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Abstract

Renovascular hypertension (RVH) has deleterious effects on both the kidney and the heart.
TGF-B signaling through Smad3 directs tissue fibrosis in chronic injury models. In the 2-kid-
ney 1-clip (2K1C) model of RVH, employing mice on the 129 genetic background, Smad3
deficiency (KO) protects the stenotic kidney (STK) from development of interstitial fibrosis.
However, these mice have an increased incidence of sudden cardiac death following 2K1C
surgery. The purpose of this study was to characterize the cardiovascular phenotype of
these mice. Renal artery stenosis (RAS) was established in Wild-type (WT) and Smad3 KO
mice (129 genetic background) by placement of a polytetrafluoroethylene cuff on the right
renal artery. Mortality was 25.5% for KO mice with RAS, 4.1% for KO sham mice, 1.2% for
WT with RAS, and 1.8% for WT sham mice. Myocardial tissue of mice studied at 3 days fol-
lowing surgery showed extensive myocyte necrosis in KO but not WT mice. Myocyte necro-
sis was associated with a rapid induction of Ccl2 expression, macrophage influx, and
increased MMP-9 activity. At later time points, both KO and WT mice developed myocardial
fibrosis. No aortic aneurysms or dissections were observed at any time point. Smad3 KO
mice were backcrossed to the C57BL/6J strain and subjected to RAS. Sudden death was
observed at 10—14 days following surgery in 62.5% of mice; necropsy revealed aortic dis-
sections as the cause of death. As observed in the 129 mice, the STK of Smad3 KO mice on
the C57BL/6J background did not develop significant chronic renal damage. We conclude
that the cardiovascular manifestations of Smad3 deficient mice are strain-specific, with myo-
cyte necrosis in 129 mice and aortic rupture in C57BL/6J mice. Future studies will define
mechanisms underlying this strain-specific effect on the cardiovascular system.

Introduction

Atherosclerotic renal artery stenosis is an important cause of secondary hypertension. Up to
45% of patients with coronary or aortoiliac disease have RAS [1, 2]. The affected kidney under-
goes progressive interstitial fibrosis, tubular atrophy, and interstitial inflammation [3]. The
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Cardiovascular Outcomes in Renal Atherosclerotic Lesions (CORAL) trial showed that percu-
taneous transluminal renal angioplasty (TRA) failed to improve renal function, reduce renal
or cardiovascular events, or decrease mortality, and 16% of patients progressed to a renal end-
point [4]. Although there has been a renewed emphasis on medical management of patients
with atherosclerotic renovascular disease, these patients are at high risk of death, up to 16%
annually, largely due to cardiovascular events [5]. New therapeutic approaches for preventing
both renal and cardiovascular disease in patients with RVH are clearly needed.

TGEF-B signaling through Smad3 plays an important role in both renal and cardiac fibrosis,
and therefore may represent a potential therapeutic target for patients with RVH [6, 7]. Smad3
is phosphorylated by cell surface TGF-f receptors and partners with Smad4, leading to the
transcription of genes involved in growth regulation, inflammation, and fibrosis [8, 9]. Smad3
has emerged as a critical mediator of TGF-f stimulated extracellular matrix production [10,
11]. Smad3 KO mice have been used to study fibrosis in a number of chronic renal injury
models, including ureteric obstruction, diabetic nephropathy, and RAS [12-15]. In vascular
injury models, Smad3 limits intimal hyperplasia in response to injury [16]. Heart allografts in
Smad3 KO mice develop accelerated intimal hyperplasia with increased influx of adventitial
macrophages [17].

In human and experimental RVH, angiotensin II promotes renal and cardiac fibrosis
through a TGF-B dependent pathway. In our previous studies using the 2K1C model of RVH,
we found that the development of severe renal fibrosis and atrophy in the STK of mice was
associated with a significant induction of TGF-$ and Smad3 [18].

In Smad3 KO mice on the 129 genetic background, we found that the cuffed kidney was
remarkably resistant to the development of interstitial fibrosis, interstitial inflammation, and
tubular atrophy, compared to WT mice on the same genetic background [15]. Other investiga-
tors have shown that Smad3 KO mice (on the C57BL/6] background) are prone to sudden
death due to aortic dissections [19]. During our previous studies, we noted that some of
Smad3 KO mice on the 129 genetic background died suddenly, but did not develop aortic
aneurysms. The objective of this study was to characterize the cardiovascular phenotype of
Smad3 KO mice on the 129 genetic background, with an emphasis on early time points follow-
ing RAS surgery.

Materials and methods
Animal model

129-Smad3™" /] breading pairs were purchased from the Jackson Laboratory (Bar Harbor,
ME) and a breeding colony was established and maintained as described previously [15, 20].
Both male and female mice were used and RAS surgery was performed by placement of a poly-
tetrafluoroethylene cuff on the right renal artery of anaesthetized mouse under isoflurane
(1.5%). Sham was done without placement of cuff. The animals were given buprenorphine
(0.05-0.2 mg/kg) before and then 8-12 hrs post-surgery for pain management. Each animal
was given 0.5-1.0ml saline subcutaneously immediately post- surgery. Incision sites were
monitored twice daily to insure they remained clean, dry and intact.

We previously determined the effect of Smad3 deficiency on the renal phenotype of mice
with 2K1C RVH [15]. In conducting these studies, we noted that Smad3 KO mice with RVH
had increased mortality, presumably due to sudden cardiac death mostly with in first two
weeks following RAS. The vast majority of the deaths were without antecedent clinical mani-
festations. To study the cardiovascular events in detail, we included 2 wk and 6 wk mice and
did a series of additional studies at early time points, 3 and 7 days following surgery. For sur-
vival, we studied 425 mice (153 KO with RAS, 49 KO with sham procedure, 167 WT with RAS,
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and 56 WT with sham). The animals were closely observed for 24 hrs post-surgery and daily
thereafter for any side effects. Criteria for evaluation included decrease in food and/or water
intake, decreased activity, muscle rigidity, lethargic movement, infection, neurological prob-
lems. However, the vast majority of Smad3 deficient mice in our ongoing studies died sud-
denly, with no antecedent clinical manifestations. We did identify lethargy and decreased
movement in 7 of 153 Smad3 KO animals; these animals were euthanized using CO2 inhala-
tion as per Mayo Clinic IACUC guidelines.

Smad3 KO mice were also backcrossed to the C57BL/6] strain for 10 generations and simi-
lar to the 129 background, RAS (N = 8) or sham (N = 4) surgery was performed on WT and
KO mice. Animals were harvested at 4 weeks following surgery. All of the animal procedures
were performed after the appropriate approval by the Mayo Clinic Institutional Animal Care
and Use Committee (IACUC).

Blood pressure measurement

Blood pressure was measured non-invasively on conscious mice using the volume pressure
recording (VPR) sensor technology (CODA 6, Kent Scientific Corporation, Torrington, Con-
necticut, USA).

Biochemical analysis

Blood was collected via the inferior vena cava at the time of harvest; plasma was separated by
centrifugation and stored at —80°C until the time of assay. Quantitative determination of
plasma renin content was done by the radioimmunoassay as described earlier [15, 21].

Histological and immunohistochemical analysis

The heart tissues were fixed in 10% neutral buffered formalin after excision and weighing and
processed using standard techniques. Five um histological sections were prepared and stained
with hematoxylin-eosin (H&E) and Masson’s Trichrome stains. Immunohistochemical staining
was performed using antibodies for F4/80 (1:200, Abd serotec Raleigh, NC), collagen III (1:20,
SouthernBiotech, Birmingham, AL), alpha SMA (1:500, Abcam, Cambridge, MA), iNOS (1:800,
Abcam, Cambridge, MA) and CD206 (1:800, Abcam, Cambridge, MA). All measurements and
quantifications were performed in a random blinded fashion using Olympus Bx50 microscope
(Olympus Optical Co. Ltd., Buffalo Grove, IL), Micropublisher 3.3 RTV camera (QImaging,
Surrey, BC, Canada). The amount of necrosis in each heart section was assessed on H&E sec-
tions. Quantitative analysis of % area of fibrosis for trichrome and % positively stained area for
F4/80, alpha SMA and collagen III was performed using NIS elements BR 4.13.00 64-bit image
analysis system (Nikon Instruments INC., Melville, NY) at 200X magnification. The number of
iNOS™ cells was counted at 200X and CD206" cells at 400X high field magnification.

Real-time PCR

Total RNA was extracted from the heart tissues using RNeasy Fibrous Tissue Mini kit (Qiagen,
Valencia, CA). RNA quantification was done using spectrophotometry (NanoDrop Technolo-
gies, Wilmington, DE). RNA quality was assessed using Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). First-strand cDNA was prepared from total RNA using iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA). Real time PCR amplification reactions were per-
formed on a Bio-Rad CFX96 real-time PCR detection system. Commercially available primers
were used for ACTA2 and GAPDH (ThermoFisher Scientific, Waltham, MA). The sequences
for other primers used are provided in S1 Table.
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Table 1. Mortality in Smad3 KO and WT mice on the 129 background observed at different time points following RAS or sham surgery.

Strain | Surgery 0 1 2 |3
KO RAS 1 1 1 4
Sham 0 1 0 0
wT RAS 0O 0|0 O
Sham 0 1 0|0

https://doi.org/10.1371/journal.pone.0187062.t001

Days Post Surgery
4 5 6 7 9 10 12 13 14 18 19 20 21 24 27 30 42
1 4 2 2 2 3 2 1 4 1 3 1 1 1 1 2 1
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Zymography

The protein lysates were prepared using RIPA buffer and quantified using Pierce BCA protein
assay kit (Thermo Fisher Scientific). The protein samples were run on the 10% Criterion™
zymogram gel with gelatin (BioRad) and then gel was transferred to the renaturation buffer for
15 minutes with gentle agitation at room temperature. This was repeated four times for a total
of one hour. Following this, gel was transferred to the developing buffer overnight at 37°C and
then stained with 0.5% Coomassie R-250 in Methanol (40%) and acetic acid (10%). Destaining
was done in Methanol (40%) and acetic acid (10%) solution until the desired intensity of the
bands was acquired. The acquired image was analyzed for the MMP-2 and MMP-9 band
intensity by Image] software (http://imagej.nih.gov/ij/).
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Fig 1. A. Systolic blood pressure in Smad3 KO mice was significantly lower compared to WT mice 7 days
after RAS surgery. #p = 0.04, s‘;p =0.0007 compared to KO RAS mice, *p<0.0001, **p<0.05, compared to
respective sham. B. Plasma angiotensin | level in WT and Smad3 KO mice following RAS or sham surgery. C.
The heart: body weight ratio is significantly higher in KO RAS mice compared to WT RAS mice at all-time
points after day 3. *p<0.0001, **p<0.05.

https://doi.org/10.1371/journal.pone.0187062.g001
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Fig 2. A. Representative histological images showing extensive myocyte necrosis in Smad3 KO RAS mice
(stained with H&E, 400X magnifications). Scale bar represents 100um. B. Myocyte necrosis, as assessed by
the % of total myocardial surface area with necrosis in WT and KO RAS mice. *p = 0.0001 **p =0.02,
compared to respective WT time point.

https://doi.org/10.1371/journal.pone.0187062.9002

Statistical analysis

Data are presented as means + SEM. t-test or ANOVA performed for comparison between
groups and post hoc Tukey/Dunn’s correction was used for multiple comparisons. P values <
0.05 were considered as significant. Statistical analyses were performed with GraphPad Prism
6 (GraphPad Software, La Jolla, CA).

Results

Mortality of Smad3 KO mice with RVH is higher than that of WT mice

A total of 425 mice on the 129 genetic background were studied for survival (153 KO with
RAS, 49 KO with sham procedure, 167 WT with RAS, and 56 WT with sham). Overall mortal-
ity was 25.5% for KO mice with RAS, 4.1% for KO sham mice, 1.2% for WT with RAS, and
1.8% for WT sham mice (Table 1). Forty one percent of deaths occurred within 1 week of sur-
gery, 71% within the first 2 weeks, and 87% within the first 3 weeks following surgery.

Since age-matched KO mice weighed 14% less than WT mice [15], we used older KO mice
to more closely approximate body weights in the two genotypes. We found that overall mortal-
ity was greater in older KO, but not WT mice subjected to RAS—the mean age at surgery of
KO mice which died suddenly was 20.9 weeks, whereas the mean age of Smad3 KO mice that
survived until the end of the experiment was 16.5 weeks (p<0.0001, S1 Fig).
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Fig 3. A. Representative histological images showing the anti-F4/80 staining at day 3 and 7 following RAS
surgery and sham (200X magnification). Scale bar represents 100um. B. Graph showing the % area stained
positive for F4/80 in WT and KO mice following surgery. *p <0.001 compared to respective WT RAS, KO
sham and 7D KO RAS mice.

https://doi.org/10.1371/journal.pone.0187062.9003

Systolic blood pressure was lower in Smad3 KO mice than in WT mice
with RVH

Systolic blood pressure increased to a similar extent in KO and WT mice at 3 days following
RAS surgery. By 7 days, however it was significantly lower in KO than WT mice subjected to
RAS, a difference which persisted through 6 weeks of observation (Fig 1A). While plasma
angiotensin I production peaked at day 7 in WT RAS mice and declined thereafter, levels in
KO RAS mice remained significantly elevated through day 14 (Fig 1B). There was no signifi-
cant difference in plasma angiotensin I level between WT and KO mice at any time point.
Based on these data, the difference in plasma angiotensin I level cannot completely account for
the difference in mortality between WT and KO mice. Despite lower blood pressure in KO
RAS mice, the heart weight to body weight ratio was higher in KO mice than WT mice with
RVH at all time points after day 7 (Fig 1C).

Histologic findings in hearts of Smad3 KO mice with RVH

Hearts isolated from KO mice at 3 days following RAS surgery showed extensive myocyte
necrosis (Fig 2A), involving over 20% of the cross sectional area of myocardium (22.7+4.9%,
Fig 2B). At the same time point, WT RAS hearts showed mild and patchy myocyte necrosis
(Fig 2A), involving less than 2% of the cross sectional area of the myocardium (1.2+0.6%, Fig
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Fig 4. A. Representative histological images showing the anti-CD206 staining at day 3 and 7 following RAS
surgery and sham (400X magnification). Scale bar represents 100pm. B. Graph showing the number of cells
positive for CD206 / 400x high power field in WT and KO mice following surgery. C. Cd206 mRNA expression
at day 3 and 7 following surgery. *p <0.0001, *¥*p<0.01, ***p<0.05.

https://doi.org/10.1371/journal.pone.0187062.g004

2B). At 7 days following surgery, myocyte necrosis was focal in KO RAS hearts involving 7% of
the myocardial surface area and minimal in WT RAS hearts (Fig 2B).

The myocyte necrosis observed at 3 days following RAS surgery was associated with a sig-
nificant increase in influx of macrophages as assessed by % surface area positively stained for
F4/80 in KO RAS hearts (Fig 3A). The % surface area positive for F4/80 declined to near base-
line levels by 1 week following surgery (Fig 3B). The number of CD206" cells was significantly
increased in KO RAS hearts, compared to WT RAS hearts at 3 days following surgery (Fig 4).
At later time points, the number of CD206" cells was similar in WT and KO mice. However,
mRNA expression of Cd206 showed a significant increase in KO RAS mice compared to KO
sham at day 3, but we did not observe significant difference between WT and KO RAS (Fig
4C). The number of infiltrating iNOS™ cells was relatively low at all the time points (Fig 5). We
did not see any difference in iNos expression in either group (Fig 5C).

Ccl2 expression is transiently increased in Smad3 KO mice with RVH

The influx of inflammatory cells was associated with a significant induction of CcI2 mRNA
expression in KO myocardium 3 days following RAS surgery, as compared to WT RAS heart
tissue (Fig 6). Similarly, in parallel with the F4/80 data, Ccl2 mRNA expression decreased sig-
nificantly in KO hearts one week following RAS.
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Fig 5. A. Representative histological images showing the anti-iNOS staining at day 3 and 7 following RAS
surgery and sham (400x magnification). The positive cells shown with arrow heads. Scale bar represents
100um. B. Graph showing the number of cells positive for INOS / 200X in WT and KO mice following surgery.
C. iNos mRNA expression at day 3 and 7 following surgery.

https://doi.org/10.1371/journal.pone.0187062.9g005

Myocardial fibrosis is similarin Smad3 KO and WT RAS mice

Myocardial remodeling, characterized by deposition of trichrome positive extracellular matrix
was evident in both KO (4.8+1.4% surface area) and WT (1.26+0.1%, Fig 7B) mice at day 3 fol-
lowing RAS. At later time points, the extent of myocardial remodeling was similar in KO and
WT RAS hearts (Fig 7A and 7B).

At 7 days following RAS surgery, significant collagen III deposition (as assessed by quanti-
tative analysis of Collagen III immune-histochemical stains) was observed Smad3 KO but not
WT myocardium (Fig 8B). By 14 days post-surgery, collagen III deposition was increased to
similar extent in myocardium of both WT and Smad3 KO RAS mice (Fig 8A and 8B). At6
weeks following surgery, however, collagen IIT deposition returned to near baseline levels in
WT mice but remained significantly elevated in KO RAS mice (Fig 8B). Both WT and KO
RAS showed a significant increase in Col3A1 mRNA expression at day 3, 7 and 14 compared
to their respective sham.

Development of myocardial fibrosis was associated with increased alpha SMA expression
by histology in both WT and KO mice with RVH (Fig 9A), though there was no significant dif-
ference between KO RAS and KO sham mice at any time point (Fig 9B). We did not find any
change in aSMA (Acta2) mRNA expression in any group (Fig 9C).
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Fig 6. Smad3 KO RAS mice showed significant induction in Cc/l2 mRNA expression at day 3 following
RAS. *p<0.0001, **p = 0.0002.
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Fig 7. A. Representative histological images showing the myocardial remodeling as assessed by trichrome stain (200X magnification) in WT and KO mice
following RAS and sham surgery. Scale bar represents 100um. B. Graph showing % area fibrosis as assessed by trichrome positive staining. *p<0.01.

https://doi.org/10.1371/journal.pone.0187062.9g007

PLOS ONE | https://doi.org/10.1371/journal.pone.0187062 October 26, 2017 9/16


https://doi.org/10.1371/journal.pone.0187062.g006
https://doi.org/10.1371/journal.pone.0187062.g007
https://doi.org/10.1371/journal.pone.0187062

o @
@ : PLOS | ONE Cardiovascular phenotype in Smad3 KO mice with RVH

MMP9 activity is increased in Smad3 KO RAS hearts

MMP-9 activity, as assessed by gel zymography, was increased in myocardial tissue isolated
from KO RAS mice, but not in WT RAS mice at 3 days following surgery (Fig 10A). MMP-9
activity returned to baseline levels after one week in KO RAS mice (Fig 10B). There was no dif-
ference observed in MMP-2 activity.

Smad3 KO mice on C57BL/6J background developed aortic aneurysms

Similar to the Smad3 KO mice on the 129 background, mortality was observed in KO RAS
mice on C57BL/6] background (5 out of 8 62.5%) due to sudden death at 10-14 days following
surgery. Aortic ruptures were observed in the mice that were available for necropsy (N = 2, Fig
11A). Out of 4 sham KO mice, 1 mouse developed an aortic aneurysm (without dissection).
The KO RAS mice showed significantly less cardiac fibrosis compared to WT RAS mice (Fig
11B). As we previously observed in RAS mice on the 129 background, the STK of C57BL/6]
mice did not develop significant chronic renal damage (3.75+2.9% atrophy) compared to WT
(73.3%£15.4% atrophy).

Discussion

These studies provide insight into the unexpected cardiac mortality in Smad3 KO mice sub-
jected to RVH. Our previous study focused on the protective effect of Smad3 deficiency on the
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Fig 8. A. Representative histological images showing anti-collagen Ill staining (200X magnification) in WT and KO mice following RAS and sham surgery.
Scale bar represents 100pum. B. Graph showing % area positive for collagen Il staining. C. Co/3A1 mRNA expression at day 3, 7, 14 and 42 following
surgery. *p<0.0001, **p<0.01, ***p<0.05.

https://doi.org/10.1371/journal.pone.0187062.9g008
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Fig 9. A. Representative histological images showing anti-alpha SMA staining (200X magnification) in WT and KO mice following RAS and sham surgery.
Scale bar represents 100um. B. Graph showing % area positive for alpha SMA staining. C. Acta2 mRNA expression at day 3, 7, 14 and 42 following surgery.
*p<0.0001, **p<0.05.
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STK of mice with RAS at 2 and 6 weeks following surgery; the heart was not analyzed in a sys-
tematic fashion [15]. In the current survival study, we report that 39 deaths occurred in 153
Smad3 KO mice with RAS (25.5%) whereas 2 deaths were found in 167 WT mice with RAS.
Most of the deaths in Smad3 KO mice subjected to RAS occurred within the first 2 weeks fol-
lowing surgery and were associated with extensive myocyte necrosis. Myocyte necrosis was
associated with rapid induction of Ccl2, influx of macrophages and induction of MMP9 activ-
ity. WT RAS mice showed only isolated foci of myocyte necrosis at 3 days following surgery.
At this time point, there were no significant differences in blood pressure or angiotensin I pro-
duction between Smad3 KO and WT RAS mice, indicating that myocyte necrosis in Smad3
KO mice cannot be attributed to hypertension alone or to increased systemic angiotensin I lev-
els. Smad3 KO mice infused with angiotensin II become hypertensive, but develop less cardiac
hypertrophy, inflammation, and left ventricular dysfunction than WT mice [22]. However,
Smad3 KO mice subjected to transverse aortic constriction develop cardiac hypertrophy,
although there is less myocardial fibrosis [23]. Mice with an inducible dominant negative
mutation in TBRII and subjected to transverse aortic constriction show less collagen deposi-
tion but develop LV dilation and dysfunction [24]. TGF-f has a protective effect on the myo-
cardium following ischemia-reperfusion injury, at least in part through downregulation of
matrix metalloproteinase activity in a Smad3 dependent fashion [25, 26].

We did not observe any significant aortic pathology in Smad3 KO RAS mice on the 129
background. However, mutations in SMAD3 have been identified in up to 2% of patients with
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Fig 10. A. MMP activity, as assessed by gel zymography in WT and KO at 3 days following surgery. Higher
MMP-9 activity found in KO RAS mice. B. MMP activity at 7 days following surgery. M = marker, KO S = KO
sham, WT S = WT sham, KO = KO RAS, WT = WT RAS, STD = MMP-9 and MMP-2 standard.
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familial thoracic aneurysms leading to acute aortic dissection [27]. Patients with the Loeys-
Dietz syndrome have mutations in receptors for TGF-f (TGFBR1 and TGFBR2) and are prone
to develop aortic dissections [28]. Angiotensin II infusion into Smad3 KO mice on the C57BL/
6] background has been used as a model for development of aortic aneurysms and aortic dis-
sections [29-32]. These studies indicate that development of aneurysms is due to Ang II-medi-
ated macrophage infiltration and upregulation of NOS2 (inducible nitric oxide synthase),
matrix metalloproteinases (MMP) 2 and 9 rather than hypertension alone [29, 33]. Along
these lines, targeted disruption of the MMP9 gene in bone marrow derived cells protects mice
fed a high fat diet and infused with angiotensin II from development of aortic aneurysms [34].

When we backcrossed the Smad3 KO mice to the C57BL/6] background, we were able to
confirm that Smad3 KO C57BL/6] RAS mice develop aortic dissections, as previously reported
by others. The myocardium of C57BL/6] RAS mice did not develop significant necrosis,
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Fig 11. A. Photomicrograph showing the blood clot in the thoracic cavity and aortic rupture in Smad3 KO

mice on C57BL/6J background. B. Smad3 KO RAS heart on C57BL/6J background showed significantly less
fibrosis compared to WT RAS heart. *p = 0.009.

https://doi.org/10.1371/journal.pone.0187062.9011

although we did not extensively study early time points following surgery. This observation is
in accord with other investigators who have shown that the C57BL/6] strain is more resistant
to myocardial remodeling following angiotensin II infusion than C57BL/6N mice, an effect
that may be related to reduced M2 polarization of macrophages in C57BL/6 mice [35]. Similar
to our observations in 129 mice, the stenotic kidney of Smad3 KO C57BL/6] mice was pro-
tected from development of atrophy and fibrosis, compared to WT RAS mice. We propose
that macrophage mediated inflammation and MMP activity may be responsible for the aortic
phenotype observed in Smad3 KO mice on the C57BL/6] background and for the cardiac phe-
notype observed in Smad3 KO mice on the 129 background. Future studies will define a role
for early macrophage influx and MMP activity in the development of myocardial necrosis in
Smad3 KO RAS mice on the 129 background, akin to the reported role for macrophage medi-
ated influx on the development of aortic aneurysms in Smad3 KO mice on the C57BL/6]
background.

Although we believe that this is the first study to document cardiac lesions in Smad3 KO
mice subjected to RVH, there are several limitations. First, although we performed the present
study with main focus on the early cardiac events following RAS, the survival study in part was
aretrospective study which was not designed to identify cardiac pathology lesions. For this rea-
son, we were not able to evaluate some of the hearts from mice that died suddenly. Second,
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additional studies are needed to define a mechanistic role for macrophage influx and MMP-9
activity in the development of myocyte necrosis in Smad3 KO RAS mice.

We conclude that, despite a remarkable protective effect on the kidney, Smad3 KO mice
with RVH develop myocardial necrosis and, in those that survive, cardiac fibrosis. Our initial
studies do not demonstrate any qualitative or quantitative differences between Smad3 KO and
WT mice with respect to cardiac fibrosis which develops at later time points. Our preliminary
studies on Smad3 KO mice on C57BL/6] background confirmed the presence of aortic dissec-
tion as reported by others. Based on these considerations, we conclude that the cardiovascular
manifestations of Smad3 deficiency in mice with RVH are strain specific.

Supporting information

S1 Fig. Showing the significantly higher age observed in dead mice compared to survived
Smad3 KO mice.
(PDF)

S1 Table. Sequences of primers used in the study.
(PDF)

Acknowledgments

Hui Tang’s assistance with plasma renin content assay and Medical Genome Facility Gene
Expression Core Mayo clinic’s assistance with RNA quality assessment are acknowledged. Sec-
retarial assistance of Jennifer Scott is acknowledged.

Author Contributions
Conceptualization: Sonu Kashyap, Karl Nath, Joseph P. Grande.

Data curation: Sonu Kashyap, Gina Warner, Zeng Hu, Feng Gao, Mazen Osman, Yousif Al
Saiegh, Karen R. Lien.

Formal analysis: Sonu Kashyap.

Funding acquisition: Joseph P. Grande.

Investigation: Joseph P. Grande.

Methodology: Sonu Kashyap, Joseph P. Grande.

Project administration: Sonu Kashyap, Joseph P. Grande.
Resources: Karl Nath, Joseph P. Grande.

Supervision: Joseph P. Grande.

Validation: Sonu Kashyap, Joseph P. Grande.
Visualization: Sonu Kashyap, Joseph P. Grande.

Writing - original draft: Sonu Kashyap, Joseph P. Grande.
Writing - review & editing: Sonu Kashyap, Joseph P. Grande.

References

1.  Weber-Mzell D, Kotanko P, Schumacher M, Klein W, Skrabal F. Coronary anatomy predicts presence
or absence of renal artery stenosis. A prospective study in patients undergoing cardiac catheterization
for suspected coronary artery disease. Eur Heart J. 2002; 23(21):1684—91. PMID: 12398826.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187062 October 26, 2017 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187062.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187062.s002
http://www.ncbi.nlm.nih.gov/pubmed/12398826
https://doi.org/10.1371/journal.pone.0187062

@° PLOS | ONE

Cardiovascular phenotype in Smad3 KO mice with RVH

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Hansen KJ, Edwards MS, Craven TE, Cherr GS, Jackson SA, Appel RG, et al. Prevalence of renovas-
cular disease in the elderly: a population-based study. J Vasc Surg. 2002; 36(3):443-51. PMID:
12218965.

Keddis MT, Garovic VD, Bailey KR, Wood CM, Raissian Y, Grande JP. Ischaemic nephropathy second-
ary to atherosclerotic renal artery stenosis: clinical and histopathological correlates. Nephrol Dial Trans-
plant. 2010; 25(11):3615-22. Epub 2010/05/27. https://doi.org/10.1093/ndt/gfq269 PMID: 20501460;
PMC2957590.

Cooper CJ, Murphy TP, Cutlip DE, Jamerson K, Henrich W, Reid DM, et al. Stenting and medical ther-
apy for atherosclerotic renal-artery stenosis. N Engl J Med. 2014; 370(1):13-22. https://doi.org/10.
1056/NEJMoa1310753 PMID: 24245566; PMC4815927.

Kalra PA, Guo H, Gilbertson DT, Liu J, Chen SC, Ishani A, et al. Atherosclerotic renovascular disease in
the United States. Kidney Int. 2010; 77(1):37—43. Epub 2009/10/30. https://doi.org/10.1038/ki.2009.406
PMID: 19865075.

Cheng J, Grande JP. Transforming growth factor-beta signal transduction and progressive renal dis-
ease. Exp Biol Med (Maywood). 2002; 227(11):943-56. PMID: 12486204.

Cheng J, Grande JP. Transforming growth factor-B and kidney dysfunction. Journal of Organ Dysfunc-
tion. 2009; 5(3):182-92.

Grande JP, Warner GM, Walker HJ, Yusufi ANK, Cheng JF, Gray CE, et al. TGF-beta 1 is an autocrine
mediator of renal tubular epithelial cell growth and collagen IV production. Exp Biol Med. 2002; 227
(3):171-81. WOS:000173917700004.

Derynck R, Zhang Y, Feng XH. Smads: transcriptional activators of TGF-beta responses. Cell. 1998;
95(6):737—40. PMID: 9865691.

Verrecchia F, Mauviel A. Transforming growth factor-beta signaling through the Smad pathway: role in
extracellular matrix gene expression and regulation. J Invest Dermatol. 2002; 118(2):211-5. https://doi.
0rg/10.1046/j.1523-1747.2002.01641.x PMID: 11841535.

Flanders KC. Smad3 as a mediator of the fibrotic response. Int J Exp Pathol. 2004; 85(2):47-64. https://
doi.org/10.1111/j.0959-9673.2004.00377.x PMID: 15154911; PMC2517464.

Fujimoto M, Maezawa Y, Yokote K, Joh K, Kobayashi K, Kawamura H, et al. Mice lacking Smad3 are
protected against streptozotocin-induced diabetic glomerulopathy. Biochem Biophys Res Commun.
2003; 305(4):1002—7. PMID: 12767930.

Inazaki K, Kanamaru Y, Kojima Y, Sueyoshi N, Okumura K, Kaneko K, et al. Smad3 deficiency attenu-
ates renal fibrosis, inflammation,and apoptosis after unilateral ureteral obstruction. Kidney Int. 2004; 66
(2):597—-604. https://doi.org/10.1111/j.1523-1755.2004.00779.x PMID: 15253712.

Sato M, Muragaki Y, Saika S, Roberts AB, Ooshima A. Targeted disruption of TGF-beta1/Smad3 sig-
naling protects against renal tubulointerstitial fibrosis induced by unilateral ureteral obstruction. J Clin
Invest. 2003; 112(10):1486-94. https://doi.org/10.1172/JCI19270 PMID: 14617750; PMC259132.

Warner GM, Cheng J, Knudsen BE, Gray CE, Deibel A, Juskewitch JE, et al. Genetic deficiency of
Smad3 protects the kidneys from atrophy and interstitial fibrosis in 2K1C hypertension. Am J Physiol
Renal Physiol. 2012; 302(11):F1455-64. Epub 2012/03/02. https://doi.org/10.1152/ajprenal.00645.
2011 PMID: 22378822; PMC3378173.

Kobayashi K, Yokote K, Fujimoto M, Yamashita K, Sakamoto A, Kitahara M, et al. Targeted disruption
of TGF-beta-Smad3 signaling leads to enhanced neointimal hyperplasia with diminished matrix deposi-
tion in response to vascular injury. Circ Res. 2005; 96(8):904—12. Epub 2005/03/26. https://doi.org/10.
1161/01.RES.0000163980.55495.44 PMID: 15790953.

Feinberg MW, Shimizu K, Lebedeva M, Haspel R, Takayama K, Chen Z, et al. Essential role for Smad3
in regulating MCP-1 expression and vascular inflammation. Circ Res. 2004; 94(5):601-8. https://doi.
org/10.1161/01.RES.0000119170.70818.4F PMID: 14752027.

Cheng J, Zhou W, Warner GM, Knudsen BE, Garovic VD, Gray CE, et al. Temporal analysis of signal-
ing pathways activated in a murine model of two-kidney, one-clip hypertension. Am J Physiol Renal
Physiol. 2009; 297(4):F1055-68. https://doi.org/10.1152/ajprenal.90439.2008 PMID: 19625373;
PMC2775569.

Biernacka A, Cavalera M, Wang J, Russo |, Shinde A, Kong P, et al. Smad3 Signaling Promotes Fibro-
sis While Preserving Cardiac and Aortic Geometry in Obese Diabetic Mice. Circ Heart Fail. 2015; 8
(4):788-98. Epub 2015/05/20. https://doi.org/10.1161/CIRCHEARTFAILURE.114.001963 PMID:
25985794; PMC4512850.

Nath KA, Croatt AJ, Warner GM, Grande JP. Genetic deficiency of Smad3 protects against murine
ischemic acute kidney injury. Am J Physiol Renal Physiol. 2011; 301(2):F436—42. Epub 2011/04/29.
https://doi.org/10.1152/ajprenal.00162.2011 PMID: 21525133; PMC3154585.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187062 October 26, 2017 15/16


http://www.ncbi.nlm.nih.gov/pubmed/12218965
https://doi.org/10.1093/ndt/gfq269
http://www.ncbi.nlm.nih.gov/pubmed/20501460
https://doi.org/10.1056/NEJMoa1310753
https://doi.org/10.1056/NEJMoa1310753
http://www.ncbi.nlm.nih.gov/pubmed/24245566
https://doi.org/10.1038/ki.2009.406
http://www.ncbi.nlm.nih.gov/pubmed/19865075
http://www.ncbi.nlm.nih.gov/pubmed/12486204
http://www.ncbi.nlm.nih.gov/pubmed/9865691
https://doi.org/10.1046/j.1523-1747.2002.01641.x
https://doi.org/10.1046/j.1523-1747.2002.01641.x
http://www.ncbi.nlm.nih.gov/pubmed/11841535
https://doi.org/10.1111/j.0959-9673.2004.00377.x
https://doi.org/10.1111/j.0959-9673.2004.00377.x
http://www.ncbi.nlm.nih.gov/pubmed/15154911
http://www.ncbi.nlm.nih.gov/pubmed/12767930
https://doi.org/10.1111/j.1523-1755.2004.00779.x
http://www.ncbi.nlm.nih.gov/pubmed/15253712
https://doi.org/10.1172/JCI19270
http://www.ncbi.nlm.nih.gov/pubmed/14617750
https://doi.org/10.1152/ajprenal.00645.2011
https://doi.org/10.1152/ajprenal.00645.2011
http://www.ncbi.nlm.nih.gov/pubmed/22378822
https://doi.org/10.1161/01.RES.0000163980.55495.44
https://doi.org/10.1161/01.RES.0000163980.55495.44
http://www.ncbi.nlm.nih.gov/pubmed/15790953
https://doi.org/10.1161/01.RES.0000119170.70818.4F
https://doi.org/10.1161/01.RES.0000119170.70818.4F
http://www.ncbi.nlm.nih.gov/pubmed/14752027
https://doi.org/10.1152/ajprenal.90439.2008
http://www.ncbi.nlm.nih.gov/pubmed/19625373
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001963
http://www.ncbi.nlm.nih.gov/pubmed/25985794
https://doi.org/10.1152/ajprenal.00162.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525133
https://doi.org/10.1371/journal.pone.0187062

@° PLOS | ONE

Cardiovascular phenotype in Smad3 KO mice with RVH

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kashyap S, Warner GM, Hartono SP, Boyilla R, Knudsen BE, Zubair AS, et al. Blockade of CCR2
reduces macrophage influx and development of chronic renal damage in murine renovascular hyperten-
sion. Am J Physiol Renal Physiol. 2016; 310(5):F372—-84. Epub 2015/12/15. https://doi.org/10.1152/
ajprenal.00131.2015 PMID: 26661648; PMC4773828.

Huang XR, Chung AC, Yang F, Yue W, Deng C, Lau CP, et al. Smad3 mediates cardiac inflammation
and fibrosis in angiotensin ll-induced hypertensive cardiac remodeling. Hypertension. 2010; 55
(5):1165-71. https://doi.org/10.1161/HYPERTENSIONAHA.109.147611 PMID: 20231525.

Divakaran V, Adrogue J, Ishiyama M, Entman ML, Haudek S, Sivasubramanian N, et al. Adaptive and
maladptive effects of SMAD3 signaling in the adult heart after hemodynamic pressure overloading. Circ
Heart Fail. 2009; 2(6):633—42. https://doi.org/10.1161/CIRCHEARTFAILURE.108.823070 PMID:
19919989; PMC3064555.

Lucas JA, Zhang Y, Li P, Gong K, Miller AP, Hassan E, et al. Inhibition of transforming growth factor-
beta signaling induces left ventricular dilation and dysfunction in the pressure-overloaded heart. Am J
Physiol Heart Circ Physiol. 2010; 298(2):H424-32. Epub 2009/11/26. https://doi.org/10.1152/ajpheart.
00529.2009 PMID: 19933419; PMC2822586.

Chen H, Li D, Saldeen T, Mehta JL. TGF-beta 1 attenuates myocardial ischemia-reperfusion injury via
inhibition of upregulation of MMP-1. Am J Physiol Heart Circ Physiol. 2003; 284(5):H1612-7. https://doi.
org/10.1152/ajpheart.00992.2002 PMID: 12679326.

Yuan W, Varga J. Transforming growth factor-beta repression of matrix metalloproteinase-1 in dermal
fibroblasts involves Smad3. J Biol Chem. 2001; 276(42):38502—10. Epub 2001/08/15. https://doi.org/
10.1074/jbc.M107081200 PMID: 11502752.

Regalado ES, Guo DC, Villamizar C, Avidan N, Gilchrist D, McGillivray B, et al. Exome sequencing
identifies SMAD3 mutations as a cause of familial thoracic aortic aneurysm and dissection with intracra-
nial and other arterial aneurysms. Circ Res. 2011; 109(6):680-6. Epub 2011/07/23. https://doi.org/10.
1161/CIRCRESAHA.111.248161 PMID: 21778426; PMC4115811.

Loeys BL, Schwarze U, Holm T, Callewaert BL, Thomas GH, Pannu H, et al. Aneurysm syndromes
caused by mutations in the TGF-beta receptor. N Engl J Med. 2006; 355(8):788-98. Epub 2006/08/25.
https://doi.org/10.1056/NEJM0a055695 PMID: 16928994.

Tan CK, Tan EH, Luo B, Huang CL, Loo JS, Choong C, et al. SMAD3 deficiency promotes inflammatory
aortic aneurysms in angiotensin ll-infused mice via activation of iNOS. J Am Heart Assoc. 2013; 2(3):
e000269. Epub 2013/06/21. https://doi.org/10.1161/JAHA.113.000269 PMID: 23782924;
PMC3698794.

Cassis LA, Gupte M, Thayer S, Zhang X, Charnigo R, Howatt DA, et al. ANG Il infusion promotes
abdominal aortic aneurysms independent of increased blood pressure in hypercholesterolemic mice.
Am J Physiol Heart Circ Physiol. 2009; 296(5):H1660-5. Epub 2009/03/03. https://doi.org/10.1152/
ajpheart.00028.2009 PMID: 19252100; PMC2685354.

Daugherty A, Cassis LA. Mouse models of abdominal aortic aneurysms. Arterioscler Thromb Vasc Biol.
2004; 24(3):429-34. https://doi.org/10.1161/01.ATV.0000118013.72016.ea PMID: 14739119.

Rateri DL, Davis FM, Balakrishnan A, Howatt DA, Moorleghen JJ, O’Connor WN, et al. Angiotensin Il
induces region-specific medial disruption during evolution of ascending aortic aneurysms. Am J Pathol.
2014; 184(9):2586—95. Epub 2014/07/20. https://doi.org/10.1016/j.ajpath.2014.05.014 PMID:
25038458; PMC4188133.

Police SB, Thatcher SE, Charnigo R, Daugherty A, Cassis LA. Obesity promotes inflammation in peri-
aortic adipose tissue and angiotensin ll-induced abdominal aortic aneurysm formation. Arterioscler
Thromb Vasc Biol. 2009; 29(10):1458-64. https://doi.org/10.1161/ATVBAHA.109.192658 PMID:
19608970; PMC2753598.

Pyo R, Lee JK, Shipley JM, Curci JA, Mao D, Ziporin SJ, et al. Targeted gene disruption of matrix metal-
loproteinase-9 (gelatinase B) suppresses development of experimental abdominal aortic aneurysms. J
Clin Invest. 2000; 105(11):1641-9. Epub 2000/06/07. https://doi.org/10.1172/JCI8931 PMID:
10841523; PMC300851.

Cardin S, Scott-Boyer MP, Praktiknjo S, Jeidane S, Picard S, Reudelhuber TL, et al. Differences in cell-
type-specific responses to angiotensin Il explain cardiac remodeling differences in C57BL/6 mouse sub-
strains. Hypertension. 2014; 64(5):1040-6. https://doi.org/10.1161/HYPERTENSIONAHA.114.04067
PMID: 25069667.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187062 October 26, 2017 16/16


https://doi.org/10.1152/ajprenal.00131.2015
https://doi.org/10.1152/ajprenal.00131.2015
http://www.ncbi.nlm.nih.gov/pubmed/26661648
https://doi.org/10.1161/HYPERTENSIONAHA.109.147611
http://www.ncbi.nlm.nih.gov/pubmed/20231525
https://doi.org/10.1161/CIRCHEARTFAILURE.108.823070
http://www.ncbi.nlm.nih.gov/pubmed/19919989
https://doi.org/10.1152/ajpheart.00529.2009
https://doi.org/10.1152/ajpheart.00529.2009
http://www.ncbi.nlm.nih.gov/pubmed/19933419
https://doi.org/10.1152/ajpheart.00992.2002
https://doi.org/10.1152/ajpheart.00992.2002
http://www.ncbi.nlm.nih.gov/pubmed/12679326
https://doi.org/10.1074/jbc.M107081200
https://doi.org/10.1074/jbc.M107081200
http://www.ncbi.nlm.nih.gov/pubmed/11502752
https://doi.org/10.1161/CIRCRESAHA.111.248161
https://doi.org/10.1161/CIRCRESAHA.111.248161
http://www.ncbi.nlm.nih.gov/pubmed/21778426
https://doi.org/10.1056/NEJMoa055695
http://www.ncbi.nlm.nih.gov/pubmed/16928994
https://doi.org/10.1161/JAHA.113.000269
http://www.ncbi.nlm.nih.gov/pubmed/23782924
https://doi.org/10.1152/ajpheart.00028.2009
https://doi.org/10.1152/ajpheart.00028.2009
http://www.ncbi.nlm.nih.gov/pubmed/19252100
https://doi.org/10.1161/01.ATV.0000118013.72016.ea
http://www.ncbi.nlm.nih.gov/pubmed/14739119
https://doi.org/10.1016/j.ajpath.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/25038458
https://doi.org/10.1161/ATVBAHA.109.192658
http://www.ncbi.nlm.nih.gov/pubmed/19608970
https://doi.org/10.1172/JCI8931
http://www.ncbi.nlm.nih.gov/pubmed/10841523
https://doi.org/10.1161/HYPERTENSIONAHA.114.04067
http://www.ncbi.nlm.nih.gov/pubmed/25069667
https://doi.org/10.1371/journal.pone.0187062

