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Abstract

Scattered tubular-like cells (STC), dedifferentiated renal tubular epithelial cells, contribute to renal 

self-healing, but severe injury might blunt their effectiveness. We hypothesized that ischemic 

renovascular disease (RVD) induces senescence in STC and impairs their reparative potency. 

CD24+/CD133+STC were isolated from swine kidneys after 16 wks of RVD or healthy controls. 

To test their reparative capabilities in injured kidneys, control or RVD-STC (5×105) were pre-

labeled and injected into the aorta of 2-kidneys, 1-clip (2k,1c) mice 2 weeks after surgery. Murine 

renal function and oxygenation were studied in-vivo 2 weeks after injection using micro-magnetic 

resonance imaging, and fibrosis, tubulointerstitial injury, capillary density, and expression of pro-

fibrotic and inflammatory genes ex-vivo. STC isolated from swine RVD kidneys showed increased 

gene expression of senescence and senescence-associated secretory phenotype markers, and 

positive SA-ß-gal staining. Delivery of normal pig STCs in 2k,1c mice improved murine renal 

perfusion, blood flow, and glomerular filtration rate, and down-regulated pro-fibrotic and 

inflammatory gene expression. These renoprotective effects were blunted using STC harvested 

from RVD kidneys, which also failed to attenuate hypoxia, fibrosis, tubular injury, and capillary 

loss in injured mouse 2k,1c kidneys. Hence, RVD may induce senescence in endogenous STC and 

impair their reparative capacity. These observations implicate cellular senescence in the 

pathophysiology of ischemic kidney disease, and support senolytic therapy to permit self-healing 

of senescent kidneys.
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Introduction

The numbers of senescent cells increase in many forms of renal disease, including acute 

kidney injury, diabetic nephropathy, and chronic kidney disease1. During development of 

senescence, cells undergo a permanent cell-cycle arrest, and adopt a senescence-associated 

secretory phenotype (SASP), secreting paracrine and autocrine SASP components, including 

interleukin-6 (IL-6), monocyte attractants, and plasminogen activator inhibitor-1 (PAI-1), 

that may in turn promote inflammation and fibrosis2. Indeed, depletion of senescent cells in 

experimental kidney disease improves epithelial and microvascular repair and reduced 

fibrosis3, implying that senescent cells accumulating within the kidney may drive disease 

progression.

Compared to other cell types, like podocytes, endothelial, and interstitial cells, tubular 

epithelial cells (TEC) are more susceptible to senescence, as suggested by human kidney 

biopsy and experimental data4, 5. When stimulated, adult differentiated TEC can transform 

their phenotype to become reparative CD24+/CD133 scattered tubular-like cells (STC) 

capable of contributing to self-healing of neighboring cells, and ultimately renal recovery6. 

Exogenous delivery of STC or their extracellular vesicles can ameliorate renal function in 

animal models of renal damage7, 8. Whether renal disease can also transform STC into a 

senescent phenotype and thereby contribute to maladaptive repair remains unclear.

Renovascular disease (RVD) involves renal artery stenosis leading to intrarenal 

microvascular and parenchymal damage, resulting in progressive loss of renal function, and 

possibly cardiovascular events9. Furthermore, coexisting metabolic derangements such as 

metabolic syndrome, which may approach prevalence of 50% in patients with RVD, 
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amplifies renal damage, favors development of atherosclerosis and thrombosis, and impedes 

renal recovery10. We have shown that disease models like murine obesity and swine 

atherosclerotic RVD trigger renal cellular senescence11, 12, with increased levels of 

senescence markers like senescence-associated (SA) β-Galactosidase (SA-β-Gal) activity, 

p16Ink4a, p19Arf, and p21CIP1 gene expression, SA heterochromatin foci, and γH2AX 

expression. Furthermore, swine RVD induces structural and functional damage in STC 

mitochondria and impairs their capacity to sustain viability of injured TEC in-vitro13.

However, the effects of RVD on STC cell-cycle, or on their ability to repair injured kidneys 

in-vivo, remains uncertain. Therefore, we hypothesized that RVD elicits cellular senescence 

in STC and blunts their reparative potency.

Materials and Methods

The authors declare that all supporting data are available within the article and its online 

supplementary files. All animal procedures were approved by the Institutional Animal Care 

and Use Committee.

Experimental Design

To test our hypothesis, we firstly harvested STC from RVD and sham pigs, and characterized 

their senescence in-vitro. We have recently observed that radiation-induced senescent STC 

cause peritubular endothelial cells loss in healthy mouse kidney14, probably because 

senescence renders STC injurious for tubular and neighboring endothelial cells. To verify the 

impact of RVD-induced senescent STC on endothelial cells in-vitro, we co-cultured renal 

artery endothelial cells (RAEC) and STC in trans-wells and evaluated RAEC protein 

expression, implicating RVD-induced senescence in cellular injury. To further investigate 

whether RVD impairs the reparative potency of STC in-vivo, we delivered STC in a mouse 

2-kidneys,1-clip (2k,1c) model with ischemic kidney injury, and compared the effects of 

healthy and RVD-STC on renal function and structure.

STC Isolation and cell culture

Kidneys were harvested from six healthy female (6 months-old) and six female age-matched 

RVD pigs. RVD pigs were firstly fed a high-cholesterol/high-carbohydrate diet (to generate 

metabolic derangements)15 for 6 weeks, after which a local irritant coil was placed in their 

renal artery (to introduce RVD)16 for 10 additional weeks.

To harvest STC, isolated fresh kidney tissues (4-5g, mainly cortex) were digested as 

described1317. CD24+/CD133+ STC were isolated using CD24 (130-095-951, Miltenyi-

Biotec) following a CD133 (130-100-857, Miltenyi-Biotec) MicroBead kits.

Flow cytometry (FlowSight Imaging Flow Cytometer, Amnis, Seattle, WA) was used to 

identify cells undergoing senescence18. Cells were stained with SA-β-Gal Staining Kit 

(#9860, Cell Signaling, Boston, MA)11, run and gated for single cells. Then mean bright-

field (BF) pixel intensity was calculated for each event. SA-β-gal-positive (dark with low BF 

intensity) and SA-β-gal-negative (light-colored with high BF intensity) populations were 

clearly separated and expressed as percentage of total single cells14.

Chen et al. Page 3

Hypertension. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, STC expressions of senescence-related and SASP genes were studied in total 

RNA. Quantitative real-time PCR was performed using TaqMan assays (Thermo-Fisher, 

Waltham, MA): CDKN2A(APYMMFE), CDKN1A(AJGJQY6), interleukin 
(IL)1A(Ss03391335), IL6(Ss03384604), Bcl-2(Ss03375167), C-C motif chemokine-ligand 
(CCL)-2(Ss03394377), and SERPINE1(Ss03392656), with TATA-box binding protein 
(TBP, APCE6HF) as internal control. Fold-changes of each target gene in the experimental 

relative to normal STC were calculated using the 2-ΔΔCT method. Levels of IL-6 (P6000B, 

R&D systems) and tumor necrosis-factor-alpha (TNF-a, KSC3011, Invitrogen) were 

measured in conditioned medium by enzyme-linked immunosorbent assay (ELISA) and 

corrected by the number of cells.

Renal endothelial cells

To isolate primary RAEC19, a healthy pig renal artery was separated and injected with 

2mg/mL collagenase and immediately ligated at both ends. After a 1-hour digestion, the 

intra-arterial solution was mixed with EGMTM Endothelial Cell Growth Medium (Lonza) 

and passed through a 100μm cell strainer. After centrifugation (1000rpm, 10 minutes), the 

cell pellet was cultured with EGMTM, which was replaced every 2 days to remove non-

adherent cells. After about two weeks, adherent cells were harvested with 0.25% trypsin 

(Gibco BRL, USA) and cultured. Endothelial phenotype was confirmed by expression of 

CD31 and Von Willebrand factor19.

To determine the effects of escalating cellular senescence, RAEC were co-cultured 

separately with harvested STC found to have a range of 10-30% SA-β-gal-positivity. In a 

trans-well setup, RAEC (bottom) were separated from STC (top, the same number in each 

well) with 0%,10%, or 30% SA-β-gal-positivity. After 48 hours, RAEC protein expression 

of endothelial nitric oxide synthase (eNOS, 1:50, Abcam) and caspase-8 (1:200, Santa-Cruz) 

was determined by western blot.

Additional RAEC were cultured in chamber slides with supernatant from STC with 

0%,10%, or 30% SA-β-gal-positivity. After 48 hours, immunoreactivity of eNOS (1:50 

Abcam) was measured by immunofluorescent staining and counting eNOS+ cells.

In vivo mouse study: Transplantation of STC

C57BL/6J mice (Jackson Lab, Bar Harbor, ME, 11 weeks old) were randomly assigned to 

Sham (n=6), 2k,1c+Vehicle (n=6), 2k,1c+normal-STC (2k,1c+NSTC, n=8), or 2k,1c+RVD-

STC (2k,1c+RSTC, n=8) groups. Animals were anesthetized with 1.75% isoflurane and 

unilateral 2k,1c induced by placing a tube cuff around the right renal artery, as described8. 

Sham surgeries were performed in controls. This approach leads to ischemic kidney injury, 

and a fall in renal volume, blood flow, and function. BP was measured at baseline, 2, and 4 

weeks after surgery by tail‐cuff (Kent Scientific, Torrington, CT). After 2 weeks, through a 

carotid cannula, 200uL PBS or CTFR pre-labeled (far-red, Invitrogen, Waltham, MA) NSTC 

or RSTC (5X105, 30% SA-ß-gal+) slowly injected into the aorta. Two weeks later renal 

function and oxygenation were assessed using a 16.4-T vertical magnetic resonance imaging 

(MRI) unit (Bruker Biospin, Billerica, MA), and subsequently mice euthanized with CO2. 

Kidneys and blood samples were collected for ex-vivo studies.
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Cell tracking.—Frozen kidney tissue embedded in OCT was sectioned at 5μm thickness. 

Potential rejection of the swine STC was evaluated by immunofluorescence staining with 

CD3 (Abcam)17. Because they engraft in proximal tubules8, STC localization was evaluated 

by immunofluorescence staining with the proximal tubular marker phaseolus vulgaris 

erythroagglutinin (PHA-E). To determine whether injected STC proliferate in-vivo, renal 

sections were stained with Ki67 and PCNA (Abcam). To quantify STC retention rate, cells 

from fresh stenotic kidney (STK), contralateral kidney (CLK), heart, lung, spleen and liver 

were prepared20 and analyzed by FACS17 to count CTFR pre-labeled and DAPI+ cells. The 

percentage of CTFR+/DAPI+ cells in each organ relative to the total number of DAPI+ cells 

detected in the six organs was then calculated.

Systemic measurements.—Telemetry transducers interfere with MRI. Therefore, using 

a XBP1000 system (Kent Scientific, Torrington, CT), systolic blood pressure (SBP) was 

measured by tail-cuff at baseline, 2, and 4 weeks. Plasma creatinine level and renin content 

were evaluated using the DetectX® Serum Creatinine kit (Arbor assays, Ann Arbor, MI) and 

the Angiotensin-I RIA kit (ALPCO, Salem, NH), respectively.

In-vivo renal function.—Two weeks after STC or vehicle injection, kidney volume and 

perfusion were measured by non-contrast-enhanced MRI21, and single-kidney glomerular 

filtration rate (GFR) by dynamic contrast-enhanced MRI, as described22. Single-kidney 

volume, perfusion, and GFR were assessed23. Renal blood flow (RBF) was calculated as the 

product of renal perfusion and volume, and oxygenation using blood oxygen-level-

dependent MRI24, where R2* (1/T2*) is an index of blood oxygenation level.

Histologic analysis.—Fibrosis was estimated in 5-µm Trichrome stained-slides, and 

quantified semi-automatically as percent area staining (AxioVision, Carl Zeiss Micro-

Imaging, Thornwood, NY) in 10–15 random fields from each section. To evaluate 

microvascular density, kidneys were stained with anti-CD31 antibody (Cell Signaling, 

1:100) and a secondary antibody Alexa Fluoro 594 (Santa-Cruz, 1:100)25. TEC injury 

(dilation, atrophy, cast formation, sloughing, or basement membrane thickening) was 

assessed in sections stained with Periodic acid–Schiff slides on a 0–4 scale (0:<10%, 1:10–

25%, 2:26–50%, 3:51–75% and 4:>75% injury)26. Apoptosis was assessed in renal sections 

stained with terminal deoxynuleotidyl transferanse dUTP nick-end labeling (TUNEL, 

Promega), and the ratio of TUNEL+ cells relative to total DAPI-stained nuclei calculated. 

All slides were analyzed in a blinded manner.

Real-time PCR.—Pro-fibrotic and inflammatory genes were studied in RNA isolated from 

frozen mouse kidney tissue. Quantitative PCR was done using TaqMan probes (Thermo-

Fisher Scientific): Serpine1(PAI-1, mm00436753), Ccl2(monocyte chemotactic protein 1, 

MCP-1, mm00441242), and TATA-box binding protein (Tbp, mm01277042) as an internal 

control.

Statistical analysis

Statistical analysis used the JMP software. Data are expressed as mean±SD or median 

(range). Statistical significance was assessed by one-way analysis of variance followed by 
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unpaired t-test for normally distributed data or nonparametric (Wilcoxon and Kruskal-

Wallis) test for non-normally distributed data. Paired t-test was performed within group 

comparison. A p≤0.05 was considered significant.

Results

RVD induced STC senescence

All RVD pigs developed significant stenosis and hypertension. Renal STC from RVD swine 

seemed morphologically larger than normal STC and stained positive with SA-β-gal (Fig. 

1A). As per flow cytometry with SA-β-gal staining, 28±12% of RSTC were senescent (Fig. 

1A), compared to 0.04±0.02% of NSTC. Furthermore, RSTC showed increased expression 

of mRNA characteristic of senescence (CDKN2A, p=0.05, Fig. 1B), SASP markers (Il-6, 

p<0.01, Ccl2, and Serpine1, both p=0.02), and anti-apoptosis (Bcl-2, p=0.02), whereas 

CDKN1A and IL1α were unchanged (Fig. 1B). IL-6 level was elevated in conditioned-

medium from RSTC compared to NSTC (p=0.02), whereas TNF-α level was not statistically 

different (supplementary Fig.S1A).

Impact of STC on RAEC ex-vivo

RAEC co-cultured both with 10% and 30% SA-β-gal-positive STC showed decreased 

expression of eNOS (both p<0.01 vs. 0%, Fig. 2A–B). Furthermore, culture with STC 

supernatant induced a dose-dependent decrease in RAEC eNOS expression that paralleled 

the extent of STC senescence (per %SA-b-gal-positivity, each p<0.001 compared to other 

doses, Fig. 2C–D).

The expression of caspase-8 increased only when co-cultured with 30% SA-b-gal+ STC 

(p=0.3 for 10% vs. 0%).

STC mainly engraft in the 2k,1c kidney

Two weeks after injection, cells were detected engrafted in the mouse kidneys, especially in 

TEC, and no co-localization with CD+3 T-cells indicated no obvious signs of immune 

response (Figure 3A). Engrafted STC co-stained with PCNA and Ki67 indicated their 

proliferation in-vivo. Flow cytometry revealed that NSTC and RSTC engrafted to a similar 

extent, and showed preferential engraftment in STK compared to CLK and other organs (all 

p<0.001, Figure 3B).

Renoprotective effects were blunted in RSTC-treated mice

The 2k,1c mice showed a similar rise in SBP 2 weeks after surgery (all p≤0.01 vs. baseline, 

Figure 4A). RSTC increased BP at 4-weeks (p=0.03 vs. 2 weeks), as well as plasma renin 

content (p≤0.02 vs. other groups, Figure 3B). Elevated creatinine levels in 2k,1c+Vehicle 4 

weeks after surgery were unaffected by treatment (all p≤0.02 vs. sham, supplementary 

Fig.S1B).

MRI showed a comparable decreased ratio of STK/CLK volumes among the 2k,1c groups, 

suggesting a similar degree of stenosis (supplementary Fig.S1C). Compared to sham, STK 

perfusion, RBF, and GFR was decreased in all the groups (p<0.0001 vs. Sham), while renal 
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cortical hypoxia by BOLD-MRI was elevated (p=0.009, Fig. 4C–F). However, compared to 

2k,1c, NSTC significantly improved RBF and GFR (p=0.05 and 0.04 vs. 2k,1c+Vehicle, 

respectively), and tended to increase renal perfusion and ameliorate cortical hypoxia (p=0.07 

and 0.09 vs. 2k,1c, respectively). Contrarily, RSTC did not attenuate renal cortical hypoxia 

(p>0.1 vs. 2k,1c+Vehicle), and renal perfusion, RBF, and GFR were all lower than in 2k,1c

+NSTC (p<0.05).

RSTC do not ameliorate STK structural damage

Trichrome staining demonstrated marked fibrosis in untreated STKs, which was 

significantly alleviated by NSTC (p=0.04 vs 2k,1c+Vehicle, Fig 5A–B), but not by RSTC 

(p=0.3 vs 2k,1c+Vehicle), and neither was tubular injury by PAS staining (Fig 5A,C). Fewer 

CD31+ capillary endothelial cells per tubule in 2k,1c compared with Sham implied STK 

capillary loss (p<0.001, Fig5A, D), which was improved in 2k,1c+NSTC (p=0.02 vs 2k,1c

+Vehicle), but remained decreased in 2k,1c+RSTC (p=0.2 vs 2k,1c+Vehicle). STK PAI-1 

(serpine1) and MCP-1 (ccl2) gene expression was up-regulated in 2k,1c+Vehicle (p=0.02 

and 0.009 vs Sham, respectively, Fig 5D) and significant down-regulated by NSTC (p=0.02 

and 0.004 vs 2k,1c+Vehicle, respectively), but not by RSTC (p=0.4 and 0.2 vs 2k,1c

+Vehicle, respectively). TUNEL staining showed increased apoptosis in untreated STKs, 

which was significantly decreased by NSTC (p=0.05 vs 2k,1c+Vehicle, Fig 5A–B), but not 

by RSTC (p=0.3 vs 2k,1c+Vehicle) (supplementary Fig.S1D).

Discussion

This study demonstrates that RVD, a swine model emulating human disease, induces 

senescence in endogenous STC, and impairs their reparative capacity both in-vivo and in-
vitro. Consequently, while exogenous delivery of STC harvested from healthy swine kidneys 

improves structure and function in ischemic mouse kidneys, these salutary effects were 

abolished in 2k,1c mice treated with STC from RVD pigs. Similarly, proportionally to their 

extent of senescence, RSTC altered protein expression in renal endothelial cells in-vitro. 

These observations implicate STC senescence in maladaptive renal self-repair that may 

contribute to kidney disease progression.

Cellular senescence involves irreversible arrest of cell proliferation and development of 

SASP, observed in many renal diseases3. TEC are particularly susceptible to senescence, and 

may mediate maladaptive repair during progression of chronic injury27. The paracrine 

effects of senescent cells contribute to fibrosis, inflammation, and stem/progenitor cell 

dysfunction28. Progenitor cells like STC also proliferate and differentiate to support injured 

TEC during renal repair29, 30. We have previously shown that metabolic burden and renal 

ischemia, the chief kidney insults in RVD, led to decreased STC capacity for proliferation13 

and down-regulation of genes encoding for cell-cycle and cytoskeleton31. The present study 

extends our previous studies to show that RVD induces senescence in STC, evidenced by 

increased senescence (SA-β-Gal, p16Ink4a) and SASP (IL-6, MCP-1, PAI-1) markers, and 

upregulates gene expression of Bcl-2, indicating resistance to apoptosis characterizing 

senescent cells32. Development of STC senescence may be related to mitochondrial 

dysfunction and increased production of reactive oxygen species33, which are observed in 
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RSTC13. While CDKN1A (p21CIP1) gene expression was not different between normal and 

RSTC, it might be an early trigger of senescence32 and does not necessarily persist34, 

whereas p16Ink4a is activated later to maintain the senescent state32.

The current study shows in RSTC upregulated expression of pro-inflammatory factors, 

including il-6, ccl2, and serpine. We have previously found elevated mitochondrial 

biogenesis and expression of mitomiRs targeting mtDNA-genes in RSTC35, as well as 

mRNAs encoding for proteins involved in cell adhesion and matrix remodeling31. Hence, 

STC may exhibit altered modulation of mitochondria-related gene expression, cell adhesion, 

and fibrogenic activity.

Cellular senescence can abrogate the therapeutic potential of stem/progenitor cells36 by 

impairing their migratory, differentiation, and immunomodulation ability37. Therefore, we 

hypothesized that STC from RVD swine would exhibit diminished protective effects in 

murine 2k,1c. More STC engrafted in the STK than CLK, likely secondary to upregulated 

homing factors and adhesion molecules in injured kidneys38. Normal STC ameliorated STK 

fibrosis and tubular injury, and in turn STK-RBF and GFR. The mechanism probably 

involves not only STC engraftment, but mainly paracrine mechanisms, including release of 

soluble factors like IL-15, a kidney-specific factor involved in renal differentiation7, and 

STC-derived extracellular vehicles that shuttle their cargo8. Furthermore, STC improve the 

renal microvasculature by releasing growth factors7 and attenuating oxidative stress and 

inflammation. Thus, STC-induced microvascular proliferation, as indicated in increased 

number of peritubular capillaries, likely augmented renal perfusion and attenuated hypoxia 

in 2k,1c+NSTC. In particular, robust pro-angiogenic effects of STC may result from repair 

of TEC, evidenced by decreased injury score, which supports maintenance of tubulo-

vascular cross-talk39 and sustains the peri-tubular capillary and microvascular networks.

Contrarily, although only 30% of delivered RSTC were senescent, they failed to achieve a 

therapeutic effect on murine STK structure and function. This deficiency might have 

resulted partly from their inability to downregulate STK gene expression of PAI-1 and 

MCP-1. PAI-1 is implicated in renal fibrosis40, while pro-inflammatory MCP-1 contributes 

to STK injury and dysfunction41. Importantly, we have recently shown that exogenous 

senescent STC delivery can directly injure healthy mouse kidneys14, an impact which might 

have offset the reparative effect of non-senescent STC. Furthermore, this might have been 

masked in 2k,1c+RSTC, due to the background of substantial renal injury observed in 2k,1c 

alone.

Interestingly, RSTC in fact elevated SBP at 4-weeks compared with 2-week, whereas NSTC 

or vehicle did not. Similarly, renin level in RSTC-treated mice was higher than all other 

groups, possibly due to direct activation of the renin-angiotensin system by the intra-renal 

inflammatory milieu. Additionally, when co-cultured in-vitro with RSTC, RAEC showed 

lower expression of eNOS and higher expression of an apoptosis mediator (caspase-8). In 

endothelial cells eNOS produces nitric oxide that maintains their integrity and plays an 

antihypertensive role42. Apoptosis of RAEC can also lead to capillary rarefaction implicated 

in the pathogenesis of hypertension43. Thus, RSTC might induce endothelial cell 

dysfunction and loss, which further exacerbates hypertension. Notably, the extent of SA-β-
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gal+ in STC or their supernatant influenced their impact on caspase-8 and eNOS expression 

in RAEC. This dose-response relationship is consistent with the implicit role of RVD-

induced senescence in disease progression.

We acknowledge some limitations in our study. Firstly, the RVD model is composed of 

young pigs, and shorter disease duration than in humans, yet recapitulates the ischemic and 

metabolic components of RVD that effectively modified the STC. Secondly, to observe 

impact of RVD, we used xenogeneic renal STC, which might be associated with rejection, 

although rejection was not observed in CD3 staining. Additionally, the relative contribution 

of senescence to maladaptive renal repair remains to be elucidated, since the overall 

population of STC in RVD kidney is relatively small (5.9%)13, as is the portion of senescent 

STC. Nevertheless, 1/10,000 transplanted senescent cells are sufficient to cause deleterious 

effects44. Moreover, senescent cells can drive surrounding cells into inflammation or 

senescence by paracrine release of SASP28, while the intrinsic anti-apoptotic attributes of 

senescent cells may help extend their own survival45 and thereby perpetuate their impact. 

Lastly, in 2k,1c+Vehicle renin level was unaltered, since it can return to normal levels at 

chronic phases of renal ischemia46. Despite normalized PRA in 2K1C mice, elevated 

intrarenal renin activity at 4-6 weeks47–50 may account for maintenance of hypertension 51.

Summary

STC isolated from swine RVD kidneys showed increased gene expression of senescence and 

senescence-associated secretory phenotype markers, and positive SA-ß-gal staining. 

Delivery of normal pig STCs in 2k,1c mice improved murine renal perfusion, blood flow, 

and glomerular filtration rate, and down-regulated pro-fibrotic and inflammatory gene 

expression. These renoprotective effects were blunted using STC harvested from RVD 

kidneys, which also failed to attenuate hypoxia, fibrosis, tubular injury, and loss of 

capillaries in injured mouse 2k,1c kidneys.

Perspectives

In conclusion, our study shows that experimental RVD leads to senescence in STC, which is 

characterized by increased senescence and SASP markers. STC from RVD swine also show 

negative impact on endothelial cells in-vitro and impaired capacity to repair ischemic mouse 

kidneys in-vivo. These observations implicate senescence in inadequate renal self-healing, 

and support novel intervention strategies targeting renal senescence in kidney disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

Experimental renovascular disease (RVD) leads to senescence in scattered tubular-like 

cells (STC), characterized by increased senescence and senescence-associated secretory 

phenotype markers. STC from RVD swine also injured endothelial cells in-vitro and 

showed impaired capacity to repair ischemic mouse kidneys in-vivo.

What Is Relevant?

RVD, a leading cause of renovascular hypertension, may transform STC into a senescent 

phenotype and thereby contribute to maladaptive kidney repair.

Summary

Our study suggests that senescence is involved in inadequate renal self-healing, and 

supports novel interventional strategies targeting renal senescence in kidney disease.
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Fig. 1. 
Characterization of renal scattered tubular-like cells (STC) from Normal and RVD pigs. A, 

Representative senescence-associated β-galactosidase (SA-β-Gal) staining of STC (Blue). B, 

Flow cytometry strategy: single-cells were gated first, and then mean bright field (BF) pixel 

intensity calculated for each event. SA-β-gal-positive (dark cells, low BF intensity) and SA-

β-gal-negative (light-colored, high BF) populations were finally gated, expressed as 

percentage of total single-cells. The percentages of SA-β-gal-positive STC in RVD was 
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higher than in Normal swine. C, Gene expression of senescence and SASP factors quantified 

by RT-PCR (relative to TBP). Mean±SD; Normal n=5-6, RVD n=5-6; *p<0.05 vs. Normal.
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Fig. 2. 
A-B, Expression of eNOS and caspase-8 in renal artery endothelial cells (RAEC) co-

cultured with 0%, 10%, or 30% (n=5 each) SA-β-Gal-positive STC. C-F, Immunoreactivity 

of eNOS (magenta) in RAEC cultured with STC supernatant falls progressively with 

increasing fractions of SA-β-gal+. Mean±SD; *p<0.05 vs. 0%, †p<0.05 vs. 10%.
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Fig. 3. 
Transplanted renal scattered tubular-like cells (STC) from Normal and RVD pigs in the 

murine kidneys. A, Top: Immunofluorescent pre-labeled swine STC (far-red, arrow) do not 

co-localize with CD3+ T-cells (green, arrowhead) in the murine kidney. Middle: A 

representative RVD-STC (far-red, arrow) incorporated into renal tubule marked with 

phaseolus vulgaris erythroagglutinin (PHA-E, red). DAPI: Blue. Bottom: Ki67(red) and 

PCNA(green) immunostaining showed cell proliferation in engrafted STC. B, Flow 

cytometry analysis showing the distribution of transplanted cells 2 weeks after injection. 

Chen et al. Page 18

Hypertension. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biodistribution of STC detected in the heart, lungs, liver, spleen, stenotic kidney (STK), and 

contralateral kidney (CLK) was calculated as percentages of the total number of STC 

detected in those organs. *p<0.001 vs. STK.
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Fig. 4. 
Systolic blood pressure and renal function (Mean±SD) in sham mice, 2k,1c+Vehicle (V, 

n=6), 2k,1c+normal STC (NSTC, n=8), and 2k,1c+ RVD-STC (RSTC, n=8) groups. A, 

Systolic blood pressure. B. Plasma renin content. C, Hypoxia (R2*, s−1) by blood oxygen-

level-dependent (BOLD) MRI (brighter red represents greater hypoxia). D-F Renal 

perfusion, blood flow, and GFR by MRI. §p<0.05 vs baseline, ‖p<0.05 vs 2-week, *p<0.05 

vs Sham, †p<0.05 vs 2k,1c+Vehicle, ‡p<0.05 vs 2k,1c+NSTC.
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Fig. 5. 
Renal tissue injury in sham (n=6), 2k,1c+Vehicle (n=6), 2k,1c+normal STC (NSTC, n=8), 

and 2k,1c+ RVD-STC (RSTC, n=8) mice. A,B, Trichrome staining and quantification of 

fibrosis. A,C, PAS staining and quantification of renal tubular injury. A,D, 

Immunofluorescence staining and quantification of CD31+ endothelial cells, denoting 

microvessels. E, Gene expression of SASP factors serpine1 and ccl2 quantified by RT-PCR 
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(relative to Tbp). Mean±SD; *p<0.05 vs Sham, †p<0.05 vs 2k,1c+Vehicle, ‡p<0.05 vs 2k,1c

+NSTC.
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