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Background: This study focused on renal arteriosclerosis and aimed to explore the relationship between Klotho and SIRT1 by
morphological staining, which will help to provide new ideas for the treatment of renal-aging-related diseases and a theoretical basis
for the development of new drugs.

Methods: Kidney tissue samples were collected from patients who underwent nephrectomy. HK-2 cells were cultured. The
Hematoxylin-eosin (HE) staining, Periodic Acid-Schiff (PAS) staining, Masson’s Trichrome staining, Immunohistochemistry (IHC)
staining, Immunofiuorescence (ICC) and bioinformatics means were used for this study.

Results: HE staining showed that glomerulosclerosis was atrophic and cast was significantly increased luminal narrowing of renal
arterioles in aging group. PAS staining showed that the number of podocytes was reduced, the mesangial matrix expansion and the
intimal fibrosis of renal arterioles. Masson’s trichrome staining showed that there was massive collagen proliferation in the
tubulointerstitial in aging group, as well as intimal thickening and fibrin deposition in the tubular walls of arterioles. IHC staining
showed that the expression of Klotho and SIRT1 protein was downregulated in aging group and the trend of the two was positively
correlated (P < 0.01). Klotho and SIRT1 co-localized in HK-2 cells and kidney tissue. The GEPIA database analysis showed
a significant positive correlation between Klotho and SIRT1 in multiple human tissues and tumors.

Conclusion: Glomerulosclerosis in aging group is accompanied by low expression of Klotho and SIRT1 in renal tissue, and Klotho is
positively correlated with SIRT1. Klotho-SIRT1 pathway may be involved in the occurrence and development of renal-aging-related
diseases.
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Introduction

Aging is an intrinsic pathogenic factor of arteriosclerosis. Aging-related arteriosclerosis (AS) can lead to kidney disease.’
Renal arteriosclerosis can involve pathological changes in blood vessels at all levels and lead to glomerular sclerosis and
tubulointerstitial fibrosis. Renal arteriosclerosis also plays an important role in the development of renal aging and
chronic kidney disease (CKD), especially in hypertensive nephropathy, which is one of the most common primary
diseases leading to end-stage renal disease dialysis.” Renal arteriosclerosis affects CKD patient prognosis, increases
economic burden, and decreases quality of life. At present, there is no effective treatment for arteriosclerosis related to
renal aging, so studying its pathogenesis will help to provide targeted treatment ideas and provide a theoretical basis for
the development of specific drugs.

Klotho, an antiaging protein closely related to arteriosclerosis, is mainly expressed in the kidney,” and its expression
decreases with age.* Klotho proteins are divided into membrane-bound, soluble and secreted forms, and circulating
Klotho includes soluble and secreted forms.’ Studies have shown that the expression of circulating blood Klotho is
significantly reduced in patients with arteriosclerosis and hypertension, and low levels of Klotho increase the incidence of
coronary artery disease and cerebrovascular accidents in patients with type 2 diabetes.® Low abundance Klotho is
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considered an early predictor of arteriosclerosis.” Combating aging-related diseases may be responsible for the decrease
in Klotho, and low levels of Klotho also aggravate disease progression.

Another anti-arteriosclerosis factor, SIRT1, which is encoded by the SIRT1 gene for the nicotinamide adenine
dinucleotide dependent protein deacetylase sirtuin-1 protein, belongs to class III histone deacetylases and is expressed
in multiple organs.® Certain drugs can be used to treat arteriosclerosis through SIRT1, such as Araloside C and rapamycin
promote the expression of SIRT1 in ApoE "~ mice, mice, and improve arteriosclerosis and inhibit atherosclerotic plaque
growth in mice through SIRT1 mediated regulation of autophagy.”'® It has been shown that high-risk plaque (HRP)
patients have decreased serum levels of SIRT1," and such results are similar to arteriosclerosis-related decreases in
circulating blood Klotho. Based on the above studies, both Klotho and SIRTI are involved in the occurrence and
development of arteriosclerosis, and the relationship between the two is the focus of this study. We investigated the
relationship between Klotho and SIRT1 using renal-aging-related arteriosclerosis as an entry point.

Materials and Methods

Kidney Tissue Samples

Renal tissue samples (n = 80) from patients who underwent nephrectomy with complete clinical data were collected from
January to December 2019 at the Department of Urology, the First Affiliated Hospital of Chongqing Medical University.
These samples were preserved in 4% formalin.

Renal Histopathological Staining

After fixation of kidney tissue, routine paraffin embedded sections were used, one of which was subjected to HE staining.
Special staining was performed according to the instructions of PAS Staining Kit (G1281, Solarbio, China) and Masson’s
trichrome staining kit (G1340, Solarbio, China). Klotho antibody (SAB3500604, Sigma, USA, 1:100) and SIRT1
antibody (8469, Cell Signaling Technology, USA, 1:200), the secondary antibody was MaxVisionTM3HRP (KIT5220,
MXB, China), and EDTA (pH = 9.0) was used for high temperature and high pressure heat repair, reference instructions
for IHC staining.

Histopathologic Evaluations

Kidney tissue samples were evaluated by light microscopy and diagnosed by a renal pathologist. The percentage of the
number of glomeruli with sclerotic atrophy compared with the total glomerular number was used to assess the degree of
glomerulosclerosis. Tissue specimens with glomerulosclerosis <10% were contrasted with those with glomerulosclerosis
>10%.'? Lesions of both the tubules and the interstitium often occur concomitantly, not one normal and the other severe.
The degree of tubulo-interstitial injury (TI) was assessed using the percentage of the area occupied by interstitial fibrosis
of the renal cortex and the presence of dilation or atrophy of the tubules, with <25% versus >25% of the area damaged.'?
According to the above standard scores, those with glomerulosclerosis <10% and TI <25% were the control group
(CON), those with glomerulosclerosis >10% and TI > 25% were the aging group (Aging), and those who did not meet
this classification criteria were not included in this study.

Cell Culture

HK-2 cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences, which were cultured in Dulbecco’s
modified Eagle’s and Ham’s F-12 medium (DMEM/F12, GIBCO) supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 mg/mL streptomycin.

Immunofluorescence

Cell slides were prepared, fixed with 4% paraformaldehyde and blocked with 3% bovine serum albumin (BSA).
Immunofluorescence pretreatment of kidney tissue is the same as immunohistochemistry. Primary antibodies were
incubated overnight and fluorescent secondary antibodies (8889 and 4412s, Cell signaling technology, USA, 1:1000)
were incubated for 1.5h in the dark. Excess antibody was washed away with PBST. DAPI was added dropwise for
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nuclear staining of cells (Beyotime, China). Anti-fluorescence quenchers were added dropwise and the plates were
blocked for observation.

GEPIA Database
GEPIA (http://gepia.cancer-pku.cn/) is a tool for analyzing the RNA sequencing expression data of 9,736 tumors and

8,587 normal samples from the TCGA and the GTEx projects, using a standard processing pipeline. The RNA-Seq
datasets GEPIA2 used is based on the UCSC Xena project (http://xena.ucsc.edu), which are computed by a standard

pipeline. Use the non-log scale for calculation and use the log-scale axis for visualization.'*

Statistical Analysis

Statistical analysis of the data was performed using GraphPad Prism 8.3 and SPSS19.0. Normality test and homogeneity of
variance test were performed for each data. One-way ANOVA was used to compare measurement data between multiple
groups, and unpaired #-test was used to compare differences between two groups. Correlation between Klotho and SIRT1
protein expression was analyzed by Pearson’s correlation. Differences were considered statistically significant when P < 0.05.

Results
Kidneys of the Aging Group Were Morphologically Distinct from Those of the
Control Group

Based on the scores, we divided the sample into control (n = 28) and senescence (n = 30) groups. Another 22 patients did
not meet the inclusion criteria and were not included in this study. Glomerulosclerosis is the terminal lesion of various
glomerular injuries. HE staining showed decreased glomerular vascularity, ischemic constriction, and thicker staining in
the aging group (Figure 1A left), as well as marked intimal thickening and luminal narrowing of renal arterioles
(Figure 1A right) and more glomerulosclerosis than in the control group (Figure 1B) (P < 0.01). PAS staining showed
that the number of podocytes was decreased, and the mesangial matrix proliferation (Figure 1C left), and the intimal
fibrosis of renal arterioles (Figure 1C right), and the relative value of mesangial matrix area was higher in aging group
than in control group (P < 0.05)(Figure 1D). Masson’s trichrome staining showed massive collagen hyperplasia and fibrin
deposition in the tubulointerstitium of aging group (Figure 1E left), and the intima of arterioles was thickened with onion
skin like changes, the lumen was significantly narrowed (Figure 1E right), and the area fraction of collagen was higher
than that of control group (P < 0.01) (Figure 1F).

Decreased Expression of Klotho and SIRT| in Aging Group

The localization and expression intensity of Klotho and SIRT1 in kidney tissue were detected by immunohistochemistry. In
terms of localization, Klotho is mainly distributed in the cell membrane, and SIRT1 is mainly distributed in the nucleus. In
terms of the intensity of protein expression, the positive staining of Klotho and SIRT1 was significantly attenuated in the
kidney tissue of the aging group compared with that of the control group, suggesting that the amounts of both proteins were
significantly reduced (P < 0.01). The results of IHC showed that the expression of Klotho and SIRT1 was significantly
decreased in renal tissues with the presence of significant renal arteriosclerosis (Figure 2A and Figure 2). Compared with the
control group, the expression level of Klotho protein in the kidney tissue of the aging group was significantly decreased (P <
0.01, Figure 2B), and the expression level of SIRT1 protein was also significantly decreased (P < 0.01) (Figure 2D). In the
aging group, there was a significant positive correlation between Klotho protein and SIRT1 protein expression levels (P <
0.01) (Figure 2G and Figure 2), and the same trend was observed in the control group (P < 0.01) (Figure 2E and Figure 2). In
addition, grouped by age 60 years old, the expression relationship between Klotho and SIRT1 was similar to the above
(Supplementary Figure 1). Klotho was positively correlated with SIRT1 expression in all samples (P < 0.01) (Figure 2I).

Klotho Co-Expressed with SIRTI in HK-2 Cells and Kidney Tissue

Immunofluorescence observed that under normal physiological conditions, HK-2 cells and kidney tissue co-expressed
Klotho and SIRT1, providing a structural basis for the study of molecular mechanisms study (Figure 3).
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Figure | Histological staining of kidney tissues. (A and B). HE staining showed a significant difference in the degree of glomerular atrophy and sclerosis between the control
group and the aging group. (C and D). PAS staining showed mesangial matrix proliferation and glycogen deposition in the aging group. (E and F). Masson’s trichrome staining
showed massive collagen hyperplasia in aging group. (*P < 0.05, **P < 0.01).
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Figure 2 Immunohistochemical staining of Klotho and SIRT| proteins. (A and B). Klotho protein immunohistochemical staining showed that the expression level of Klotho
protein was significantly decreased. (C and D). SIRT| protein immunohistochemical staining showed that the expression level of SIRT| protein was significantly decreased.
(E and F). There was a significant positive correlation between Klotho and SIRT| expression in the control group. (G and H). There was a significant positive correlation
between Klotho and SIRT| expression in the aging group. (I) Klotho was positively correlated with SIRT| expression in all samples. (**P < 0.01).
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Renal Tissue

Klotho SIRT1 co-localized

Figure 3 Immunofluorescence staining of Klotho and SIRT| in HK-2 cells and kidney tissues. (Ai). Klotho was stained red. (Aii). Nucleus were stained blue by DAPI. (Aiii).
(Ai) merged with (Aii). Klotho was mainly localized to the cell membrane. (Bi).SIRT| was stained green. Bii. Nucleus were stained blue by DAPI (Biii). (Bi) merged with
(Bii). SIRT1 was mainly localized to the nucleus in HK-2.(Ci) Klotho was stained red. (Cii) Nucleus were stained blue by DAPI (Ciii). (Ci) merged with (Cii). Klotho was
mainly localized to the cell membrane. (Di).SIRT | was stained green. (Dii).Nucleus were stained blue by DAPI (Diii). (Di) merged with (Dii). SIRT| was mainly localized to
the nucleus in renal tissue.(E). Klotho and SIRT| co-localized in kidney tissues.

Klotho is Strongly Correlated with SIRT | Expression in Multiple Human Tissues and

Tumors
GEPIA database analyzed multiple human tissues, the correlation between Klotho and SIRT1 expression (Figure 4). We found
a significant positive correlation between Klotho and SIRT1 expression in normal human tissues (endoderm-derived brain
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Figure 4 Correlation between Klotho and SIRT| expression in different tissues analyzed by GEPIA database. (A) Brain. (B) Heart &vessel. (C) Epithelium of the
gastrointestinal tract. (D) Whole blood.(E) Pan cancer tissues. (F) Pan cancer para tissue.
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tissue, mesoderm derived cardiac vasculature tissue and ectoderm derived gastrointestinal epithelial cells) as well as in blood
whole blood (P < 0.01). In addition, Klotho expression was consistently highly positively correlated with SIRT1 expression in
Pan cancer tissues of multiple tumors and their adjacent noncancerous tissues (P < 0.01).

Discussion

Aging is divided into physiological aging and pathological aging: physiological aging, ie, natural aging, refers to the
degenerative changes that occur in both the structure and physiological functions of human tissues; Pathological aging
refers to a state in which a series of physiological and pathological processes comprehensively act on an organism and is
classified as a chronic disease.'> Aging-related arteriosclerosis can lead to cardiovascular and kidney disease." CKD is
one of the important diseases affecting the quality of survival of elderly patients, and the structural changes mainly
include glomerulosclerosis, thickening of the basement membrane, tubular atrophy, interstitial fibrosis and so on.'® The
2019 report of the China kidney disease network (CK-NET) shows that nearly half of the patients with CKD are aged 60
years or older, and the rate of hospitalization and mortality increases with age, and heart failure and coronary heart
disease are the major life-threatening factors for CKD patients, especially those on dialysis.'” Patients with CKD stage 5
have a more than 2-fold increased cardiovascular risk independent of traditional risk factors.'® Studies have shown that
arteriosclerosis is closely associated with multiple aging-related diseases, and the incidence of arteriosclerosis in patients
with CKD is higher than that in the general population, and the age of onset is also earlier.'” The currently known reason
is mainly that CKD patients share common risk factors with atherosclerosis, such as age, hypertension, and diabetes.'? It
can be seen that cardiovascular disease and CKD are closely associated, while arteriosclerosis is involved in the
formation and development of them.

At present, the commonly used clinical evaluation indicators of renal function mainly include creatinine, cystatin C,
and eGFR. However, the above indicators all reflect the total renal function and cannot achieve unilateral renal function
evaluation. SPECT renal dynamic imaging allows the assessment of unilateral renal function, however it is not widely
used clinically. In our collected cases, only 15.6% of patients underwent SPECT-renal dynamic imaging before surgery.
Special histological staining in this study revealed that in the aging group, glomerulosclerotic atrophy, a significant
increase in tubular type, a decrease in the number of podocytes, mesangial matrix proliferation, a large amount of
collagen proliferation in the tubulointerstitium, arteriolar intimal thickening, and fibrin deposition in the tubular walls
were observed. The immunohistochemistry results showed that the aging group with severe renal structural damage had
significantly lower Klotho expression intensity in their renal tissues than the control group. At the same time, the serum
eGFR, creatinine, and cystatin C of some patients who underwent nephrectomy were in the normal range, while SPECT-
renal dynamic imaging showed unilateral renal function impairment, and the renal Klotho expression was significantly
decreased, suggesting that the renal expression of Klotho was positively correlated with unilateral renal function, which
was consistent with the findings of Ming-Chang Hu et al.** Therefore, conventional serum renal function indicators
cannot comprehensively assess unilateral renal function. In patients with renal arteriosclerosis who must undergo renal
biopsy, if combined with IHC to detect Klotho protein expression, it can play an important role in the evaluation of
unilateral renal function to a certain extent.

Kidney is the major site of Klotho expression.” Circulating blood Klotho levels are positively correlated with renal
function, and high levels of Klotho contribute to the protection of renal function.?' Clinical studies have found that soluble
Klotho levels in blood and urine can be reduced in the early stages of CKD,** which may be due to the decrease in the
expression of membrane-bound type or the decrease in shedding ability.”* In aged mice, DNA methylation of renal Klotho,
which leads to a decrease in circulating Klotho, can cause reduced renal blood flow and aging-related salt-sensitive
hypertension.”* SIRT1 is expressed in both cardiovascular and renal compartments and exerts protective functions. In the
cardiovascular system, activation of the SIRT1/FOXO1 pathway reduces the release of prothrombotic factors vWF and
P-selectin and reduces arterial thrombosis,>> both overexpression and activation of SIRT1 can inhibit TGF- /Smad pathway
thereby attenuating isoproterenol induced myocardial fibrosis.*® In the kidney, SIRT1 participates in renal energy metabolism
response, counteracts mitochondrial dysfunction, attenuates acute kidney injury, and delays renal aging.?’ SIRT1 is involved
in blood pressure regulation by regulating the RAAS system, sodium reabsorption in the collecting duct, and regulation of
vascular tone,'® and regulates water sodium balance through the renal Ghrelin/SIRT1 pathway.?
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The previous study of our group found that the expression and activity of SIRT1 decreased in the aorta of Klotho
gene-deficient mice, which induced the formation of arteriosclerosis in mice. Exogenous activation of SIRT1 did not
affect the expression level of Klotho in tissues”®, suggesting that Klotho may be an upstream regulator of SIRT1. In this
study, compared with the control group, the expressions of Klotho and SIRT1 in the renal tissue of the aging group were
significantly decreased, indicating that both play a negative role in renal arteriosclerosis, and the expressions of the two
were significantly positively correlated. We speculate that there is a Klotho-SIRT1 regulatory pathway in renal arterio-
sclerosis, and the specific mechanism needs to be further studied.

Klotho and SIRT1 have been widely studied, but the correlation and regulatory mechanism between the two have
been rarely reported. Through the GEPIA database, we found that Klotho and SIRT1 were highly positively correlated in
cells derived from the outer, middle, and inner germ layers of normal human tissues and in blood. We speculate that the
Klotho-SIRT1 regulatory pathway is widespread in human tissues, which may play an important biological regulatory
function. In addition, both were also found to be highly correlated in cancerous and paracancerous tissues of multiple
tumors, indicating that in pathological conditions, the pathway is still widespread. Combined with the conclusion
observed in this experiment that Klotho is mainly localized at the cell membrane, SIRT1 is mainly localized in the
nucleus, and the colocalization of the two on the same cell, various lines of evidence give us reason to believe that there
is a Klotho-SIRT1 signaling pathway involved in the occurrence and development of aging related diseases. In-depth
study of the up and downstream regulatory mechanisms of this pathway may open new ideas for the prevention and
treatment of multiple diseases.

Conclusions

In conclusion, the renal structure of aging patients was significantly damaged compared with the control group, and this
was accompanied by down-regulation of Klotho and SIRT1 protein expression. HK-2 cells and kidney tissues have co-
localized expression of Klotho and SIRT1, which can be a cell model for the study of the molecular relationship between
the two. GEPIA database shows a significant positive correlation between Klotho and SIRT1 in multiple human tissues
and tumors. Klotho may be an upstream regulator of SIRT1, and exploration of its signaling pathway will be the direction
of future research.
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