo Z, Tian J, Ali Q, LinYY, Lei H, et al. Activation of SIRT1
attenuates klotho deficiency-induced arterial stiffness and
hypertension by enhancing AMP-activated protein kinase activity.
Hypertension. 2016;68:1191-9. Medline:27620389 doi:10.1161/
HYPERTENSIONAHA.116.07709

Kagiyama S, Varela A, Phillips MI, Galli SM. Antisense inhibition

of brain renin-angiotensin system decreased blood pressure

in chronic 2-kidney 1 clip hypertensive rats. Hypertension.
2001;37:371-5. Medline:11230302 doi:10.1161/01.HYP37.2.371
Antonaccio MJ, Rubin B, Horovitz ZP. Effects of captopril in animal
models of hypertension. Clin Exp Hypertens. 1980;2:613-37.
Medline:7000464 doi:10.3109/10641968009037133

Welch WJ, Blau J, Xie H, Chabrashvili T, Wilcox CS. Angiotensin-
induced defects in renal oxygenation: role of oxidative stress. Am
J Physiol Heart Circ Physiol. 2005;288:H22-8. Medline: 15598867
doi:10.1152/ajpheart.00626.2004

Welch WJ, Mendonca M, Aslam S, Wilcox CS. Roles of oxidative
stress and AT1 receptors in renal hemodynamics and oxygenation
in the postclipped 2K,1C kidney. Hypertension. 2003;41:692-6.
Medline:12623981 doi:10.1161/01.HYP.0000052945.84627.8F
Alcendor RR, Gao S, Zhai P, Zablocki D, Holle E, Yu X, et al. Sirt1
regulates aging and resistance to oxidative stress in the heart.
Circ Res. 2007;100:1512-21. Medline:17446436 doi:10.1161/01.
RES.0000267723.65696.4a

Yeganeh-Hajahmadi M, Najafipour H, Rostamzadeh F. The
differential effects of low and high doses of apelin through
opioid receptors on the blood pressure of rats with renovascular
hypertension. Hypertens Res. 2017;40:732-7. Medline:28275232
doi:10.1038/hr.2017.28

Martinez-Maldonado M. Pathophysiology of renovascular
hypertension. Hypertension. 1991;17:707-19. Medline:2022413
doi:10.1161/01.HYP.17.5.707

Hekmat AS, Najafipour H, Nekooian AA, Esmaeli-Mahani S,
Javanmardi K. Cardiovascular responses to apelin in two-
kidney-one-clip hypertensive rats and its receptor expression in
ischemic and non-ischemic kidneys. Regul Pept. 2011;172:62-8.
Medline:21911011 doi:10.1016/j.regpep.2011.08.010

Vahtola E, Louhelainen M, Merasto S, Martonen E, Penttinen S,

www.cmj.hr

451


https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30700139&dopt=Abstract
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1161/CIR.0000000000000659
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10706323&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17159087&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17159087&dopt=Abstract
https://doi.org/10.1161/01.HYP.0000252676.46043.18
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19635988&dopt=Abstract
https://doi.org/10.1161/HYPERTENSIONAHA.109.134320
https://doi.org/10.1161/HYPERTENSIONAHA.109.134320
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23774840&dopt=Abstract
https://doi.org/10.3390/ijms140612696
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19149606&dopt=Abstract
https://doi.org/10.2174/138161209787185742
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19260974&dopt=Abstract
https://doi.org/10.1111/j.1447-0594.2008.00504.x
https://doi.org/10.1111/j.1447-0594.2008.00504.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20203304&dopt=Abstract
https://doi.org/10.1161/CIRCRESAHA.109.215483
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23422569&dopt=Abstract
https://doi.org/10.1016/j.bcp.2013.02.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20418343&dopt=Abstract
https://doi.org/10.1093/eurheartj/ehq107
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24352856&dopt=Abstract
https://doi.org/10.1007/s00109-013-1111-4
https://doi.org/10.1007/s00109-013-1111-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19286634&dopt=Abstract
https://doi.org/10.1161/ATVBAHA.109.185694
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19022406&dopt=Abstract
https://doi.org/10.1016/j.arr.2008.10.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16186101&dopt=Abstract
https://doi.org/10.1074/jbc.M509039200
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27620389&dopt=Abstract
https://doi.org/10.1161/HYPERTENSIONAHA.116.07709
https://doi.org/10.1161/HYPERTENSIONAHA.116.07709
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11230302&dopt=Abstract
https://doi.org/10.1161/01.HYP.37.2.371
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7000464&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7000464&dopt=Abstract
https://doi.org/10.3109/10641968009037133
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15598867&dopt=Abstract
https://doi.org/10.1152/ajpheart.00626.2004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12623981&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12623981&dopt=Abstract
https://doi.org/10.1161/01.HYP.0000052945.84627.8F
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17446436&dopt=Abstract
https://doi.org/10.1161/01.RES.0000267723.65696.4a
https://doi.org/10.1161/01.RES.0000267723.65696.4a
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28275232&dopt=Abstract
https://doi.org/10.1038/hr.2017.28
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2022413&dopt=Abstract
https://doi.org/10.1161/01.HYP.17.5.707
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21911011&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21911011&dopt=Abstract
https://doi.org/10.1016/j.regpep.2011.08.010

452 RESEARCH ARTICLE

29

30

31

32

33

34

35

36

Aahos |, et al. Forkhead class O transcription factor 3a activation
and Sirtuin1 overexpression in the hypertrophied myocardium
of the diabetic Goto-Kakizaki rat. J Hypertens. 2008;26:334-44.
Medline:18192848 doi:10.1097/HJH.0b013e3282f293c8

Chen WY, Wang DH, Yen RC, Luo J, Gu W, Baylin SB. Tumor
suppressor HIC1 directly regulates SIRT1 to modulate p53-
dependent DNA-damage responses. Cell. 2005;123:437-48.
Medline:16269335 doi:10.1016/j.cell.2005.08.011

Wang C, Chen L, Hou X, Li Z, Kabra N, MaYY, et al. Interactions
between E2F1 and SirT1 regulate apoptotic response to DNA
damage. Nat Cell Biol. 2006;8:1025-31. Medline:16892051
doi:10.1038/ncb 1468

Hall JE, Hall ME. Guyton and Hall textbook of medical physiology
e-Book. Elsevier Health Sciences; 2020.

LiL, Zhao L, Yi-ming W, Yu Y, Xia C, Duan J, et al. Sirt1
hyperexpression in SHR heart related to left ventricular
hypertrophy. Can J Physiol Pharmacol. 2009;62:56-62.
Medline:19142216 doi:10.1139/Y08-099

Duman H, Bahgeci |, Cinier G, Duman H, Bakirci EM, Cetin M. Left
ventricular hypertrophy is associated with increased sirtuin level
in newly diagnosed hypertensive patients. Clin Exp Hypertens.
2019;41:511-5. Medline:30230925 doi:10.1080/10641963.2018.151
0946

Morishita R, Higaki J, Okunishi H, Tanaka T, Ishii K, Nagano M, et al.

Changes in gene expression of the renin-angiotensin system in

two-kidney, one clip hypertensive rats. J Hypertens. 1991;9:187-92.

Medline:1849537 doi:10.1097/00004872-199102000-00015
Aizawa H, Saito Y, Nakamura T, Inoue M, Imanari T, OhyamaY,

et al. Downregulation of the klotho gene in the kidney under

sustained circulatory stress in rats. Biochem Biophys Res Commun.

1998;249:865-71. Medline:9731228 doi:10.1006/bbrc.1998.9246
Olejnik A, Krzywonos-Zawadzka A, Banaszkiewicz M, Bil-

Lula I. Klotho protein contributes to cardioprotection during
ischaemia/reperfusion injury. J Cell Mol Med. 2020;24:6448-58.
Medline:32319182 doi:10.1111/jcmm.15293

www.cmj.hr

37

38

39

40

41

42

43

a4

Croat Med J. 2021;62:ap0007

Hu M-C, Shi M, Zhang J, Quifiones H, Kuro-o M, Moe OW. Klotho
deficiency is an early biomarker of renal ischemia-reperfusion
injury and its replacement is protective. Kidney Int. 2010;78:1240-
51. Medline:20861825 doi:10.1038/ki.2010.328

Xia N, Daiber A, Habermeier A, Closs EI, Thum T, Spanier G, et al.
Resveratrol reverses endothelial nitric-oxide synthase uncoupling
in apolipoprotein E knockout mice. J Pharmacol Exp Ther.
2010;335:149-54. Medline:20610621 doi:10.1124/jpet.110.168724
Kim JM, Kim HG, Son CG. Tissue-specific profiling of oxidative
stress-associated transcriptome in a healthy mouse model. Int J
Mol Sci. 2018;19. Medline:30326626 doi:10.3390/ijms19103174
Chabrashvili T, Kitiyakara C, Blau J, Karber A, Aslam S, Welch WJ,
et al. Effects of ANG Il type 1 and 2 receptors on oxidative stress,
renal NADPH oxidase, and SOD expression. Am J Physiol Integr
Comp Physiol. 2003;285:R117-24. Medline:12609817 doi:10.1152/
ajpregu.00476.2002

GaoY, Yang W, Jin L, Xue L, Yang J, Cui Q. Profiling and
bioinformatic analysis reveal differential microRNA expression in
the left and right kidneys in normal mice. FEBS Lett. 2020;594:636-
45. Medline:31642060 doi:10.1002/1873-3468.13644

Schreuder MF. Unilateral anomalies of kidney development: why
is left not right? Kidney Int. 2011;80:740-5. Medline:21716256
doi:10.1038/ki.2011.204

Ding YW, Zhao GJ, Li XL, Hong GL, Li MF, Qiu QM, et al. SIRT1
exerts protective effects against paraquat-inducedinjury in mouse
type Il alveolar epithelial cellsby deacetylating NRF2 in vitro. Int

J Mol Med. 2016;37:1049-58. Med|ine:26935021 doi:10.3892/
ijmm.2016.2503

Marampon F, Gravina GL, Scarsella L, Festuccia C, Lovat F,
Ciccarelli C, et al. Angiotensin-converting-enzyme inhibition
counteracts angiotensin ll-mediated endothelial cell dysfunction
by modulating the p38/SirT1 axis. J Hypertens. 2013;31:1972-83.
Medline:23868084 doi:10.1097/HJH.0b013e3283638b32


https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18192848&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18192848&dopt=Abstract
https://doi.org/10.1097/HJH.0b013e3282f293c8
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16269335&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16269335&dopt=Abstract
https://doi.org/10.1016/j.cell.2005.08.011
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16892051&dopt=Abstract
https://doi.org/10.1038/ncb1468
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19142216&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19142216&dopt=Abstract
https://doi.org/10.1139/Y08-099
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30230925&dopt=Abstract
https://doi.org/10.1080/10641963.2018.1510946
https://doi.org/10.1080/10641963.2018.1510946
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1849537&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1849537&dopt=Abstract
https://doi.org/10.1097/00004872-199102000-00015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9731228&dopt=Abstract
https://doi.org/10.1006/bbrc.1998.9246
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32319182&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32319182&dopt=Abstract
https://doi.org/10.1111/jcmm.15293
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20861825&dopt=Abstract
https://doi.org/10.1038/ki.2010.328
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20610621&dopt=Abstract
https://doi.org/10.1124/jpet.110.168724
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30326626&dopt=Abstract
https://doi.org/10.3390/ijms19103174
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12609817&dopt=Abstract
https://doi.org/10.1152/ajpregu.00476.2002
https://doi.org/10.1152/ajpregu.00476.2002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31642060&dopt=Abstract
https://doi.org/10.1002/1873-3468.13644
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21716256&dopt=Abstract
https://doi.org/10.1038/ki.2011.204
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26935021&dopt=Abstract
https://doi.org/10.3892/ijmm.2016.2503
https://doi.org/10.3892/ijmm.2016.2503
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23868084&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23868084&dopt=Abstract
https://doi.org/10.1097/HJH.0b013e3283638b32

