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Ildentification of Adamts4 as a novel
adult cardiac injury biomarker

with therapeutic implications

In patients with cardiac injuries

Riffat Khanam?, Arunima Sengupta?, Dipankar Mukhopadhyay? & Santanu Chakraborty*

Pathological cardiac remodeling as an aftermath of a severe cardiac injury can lead to ventricular
dysfunction and subsequent heart failure. Adamts4, a metalloproteinase, and disintegrin with
thrombospondin-like motif, involved in the turnover of certain extracellular matrix molecules and
pathogenesis of osteoarthritis, also plays a role in cardiac remodeling although little is presently
known about its expression and function in the heart. Here, we have investigated the dynamic
expression pattern of Adamts4 during cardiogenesis and also in the adult heart. To our surprise,
adult cardiac injury reactivated Adamts4 expression concomitant with fibrosis induction. To better
understand the mechanism, cultured H9c2 cardiomyocyte cells were subjected to ROS injury and
Hypoxia. Moreover, through combinatorial treatment with SB431542 (an inhibitor of Tgf-B1), and
Adamts4 siRNA mediated gene knockdown, we were able to decipher a regulatory hierarchy to the
signal cascade being at the heart of Tgf-B regulation. Besides the hallmark expression of Adamts4 and
Tgf-B1, expression of other fibrosis-related markers like Collagen-l1ll, alpha-SMA and Periostin were
also assessed. Finally, increased levels of Adamts4 and alpha-SMA proteins in cardiac patients also
resonated well with our animal and cell culture studies. Overall, in this study, we highlight, Adamts4
as a novel biomarker of adult cardiac injury.

Heart failure remains a global cause of mortality and morbidity and an issue of public health concern with over
20 million people diagnosed with at least first-time heart failure across the world*2. By 2016, at least 30 and 50
million cases of cardiovascular diseases (CVD) were recorded in the US and India respectively with a mortality
rate of more than 70% in India®. Extracellular matrix (ECM) remodeling in heart is one of the contributing fac-
tors of pathogenesis in cardiovascular diseases*”. Collagen-I forms the major component of matrix interstitium
of the myocardium, the other components of ECM include Collagen-III, fibronectin, proteoglycans, matrix
metalloproteinases (MMPs), and tissue inhibitors of matrix metalloproteinases (TIMPs). The proportion and
biochemistry of the ECM change due to underlying pressure overload, cardiac injury, myocardial infarction
(MI), and/or ischemia-reperfusion (I/R) injury that leads to extracellular matrix reorganization which in turn is
modulated by changes in turnover of matrix proteins®. A typical cardiac remodeling post-cardiac injury under-
goes, three major phases namely inflammatory, proliferative and maturation leading to a mature scar formation’.

Although the initial stages of ECM remodeling are essential as it prevents rupture of the ventricular wall and
prevents ventricular dilatation, however, extensive and unregulated ECM remodeling leads to progressive fibrosis
in the heart and impairment of cardiac functioning®'°.

The MMPs are a family of zinc-dependent proteases involved in the turnover of collagen'!. An important
MMP is the Adamts family which apart from inhabiting the functions of an MMP also acts as disintegrins.
Adamts4 a member of the Adamts family is a metalloproteinase and a disintegrin with thrombospondin like
motifs'®!?. Adamts4 has been known to bind to the ECM proteins and executes cleavage of ECM proteoglycans
like aggrecan, versican and brevican apart from regulating collagen turnover. There is not sufficient information
in the context of cardiac remodeling with a focus on the involvement of Adamts4. So far it is known that Adamts4
knockout in animal models leads to a reduction in plaques in cases of high fat induced atherosclerosis'® and
also, inhibition of Adamts4 with pentosan polysulfate following aortic banding improves cardiac functioning®.
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Figure 1. Dynamic expression of Adamts4 protein in embryonic and adult heart. Adamts4 expression is shown
in developing E10.5 (a), E12.5 (b), E14.5 (c), E18.5 (d) adult (e) murine hearts. IHC with anti-Adamts4 antibody
(green colour) and Topro3 (blue colour) used as nuclear stain, the expression pattern of Adamts4 is observed

in (a)-(e). While the expression pattern of Adamts4 is more widespread in the embryonic stages throughout

the RA, LA, RV, LV and IVS (a-d), the expression drastically reduces and is mainly only confined at the IVS

in the adult stage (e) displaying a sharp contrast between the expression of Adamts4 in developing and adult
stages. (f) Highlights the colocalization of Adamts4 (green) in the chamber myocardium with E13.5 chamber
cardiomyocytes shows colocalization of Adamts4 with MF20 (shown in yellow colour) across the LV of chamber
myocardium. The arrowheads point towards cells that have colocalized with both the markers ie, Adamts4 and
MEF20. This confirms the expression of Adamts4 in embryonic cardiomyocytes. n=4.

However, there is not much literature about Adamts4 expression and function in the developing and adult heart at
the basal level and also in post cardiac injury. Only recently studies have shown that Adamts4 along with Adamtsl
levels remain elevated in patients with acute aortic dissection and also in patients with coronary artery disease'*!*.

Here in our present study, for the first time, we aim to identify Adamts4 as a novel biomarker of adult cardiac
injury under stress conditions. We have detected a strong expression of Adamts4 protein in the developing cardiac
chamber myocardium in utero compared to very restricted expression in the adult murine hearts. To our surprise,
we have also detected the expression of Adamts4 in vivo murine model of myocardial infarction (MI), localized in
adult cardiomyocytes. To better understand the molecular insights of Adamts4 induction and associated affected
signaling pathway activation, we have used H9¢2, a rat ventricular myoblast cell line for several in vitro assays.
Likewise, Adamts4 expression was induced in H9¢2 cells, subjected to hypoxia (Hyp) and ROS injury inductions
in vitro. Moreover, we manipulated the expression of Adamts4 with siRNA-mediated loss of function and TGF-f3
inhibitor studies in H9¢2 cells to evaluate its regulation and dependency on TGF-p signaling since TGF-f has
been long known to be a characteristic marker for inflammatory and fibrotic responses following pathological
stress including MI, ischemia and reperfusion (I/R) injury'®-?’. Finally and most importantly, we also validated
our hypothesis in human clinical samples and demonstrated the induced expression of ADAMTS4 in patients
with indicated cardiac ailments.

Results

Dynamic expression pattern of murine Adamts4 protein observed in developing and adult
hearts. Immunohistochemistry (IHC) with anti-Adamts4 antibody shows Adamts4 protein expresses
strongly in developing murine cardiac chambers but the expression significantly wanes in adult murine hearts.
In contrast to the adult heart (Fig. 1e) where Adamts4 expression is largely restricted at the edge of the interven-
tricular septum (IVS) mostly adjacent to the left ventricle (LV), in the embryonic heart (Fig. 1a-d) the expression
of Adamts4 is more widespread throughout the left and right auricles (RA, LA), ventricles (LV and RV) and the
inter-ventricular septum (IVS) of the chamber myocardium of E10.5, E12.5, E14.5, and E18.5 although its expres-
sion in endothelial-derived heart valves remained mostly inconspicuous. Further, the expression of Adamts4 at
E13.5 (Fig. 1f) is also co-localized with cardiomyocyte-specific marker MF20 (MF20 is a myosin heavy chain-II
marker in cardiac and skeletal muscle system, hence often used to label sections of myocardium and is therefore
considered to be cardiomyocyte marker as well?*2.) throughout the LV of chamber myocardium.

Adamts4 reactivation in the ventricular chamber in the adult heart following injury
in-vivo. While Adamts4 expression in adult murine hearts significantly waned in comparison to developing
hearts, it is found that MI-induced adult murine heart shows significant reactivation of Adamts4 protein. IHC
with anti-Adamts4 antibody shows a strong expression of Adamts4 in the infarct and border zone (Fig. 2a) fol-
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Figure 2. Adamts4 protein is reactivated in adult murine heart following 4 weeks post-MI. Panel a. shows
THC with anti-Adamts4 antibody (shown in green colour) and Topro3, used as nuclear stain (shown in blue).

4 weeks post-MI, induced reactivation of murine Adamts4, as indicated by the arrowheads in the infarct and
border zones of adult murine chamber myocardium in comparison to sham operated mice. Moreover, this
injury induced expression of Adamts4 is expressed in cardiomyocytes as shown in panel b where IHC with
anti-Adamts4 (shown in red colour) and cardiomyocyte specific anti-MF20 (shown in green colour) antibodies
following 4 weeks post MI in adult murine show colocalized expression, the colocalization is pointed out by the
arrowheads in the MF20/Adamts4/Topro3 merged image. n=4.

lowing 4 weeks post-MI in comparison to sham-operated mice. Again, this reactivated expression of Adamts4
following MI in adult mice is co-localized with MF20 as denoted by IHC with Adamts4 and MF20 (Fig. 2b)
emphasizing that Adamts4 expression co-localizes with cardiomyocytes in adult hearts.

Adamts4, Tgf-B1 upregulation in H9c2 cells following injury induction.  To better understand the
detailed mechanistic insights into Adamts4 function in post injury; further studies were done in H9¢2, a rat car-
diomyocyte cell line. H9¢c2 cells were subjected to H,0, and Hypoxia (Hyp) treatment. Figure 3a, b show upregu-
lation of ROS and hypoxia injury-related markers Catalase”-** and Hif-10 respectively validated by real-time
qPCR, showing upregulation after injury for both the markers. Also, Adamts4 and Collagen-III*"?® expression
at mRNA levels shows elevation after both stress treatments (Fig. 3¢, d). Furthermore, Tgf-B1 mRNA shows
upregulation following H,0, and Hypoxia treatment'®? as quantified by real-time PCR (Fig. 3e). Moreover,
Adamts4, a-SMA and Vimentin (a type-III intermediate filament marker that is known to induce repair mes-
enchymal cells following severe stress or injury to cells to initiate wound healing and provide structural support
network®>*!) expression at protein levels assessed by western blot (WB) shows significant upregulation following
H,0, and Hypoxia treatments (Fig. 3f-i). Figure 3j depicts H9¢2 morphology after injury induction as compared
to control taken in DIC mode and cell size measurements post injury induction is shown in Supplementary
Fig. S1. Overall, this figure shows the upregulation of ECM markers like Col-III, a-SMA, Vimentin along with
Adamts4 and Tgf-p1 following H,0, and Hypoxia treatment. All gPCRs were normalized with p-actin and total
protein was used as loading control for western blot assays.

Adamts4 and Tgf-B1 expression is suppressed by SB431542 (ALKI) pre-treatment before H,0,
and Hypoxia stress induction. Immunofluorescence (IF) staining with anti-Adamts4 and anti-Tgf-p1
antibody shows an elevated expression of both the markers following H,O, and Hypoxia treatment assessed
by quantifying fluorescence mean intensity (via Image] software, NIH). Interestingly, this elevated expression
significantly reduced for both Adamts4 and Tgf-p1 in presence of ALKI pre-treatment. Interesting to note, a
non-specific nuclear presence of Adamts4 is observed irrespective of treatment (Fig. 4a—c) Further, the WB also
shows a similar trend in the expression pattern of Adamts4 and Tgf-p1 proteins where the expression of both
markers falls after ALKI pre-treatment in comparison to only injury groups (Fig. 4 d, e, g and h). Also, Tgf-p1
measured at mRNA levels by qPCR also validates the same finding (Fig. 4f). Overall, ALKI shows successful
significant inhibition of Tgf-p1 as also stated previously?**>** along with inhibition of Adamts4. This finding is
indicative of Tgf-f1 dependent activation of Adamts4.

Scientific Reports |

(2022) 12:9898 | https://doi.org/10.1038/s41598-022-13918-3 nature portfolio



www.nature.com/scientificreports/

P <0.05
a b c P<0.05 d
P<0.05
- P <005 - _P=<0.05 < & P <0.05 . s _P<0.05
g z ¢ % T - £ e -f—
g
R R E =3 s E +
® g 2 e g2 E g 2 TZ 8 2
Q= ] ‘2 =7
e e = SRl
ER-N E¢, 3% 3E
Ol < o O T o
Con H,0 Con Hyp Con  H,0, Hyp Con H,0, Hyp
e f g h
Vimentin &
P<00s S .. — P po0s
- < _ =0
104 P<0.05 .SMA = 5 _P<0.01 4 P<0.05
2 42 kD 2 s 3 +
2 = e + ¢ o
] Adamts4 “ ~ £
2 6 30 kD GEES——— S o =
= - - 2
554 - —_— £
ol Total A 2
25 2 Protein E 1] eme !
5 S e g %
= o ) 2 < 3 0
Con H,0, Hyp d Con  Hyp H0, " Con Hyp H,0,
Con Hyp H,0, o
i P<0.01 i Control HO, Hypoxia
6 P<0.01
g
Q
g 2
=™
=
8
<
= Hoc2 |
g
= o0
© Con Hyp H,0,

Figure 3. Injury induced overexpression of Adamts4 and fibrosis related markers in H9¢2 cells. Relative

mRNA expression assessed by quantitative real-time PCRs of Catalase (a) shows an upregulation by 3.8 fold,
Hif-1a (b) was found to be elevated by fourfold, Adamts4 (c) was found to be upregulated by 5 and 4.5 fold for
H,0, and Hyp treatment sets respectively, Col-III (d) was found to be elevated by 4 and 3.5 fold H,0, and Hyp
treatments, Tgf-B1 (e) levels were upregulated by 8 and 7.4 folds for H,0, and Hyp treatments respectively. Also,
elevated expression of proteins analyzed by WB with Adamts4 (f and g) showed an enhanced expression of 3.7
and fourfold for Hyp and H,0, treatments, a-SMA (f and h) showed an upregulation of 3 and 3.5 folds Hyp

and H,0, treatment groups, Vimentin (f and i) under stress induced conditions of hypoxia and H,O, showed
upregulated expression by 4.8 fold for hypoxia and 4.7 fold for H,O, treatments. Elevated expression of markers-
Catalase and Hif-1a signified successful injury inductions while upregulated expressions of Adamts4, Col-III,
Tgf-B1, a-SMA and Vimentin indicated development of injury related fibrosis. 3-actin was used to normalize
gene expression for qPCR assay and total protein was used as loading control for WB. n=3. Data analyzed and
expressed as mean + SD. Differences were considered statistically significant for p <0.05. (j) H9c2 morphology
after injury induction as compared to control taken with the help of a DIC microscope.

ALKI pre-treatment before H,0, and Hypoxia treatment suppresses the expression of Colla-
gen-llland a-SMA.  Fibrosis markers Collagen-11I (Col-I1I) and a-SMA?”**% IF staining show a reduction
in expression of both markers in H,0, and Hyp groups pre-treated with ALKI after a significant upregulation in
the expression of both markers observed in the injury groups; H,0, and Hyp as measured by assessing fluores-
cence intensities of Col-IIT and a-SMA (Fig. 5a-c). Overall, this suggests that the expression of Collagen-III and
a-SMA may be Adamts4 and Tgf-p1 dependent.

ALKI pre-treatment prior to H,0, and Hypoxia treatment inhibits Periostin expression. Peri-
ostin expression is detected by IF staining with anti-Periostin antibody and shows upregulation of the same
following H,0, and Hyp treatments group in comparison to the control set but this elevation is significantly
reduced in ALKI+H,0, and ALKI+Hyp groups respectively in comparison to the control group (Fig. 6a, b).
Adamts4 loss of function mediated by Adamts4 siRNA transfection (ATSsi Tr) was validated by WB (Fig. 6c,
d), IF (Fig. 6e, f) and qPCR (Fig. 6g), all of which validated successful knockdown of Adamts4 compared to the
scrambled siRNA (Scsi Tr) treated group. Overall, these data suggest that Periostin activity may be Adamts4 and
Tgf-p1 dependent.

Adamts4 siRNA mediated gene knockdown before H,0, and Hypoxia treatment inhibits
Adamts4 but does not affect Tgf-B1 expression. Now to better understand the regulatory hierar-
chy and interaction between Tgf-p signaling and Adamts4; Adamts4 knockdown experiments are performed.

Scientific Reports |

(2022) 12:9898 | https://doi.org/10.1038/s41598-022-13918-3 nature portfolio



www.nature.com/scientificreports/

Hyp

DAPI

. P <0.05
Adamts4 Tef-B1 Merged b _ P <001 ¢ P =001
—P_O..Q]_ <
5 P<0.01 P<0.01
P <0.01 59—
g <
Z .
g ot T 2 4] _E_
E g
= =
EE Y £ 3
3z ] i =g =y e
58 i. 8 2
> 2 = g
£2 ¢ g
55 11 w?® R
-] % S 1 ﬁ
- -]
Con  HO, ALKL Hyp ALKI O Con 10, ALKI Typ ALKI
+H,0, + Hyp 7 LHO + Hyp
d ¢ P <0.05
P <0.05
5 P <0.05
_ P<0.05
s
: i &
P
g
o
Total ¥ <
Protein S5 &
: P
5
o E
Con Hyp ALKI Con H,0, ALKI
+ Hyp +H,0, 0
Con Hyp ALKI H,0, ALKI
+Hyp +H,0,
P <0.05 ) N
f P<0.05 £ P<0.05
P <0.05 P<0.05
104 Tef-p1 5§q ———————————
P <0.05 45kb P<0.05
: 1 T - T 3
z E}
£ £ _P<005
o 67 =8
= | ™ =g 3
= o e Total # & 8
2.2 4 P protein | =% £ = %‘ 2
] 3 ©
% 2 Con ALKI H,0, Con ALKI Hyp 2§ ﬁ %
& 2 +H,0 +Hyp s 2
22 &2 2 14
oo & o
" Con H,0, ALKI Hyp ALKI [
7 v h0, P + Hyp Con ALKl H,0, ALKI Hyp

+H302 +Hyp

Figure 4. Adamts4 and Tgf-p1 expression is inhibited following pre-treatment with ALKI. Staining with
anti-Adamts4 (shown in green) showed a 4- and 3.7-fold increase following H,O, and hypoxia treatments in
the fluorescence intensities of Adamts4 but was found to reduce to 2 and 1.6 folds in the treatment groups—
ALKI+H,0, and ALKI + Hypoxia respectively (a and b). IF with anti-Tgf-p1 antibody (shown in red) showed
elevated expression of 4.5 and fourfold following H,O, and hypoxia treatments and this reduced to 2.5 and 2.3
folds for ALKI+H,0, and ALKI + Hypoxia groups (a and c). DAPI (in blue) was used as nuclear stain. Adamts4
WB shows of increased expression of 3.7 and 4 folds for the Hyp, H,O, treated groups which reduce to 1.7, and
1.5 in ALKI+Hyp and ALKI+H,0, treated groups (d and e). Tgf-B1 inhibition following ALKI pre-treatment
was also assessed by qPCR (f) which showed a reduction from 8 and 7.4 folds for H,0, and hypoxia treatment
groups to 4 and 4.4 folds for ALKI+H,0, and ALKI + Hyp treatment groups. Tgf-B1 protein expression
measured by WB (g and h) showed a 4- and 3.8-fold increased change for H,0, and Hypoxia subjected H9c2
cells to 1.5 and 1.8 folds for ALKI+H,0, and ALKI + Hyp treatment respectively. f-actin was used to normalize
gene expression for QPCR assay and total protein was used as loading control for WB. n=3, data analyzed and
expressed as mean + SD. Differences were considered statistically significant for p <0.05.

As expected, Adamts4 siRNA transfection before H,0, (ATSsi+H,0,) and hypoxia (ATSsi+ Hyp) treatment
show a significant reduction in the levels of Adamts4 expression as shown by Adamts4 IF staining (Fig. 7a, b)
as compared to the treatment groups; H,0, and Hyp, but interestingly Tgf-p1 expression (Fig. 7a, ¢) remains
mostly unaffected by Adamts4 loss of function as no significant difference between H,0, and ATSsi+H,0, and
Hyp and ATSsi+ Hyp was found. This finding, therefore, is suggestive of a possible Tgf-p1 function upstream of
Adamts4 at least in the context of H,0, and hypoxia induced pathological remodeling in cultured H9¢2 cells.

Adamts4 knockdown results in inhibition of Collagen-1il and a-SMA expression.  Further, mark-
ers for injury induced fibrosis or pathological remodeling are determined in Adamts4 dependent manner. Like-
wise, Adamts4 siRNA mediated knockdown also shows a significant reduction in the expression of Collagen-III
and a-SMA in groups where Adamts4 knockdown was performed prior to H,0O, and hypoxia induction as
compared to groups where only injury induction (H,0, and hypoxia) was done, shown by Collagen-IIT and
a-SMA TF staining (Fig. 8a—c). Overall, these findings are indicative of an Adamts4 dependent activity under
pathological stress conditions induced in H9¢2 cells.
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Figure 5. Inhibition of Col-III and a-SMA by ALKI pre-treatment. IF staining with anti-Col-III (shown in
green) and anti-a-SMA (shown on red) antibodies showed inhibited expression of the markers under conditions
of ALKI pre-treatment paired with H,0, and hypoxia when compared to only injury states-H,O, and hypoxia.
Col-III expression reduced to 2.3 and 2.4 folds for ALKI + H,0, and ALKI + Hypoxia treatment sets from 4 and
4.25 folds for H,0, and Hyp treatments respectively (a and b). a-SMA levels were reduced to 2.3 and 2 folds

for ALKI+H,0, and ALKI+ Hypoxia treatment groups from 4.6 and 4 folds for H,O, and Hyp treatments
respectively. DAPI (shown in blue was used as nuclear stain) n=3, data analyzed and expressed as mean+ SD.
Differences were considered statistically significant for p <0.05.

Adamts4 knockdown results in reduced expression of Periostin.  Moving along on the same lines
as with ALKI treatment, next Periostin expression is detected by IF staining with anti-Periostin antibody post
Adamts4 knockdown and this shows upregulated expression of Periostin in H,O, and Hyp treated groups in
comparison to the control set, this elevation is significantly reduced in ATSsi+H,0, and ATSsi+ Hyp groups
(Fig. 9a, b) showing a significant reduction from only H,0, and Hyp treated H9c2 cells. These findings are
indicative that Periostin expression may be under Adamts4 regulation.

The induced expression of Adamts4 and a-SMA in humans with cardiac anomalies. To bet-
ter correlate our in vivo murine animal model and in vitro findings, in humans, we have used human patients’
serum samples with indicated cardiac anomalies. Adamts4 and a-SMA protein levels were assessed by western
blot. Both Adamts4 and a-SMA proteins show significantly enhanced expression in patients who have suffered
DCM, MI, either AWMI (anterior wall MI) or inferior wall MI (IWMI) (Fig. 10a-c) Furthermore, Adamts4
specific ELISA also validates the same findings (Fig. 10d). Patients with DCM, IWMI or AWMI show significant
expression of Adamts4 as compared to the control group. This confirms that Adamts4 is also induced in humans
who have a history of cardiac diseases like DCM or have suffered MI. Figure 10e shows a proposed model based
on our findings for the interaction and inter-relationship between Adamts4 and Tgf-B1 in post cardiac injury
conditions; when the Tgf-B1 expression is inhibited by blocking the binding of Tgf-B1 to one of its two binding
receptors (ALK receptors, more specifically ALK 4 and 5), Adamts4 expression is inhibited since it is regulated
downstream of Tgf-B1. So, the elevated fibrosis like conditions that escalated following pathological stress induc-
tion is inhibited and eventually fibrosis related markers (Col-III, a-SMA and periostin) along with Adamts4 are
downregulated following inhibition of Adamts4.
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Figure 6. Periostin expression is reduced after ALKI pre-treatment and successful knockdown of Adamt4
mRNA in cultured H9¢2 cells. IF with anti-Periostin antibody (shown in green) shows inhibition of Periostin
expression under ALKI +H,0,, and ALKI + Hyp conditions as compared to only H,O, and Hyp treated
conditions. A reduced expression of 2.3 and 2 folds for ALKI + H,0,, and ALKI + Hyp was observed which was
a decrease from the 4 and 3.7 fold change found for only H,0, and Hyp treatments (a and b) in comparison to
control. Successful knockdown of Adamts4 via Adamts4 siRNA transfection is shown by Adamts4 WB (shown
in c and d), a 0.46 fold expression in the knockdown group against the control group was found. Further,
Adamts4 IF (shown in green) also validated the successful knockdown of Adamts4. A decrease in the mean
fluorescence intensity from 1 as observed for Scsi treatment set to 0.33 for ATSsi tr group was found. (e and f).
DAPI (shown in blue) was used as nuclear stain. Finally, from qPCR Adamts4 mRNA levels were downregulated
from onefold observed for Scsi tr set to 0.25-fold for ATSsi tr group (g). n=3, data analyzed and expressed as
mean * SD. Differences were considered statistically significant for p <0.05.

Discussion

The salient finding of this study is that Adamts4 is upregulated in injury to cardiac muscle. This finding is con-
sistent with previous studies where Adamts4 expression was shown to be enhanced in atherosclerotic plaques'?
and patients with acute coronary syndrome’®. Importantly, Adamts4 being a secretory protein in nature, it
resides both intracellularly and is also secreted from cardiomyocytes out into the ECM where its function is
to regulate the turnover of other proteins by directly affecting other resident cells including but not limited to
cardiac fibroblasts, endothelial and smooth muscle cells in the same ECM milieu. However, injury induced func-
tion of Adamts4 in other adult cardiac resident cell types is unknown. The expression of Adamts4 significantly
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Adamts4 levels were found to decrease to 2 and 1.8 folds in the ATSsi+H,O, and ATSsi+ Hyp groups in
comparison to the 4 and 3.7 folds increase observed for only H,0, and Hyp treatments (a and b) but Tgf-p1
remained largely unaffected by this loss of function of Adamts4 and as shown by staining with anti-Tgf-p1
(shown in red) where the levels of Tgf-B1 were 4.5 and 4.0 for H,0, and Hyp groups and 4.2 and 4.1 for
ATSsi+H,0, and ATSsi+ Hyp groups (a and c). DAPI (shown in blue) was used as nuclear stain. Differences
between groups H,0, and ATSsi+H,0,, and Hyp and ATSsi+ Hyp were not found to be significant. n=3, data
analyzed and expressed as mean + SD. Differences were considered statistically significant for p <0.05.
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decreased from being widespread in the chamber myocardium of developing hearts to very restricted expres-
sion in normal adult hearts (Fig. 1) which could imply that its roles in developing and adult hearts are different
but the reactivation of Adamts4 following cardiac injury (MI) (Fig. 2) implied that it could be another marker
for adult cardiac injury. Since, this expression co-localized with cardiomyocytes, manipulation of Adamts4 was
easier to experiment with within H9¢2, a cardiomyocyte cell line. Injury inductions through H,0, and hypoxia
treatment showed upregulation of Adamts4 along with a couple of other fibrosis-related markers like Tgf-p1,
Collagen-III, a-SMA, and Periostin which is notably known as a marker for detecting fibroblast to myofibroblast
switch® were found to be elevated (Figs. 3 and 6) implying that an injury mediated ECM remodeling could be
a cause for the elevation of these markers. Further pre-treatment with SB431542, an inhibitor of ALK4 and 5
(one of the two binding receptors of Tgf-B1) receptor that eventually leads to inhibition of Tgf-B1 also showed
inhibition of Adamts4, this inhibition further extended to the expression of Collagen-III, a-SMA and Periostin
proteins (Figs. 4, 5 and 6). To better understand the hierarchy supremacy between Adamts4 and Tgf-p1, Adamts4
loss of function study was mediated by Adamts4 siRNA transfection. In groups where Adamts4 knockdown
was performed before stress induction, Tgf-B1 expression remained quite unaffected whereas the expression of
the other 3 mentioned markers-Collagen-III, a-SMA, and Periostin along with Adamts4 was found to reduce
to somewhat similar levels when ALKI pre-treatment with stress induction was done (Figs. 7, 8 and 9). These
findings indicated that Adamts4 expression is mediated by Tgf-p1 and also that other ECM and fibrosis related
markers including Col-III, a-SMA, and Periostin seem to be regulated by Adamts4 since loss of function of
Adamts4 significantly inhibited the expression of these markers following injury to H9¢2 cells. Finally, not only
our marker of interest, Adamts4 but also a-SMA showed significantly enhanced expression in patients with MI
and DCM injury (Fig. 10) indicating a cardiac fibrosis like condition following adult cardiac injury. Although
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Figure 8. Inhibited expression of Col-III and a-SMA following loss of function of Adamts4. IF with anti-Col-
III (shown in green) and anti-a-SMA (shown in red) antibodies show inhibited expression of these markers
under ATSsi+H,0, and ATSsi+ Hyp conditions when compared with H,0O, and Hyp treated cells (a) Col-IIT
showed a reduction from 4 and 4.25 fold observed for the H,0, and Hyp treatment groups in comparison with
the control group to 1.8 and 2.2 fold observed in ATSsi+H,0, and ATSsi+ Hyp groups (a and b). Similarly, for
a-SMA, H,0, and Hyp treated cells show a significant 4.5 and fourfold increased expression when compared
to control, the ATSsi+H,0, and ATSsi+ Hyp treated cells show a fold change of 2.5 and 2.4 increments when
compared to the control group (a and ¢). DAPI (shown in blue) was used as nuclear stain. n=3, p<0.05 is
considered as significant for differences among groups. Data analysed and expressed as mean + SD.

not done here but our future studies are focussed on validating the direct interaction of Adamts4 with Col-III
a-SMA, and Periostin through binding/ChIP assays.

The ECM is an integral part of the myocardium. The dynamic composition of cardiac ECM consisting of both
structural and non-structural components plays a critical role in cellular events and during pathogenicity*”.
Under stress conditions such as Ischemia or MI, the chamber myocardium undergoes intensive ECM remod-
eling which remains relatively inconspicuous in healthy individuals. Cardiac Fibrosis is often viewed as an
expansion of ECM remodelling®. Following MI or I/R, there is an acute inflammatory response that suffices for
the overexpression of pro-inflammatory cytokines like Tgf-f and interleukins. Tgf-B1 most notably does so by
the canonical Smad 2/3 signaling cascade which leads to fibrosis'®'”*. This, in turn, activates and synthesizes
matrix macromolecule like Adamts***! family among others as a part of the pro-inflammatory mediated cell
signaling cascade and these MMPs then take over the centre stage post-cardiac injury such as MI which leaves
behind a pool of necrotic myocytes, it is then that the MMPs like Adamts4 takeover to regulate a turn-over in the
synthesis of matrix macromolecules like Collagen-I/III, a-SMA, and Periostin, Tenascin-C to synthesize more
matrix macromolecules and fibroblasts which is required to fill in the scar left by necrosis of myocardial cells in
order to maintain the physiology of the myocardium since adult cardiomyocytes have very limited proliferation
capacity. However, prolonged expansion of ECM could lead to extensive fibrosis and as a resulting stiffness of the
myocardium following which ventricular dysfunction could occur which itself may turn fatal and thus inhibition
of MMPs like Adamts4 could be one of the possible targets to reduce fibrosis post-cardiac injury* like the one
proposed in our model (Fig. 10e) by inhibiting Tgf-p1.

To conclude, Adamts4 is upregulated in response to cardiac stress in in-vivo, in-vitro and human studies, and
this upregulation is mediated by Tgf-p1. This elevation of Adamts4 leads to fibrosis induction as markers related
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Figure 9. Reduced expression of Periostin following Adamts4 loss of function. IF with anti-Periostin
antibody (shown in green colour) shows a fold change of 4 and 3.7 increase in the H,0, and Hyp treated
group in comparison to the control set, this elevation is significantly reduced 2.4 and 2.2 in ATSsi+H,0, and
ATSsi+ Hyp groups following siRNA mediated knockdown of Adamts4 (a). DAPI (shown in blue) was used as
nuclear stain. Its quantification is depicted in the graph (b). n=3, data analysed and expressed as mean+ SD.
Differences were considered statistically significant for p <0.05.

to fibrosis including Collagen-III, a-SMA, and Periostin along with Tgf-p1 is also found to be upregulated but
when Adamts4 loss of function is performed, these markers were also found to be inhibited following injury
except for Tgf-p1 which remains unaffected indicating that it is upstream of Adamts4 in the signaling cascade.
Our findings suggest that Adamts4 after being activated by Tgf-B1 under stress inducing conditions, mediates
ECM remodeling and thereafter fibrosis through the functioning of Periostin and a-SMA as determined by
our findings. It is possible that Periostin, another secretory ECM molecule known to either regulate or work in
tandem with other MMPs***, works in synchronisation with Adamts4 to regulate ECM remodeling and induce
fibrosis. Our findings show an Adamts4 dependent Periostin functioning (depicted by Adamts4 loss of func-
tion assay) but to state whether Adamts4 and Periostin directly interact, requires further experimentation to
establish any direct association between these two ECM molecules. a-SMA has been known to induce fibroblast
contractility and is highly expressed in infarct myofibroblasts to prevent extreme remodeling and thereafter
cardiac rupture*>#. As our data shows the hallmark expression of Adamts4 in cardiac stress conditions, it can
be considered as a novel biomarker for cardiac related injuries leading way for therapeutics to manipulate its
expression following cardiac injury for improvement of cardiac functioning. Finally, our work hypothesises
that Adamts4 being an ECM secretory protein, after being secreted from chamber myocardium regulates ECM
and its remodeling, the details of this mechanism require further depth, understanding and experimentations.

Methods

Animal study and experimentation. All experiments involving animals were carried out with the
experimental protocols and procedures reviewed and approved by the Cincinnati Children’s Hospital Medical
Center Biohazard Safety Committee and Institutional Animal Care and Use Committee. The study was per-
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Figure 10. Upregulation of Adamts4 and a-SMA proteins in adult cardiac patients. Adamts4 and a-SMA WB
data of affected cardiac patients and control (a), its quantification (b and c). An elevated expression of Adamts4
varying from 3 to 4.5 folds for patients with DCM, 4 to 5.3 folds for IWMI patients and 4 to 6.5 for patients
with AWMI and varying in comparison to the control group (with no indicated cardiac abnormalities), where
the expression fold varies from 1.6 to 2.3 fold. (a and b) was observed. The same was true for a-SMA which
showed increased fold change varied from 3.7 to 4.7, 3.3 to 5.3, 3.9 to 5.4 for DCM, IWMI, and AWMI groups
in comparison with the control set where fold levels for a-SMA varied from 1 to 1.8. (a and c). Total protein was
used as loading control. Further, Adamts4 specific ELISA showed concentration gradient varying from 4666 to
6500 (pg/ml), 5200 to 7333 (pg/ml), and 4000 to 5500 (pg/ml) for DCM, IWMI, and AWMI groups respectively
as compared to the concentration gradient observed for the control group which varied from 1533 to 2170
(pg/ml) (d). (n=5 for WB for each group, N=10 and n=2 for ELISA for each study group). Data analyzed

and expressed as median, 1st and 3rd quartile and range. p <0.05 was considered a significant difference. The
proposed model (e) shows the hypothetical hierarchy and inter-relationship between Tgf-B1 and Adamts4
based on our findings. ALKI acting as an inhibitor of Tgf-B1 inhibits the stimulation of Adamts4 by Tgf-$1
which normally is activated under stress or injury conditions and activates downstream molecule Adamts4 and
Adamts4 then proceeds with pathological ECM remodeling to restore the damaged physiology of the cells and
tissues.

formed in accordance with ARRIVE guidelines and all animal experiments were conducted in compliance with
the relevant guidelines. Timed-matings were established, with the morning of an observed copulation plug set
at E0.5. For embryonic studies, whole embryos or hearts were harvested on E10.5, E12.5, E14.5, and E18.5 days
and proceeded with ITHC. For MI induction, 8-10 weeks old adult male Swiss albino mice were used. MI was
performed as described previously**.

Immunohistochemistry. Whole embryos and embryonic or adult hearts were harvested, washed in 1X
PBS, fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. Later the tissue sectioning (5-7 pum)
was done using a microtome (Leica Biosystems). For immunohistochemistry, the tissue sections were depar-
affinized and hydrated after which antigen retrieval was done using citrate buffer (pH 6) washed in 1X PBS and
thereafter, blocking solution (2% BSA with 0.1% Tween20) was added to the sections for 1 h. Later after blocking,
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Groups Control (n=10) | DCM (n=10) | AWMI (n=10) |IWMI (10)
Age 20-55 years 20-55 years 28-60 years 30-60 years
Mean age 44+ 2 years 43 +2 years 47 £2 years 47 £2 years
Sex, M/F 6/4 6/4 713 713
Smoker, M/F | 0/0 3/0 4/0 1/1

Table 1. Characteristics of clinical sample groups.

the sections were incubated overnight at 4 °C. The following day, the incubated sections were washed in PBS and
incubated with secondary antibodies against their respective primary antibodies. The sections were mounted
using Vectashied (Vector Labs). The primary antibodies used were Adamts4 (PA1-1749A, Invitrogen), MF20
(1:200, DSHB), and respective secondary antibodies [anti-rabbit/mouse Alexa 488 (green; ab150077, Abcam)
or 594 (red; ab150116, Abcam) fluorescent-conjugated; Molecular Probes, 1:100). Topro3 (Molecular Probes,
1:1000) was used as a nuclear stain. Fluorescent images were acquired using a Zeiss LSM 510 confocal micro-
scope and LSM version 3.2 SP2 software.

Human studies. A total of 30 affected clinical samples were used for this study. Venous blood samples were
used for the study. The approval for the collection was ethically approved by the Institutional ethics committee
of IPGME&R, Kolkata (IPGME&R/IEC/2019/517). All experiments were approved and performed according
to the institutional guidelines of IPGME&R, Kolkata. Informed consent was obtained from all participants.
Two broad categories of cardiac conditions were selected namely, Dilated cardiomyopathy (DCM), Myocardial
Infarction (including AWMI-anterior wall MI and IWMI-inferior wall MI). MI patients routinely given Statin,
high intensity, usually 80 mg of Atorvastatin. Loading doses of Aspirin 300 mg and Clopidogrel 300 mg along
with Angiotensin Receptor Blocker (ARB) or Angiotensin Converting Enzyme Inhibitor (ACEI), -Blocker,
nitroglycerin, tranquilizer. DCM cases were given ACEI/ARB/Angiotensin Receptor Neprilysin Inhibitor
(ARNTI), SGLT2 inhibitors, B-blocker, diuretic, Mineralocorticoid Receptor Antagonist (MRA) and supportive
therapy like O,. Blood collection timing varied between 12 and 36 h of onset or hospitalisation. Control group
consisted of blood collected from healthy volunteers who were not known to be diagnosed with any cardiac
ailments or any other lifestyle disease for the record. The characteristics of the patient samples are provided in
the following Table 1. Blood samples were obtained in clot vials. The serum was separated by following standard
procedure by subjecting the clot vials to centrifugation at 2500 rpm for 10 min at 25 °C. To the isolated serum,
protease inhibitor (Genetix GX-2811AR) and phosphatase inhibitor (Genetix GX-0211AR) were added accord-
ing to the manufacturer’s instructions and stored at—20 °C until further use for Western Blotting and ELISA.

Cell culture studies. All the in-vitro experiments were performed on H9¢c2, rat ventricular cardiomyo-
blast cell line. The cells were cultured in Dulbecco’s modified Eagle’s medium (AT007, Himedia) supplemented
with 10% FBS (RM10409, Himedia) and 1% penicillin/streptomycin (Pen-Strep) cocktail (15140122, Invitro-
gen) maintained at a sterile humidified CO, incubator at 5% levels and 37 °C*. The cells were used for further
experiments at about 75-80% confluency. For experimental treatments, serum-free DMEM was used. For ROS
generation, the cells were treated with H,0, (100 uM) for 1 h**?. For hypoxia induction, the cells were put in
an anaerobic chamber with an anerogas pack (LE200A, Himedia) and anaero indicator tablet (LE065, Himedia)
according to the manufacturer’s instructions. The anaerobic chamber with cells was incubated in the CO, incu-
bator for 12 h, the indicator color change confirmed hypoxia induction in the chamber?’.

TGF-B inhibitor SB431542 and siRNA treatment. For TGF-f inhibition, the cells were pre-treated
with a potent ALK inhibitor, SB431542 (10 uM) (ab120163, Abcam) for 30 min following which the cells were
exposed to H,0, and hypoxia induction as earlier mentioned®. For knockdown of Adamts4, cells were trans-
fected with Adamts4 siRNA (50 pmol) (4390771, Ambion) and Lipofectamine RNAiMax reagent (13778-075,
Invitrogen) when the cells were at least 70% confluent for 48 h following manufacturer’s protocol after overnight
serum starvation. For negative control, scrambled siRNA (silence select negative control no 1 siRNA) (4390843,
Ambion) was used similarly. After 48 h of Adamts4 siRNA treatment, the cells were subjected to H,0O, and
hypoxia treatment as previously described.

RNA isolation, RT-PCR, and real-time PCR. Total RNA was isolated from control and treated H9c2
cells with Trizol (15596026, Ambion) following the Trizol-Chloroform method. Taking 1 pg of total RNA iso-
lated, cDNA was synthesized using Biorad cDNA synthesis kit (iScript™ Reverse Transcription Supermix for RT,
170-884) in 20 pl of total volume according to manufacturer’s supplied protocol. The cDNA prepared was used
for primer optimization and standardization using DNA Taq polymerase (by RT-PCR in reverse time for real-
time PCR against primers (BIOTAQ DNA polymerase BIO-21040, Bioline,). The PCRs were performed for 35
cycles using 20 pmol of the rodent primer pairs: Adamts4 (F): 5-TCATGAACTGGGCCATGTCT-3' and (R):
5'-GTCAGTGATGAATCGGGGCAC-3; Hif-1a (F): 5'-CCAGCAGACCCAGTTACAGA-3’ and (R): 5-TTC
CTGCTCTGTCTGGTGAG-3'; B-actin (F): 5'-TCTTCCAGCCCTTCCTTCCTG-3" and (R): 5'-CACACAGAG
TACTTGCGCTC-3' and Catalase (F): 5-CCTCGTTCAGGATGTGGTTT-3" and (R): 5-TCTGGTGATATC
GTGGGTGA-3', Tgt-p1 (F): 5-CTGAACCAAGGAGACGGAATAC-3" and (R): 5'-CTCTGTGGAGCTGAA
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GCAATAG-3" and Collagen-1II (F): 5'-CTGGTCCTGTTGGTCCATCT-3" and (R): 5'-ACCTTTGTCACCTCG
TGGAC-3". These primer pairs were further used for real-time PCR studies. Real-time PCR was performed
using Bio-Rad real-time PCR kit (172-52 03AP, SSO fast Eva green super mix). The gene expression of the men-
tioned genes was normalized with p-actin.

Protein isolation and western blotting. Protein isolation was done using ice-cold mammalian lysis
buffer (250 mM NaCl, 50 mM Tris pH 7.5, 0.1% SDS, 1% TritonX, and 5 Mm EDTA) containing protease
inhibitor cocktail (Genetix GX-2811AR) and phosphatase inhibitor (Genetix GX-0211AR). The proteins were
stored in small aliquots at — 80 °C until further use for Western Blotting (WB). Western blotting was performed
as previously described*. The immunoblots developed using Clarity™ Western ECL substrate (1705060, Bio-
Rad) and scanned using ChemiDocMP (Bio-Rad) as previously described*’. The antibodies used were Adamts4
(PA1-1749A, Invitrogen) used at a concentration of 2 pug/ml, a-SMA (14-976082, Invitrogen) used at a dilution
of 1:500, Tgf-B1 (ab64715, Abcam) used at a concentration of 1 pg/ml and Vimentin (ab17321, Abcam) at a dilu-
tion of 1:1000. After overnight incubation at 4 °C with these primary antibodies, the corresponding secondary
antibodies-HRP conjugated secondary goat anti-rabbit (ab97051, Abcam) and HRP conjugated goat anti-mouse
secondary antibodies (ab97023, Abcam) were added against their respective primary antibodies at a dilution of
1:3000. The SDS gels were also stained with 2.5% coomassie (Brilliant blue G, SRL) and destained with coomas-
sie de-stainer to obtain total protein intensities. The coomassie stained gels were scanned using ChemiDoc MP
mentioned earlier. Quantification of intensities was done using Image] software (NIH). Figures for unprocessed
blots and gels are also included in Supplementary Figs. S5, S6, S7 and S8 with highlighted regions (in red box)
corresponding to the data depicted in the main manuscript figures. Full-length blots could not be submitted
since the blots were trimmed (according to molecular size of the proteins) before hybridisation with respective
antibodies to save on the antibodies and reagents.

Immunostaining. Immunostaining was performed in H9c¢2 cells following the protocol previously
described® except for the omission of permeabilization steps for staining with antibodies. Adamts4 (PA1-
1749A, Invitrogen) used as mentioned earlier, Tgf-B1 (ab 64715, Abcam) used at a concentration of 2 pg/ml,
a-SMA (14-976082, Invitrogen) used at 1:400 dilution, collagen IIT (ab 7778, Abcam) at a dilution of 1:1000
and Periostin (ab14041, Abcam) used at a dilution of 1:500. After overnight incubation at 4 °C with these pri-
mary antibodies, the corresponding secondary antibodies Alexa flour 488 goat anti-rabbit secondary antibody
(ab150077, Abcam) and Alexa flour 594 goat anti-mouse secondary antibody (ab150116, Abcam) were added
against their respective primary antibodies. All cell nuclei were stained with DAPI (D9542, Sigma). Images were
acquired using Leica confocal microscope and LasX software. The fluorescence intensities were measured and
quantified with the help of Image] software (NIH).

Enzyme linked immunosorbent assay (ELISA). ELISA kit (ab213753, Abcam) was used to perform
ELISA. Serum proteins were diluted with sample buffer in the ratio of 1:10 and samples were loaded onto the
wells in duplicates. ELISA was performed as stated by the manufacturer’s protocol.

Statistical analysis. All the results are mostly represented as mean + Standard Deviation of mean (SD) or
as median, quartiles and range (Fig. 10). Statistical analyses were done using student’s unpaired two-tailed T-test
and one-way ANOVA for more than 2 groups. GraphPad Prism 9.3.1 was used for statistical analysis. Differences
among the groups were considered statistically significant for P<0.05.

Data availability
All the generated data used to support the findings of this study are either included within the article or in the
supplementary file.

Received: 10 June 2021; Accepted: 30 May 2022
Published online: 14 June 2022

References
1. Bui, A. L., Horwich, T. B. & Fonarow, G. C. Epidemiology and risk profile of heart failure. Nat. Rev. Cardiol. 8, 30-41 (2011).
2. Srivastava, A. & Mohanty, S. K. Age and sex pattern of cardiovascular mortality, hospitalisation and associated cost in India. PLoS
ONE 8, 1-13 (2013).
3. Prabhakaran, D. et al. Cardiovascular diseases in India compared with the United States. J. Am. Coll. Cardiol. 72, 79-95 (2018).
4. Dobaczewski, M., Gonzalez-Quesada, C. & Frangogiannis, N. G. The extracellular matrix as a modulator of the inflammatory and
reparative response following myocardial infarction. J. Mol. Cell. Cardiol. 48, 504-511 (2010).
5. Levick, S. P. & Brower, G. L. Regulation of matrix metalloproteinases is at the heart of myocardial remodeling. Am. J. Physiol. Heart
Circ. Physiol. 295, 8-10 (2018).
6. Vistnes, M. et al. Pentosan polysulfate decreases myocardial expression of the extracellular matrix enzyme ADAMTS4 and improves
cardiac function in vivo in rats subjected to pressure overload by aortic banding. PLoS ONE 9, 66 (2014).
7. Dobaczewski, M., Gonzalez-quesada, C. & Frangogiannis, N. G. The extracellular matrix as a modulator of the in fl ammatory
and reparative response following myocardial infarction. J. Mol. Cell. Cardiol. 48, 504-511 (2010).
8. Talman, V. & Ruskoaho, H. Cardiac fibrosis in myocardial infarction—from repair and remodeling to regeneration. Cell Tissue
Res. 365, 563-581 (2016).
9. Berk, B. C,, Fujiwara, K. & Lehoux, S. Review series ECM remodeling in hypertensive heart disease. J. Clin. Investig. 117, 66 (2007).
10. DeAguero, L. et al. Altered protein levels in the isolated extracellular matrix of failing human hearts with dilated cardiomyopathy.
Cardiovasc. Pathol. 26, 12-20 (2017).

Scientific Reports |

(2022) 12:9898 | https://doi.org/10.1038/s41598-022-13918-3 nature portfolio



www.nature.com/scientificreports/

11. Spinale, G. F. & Wilbur, M. N. Matrix metalloproteinase therapy in heart failure. Curr. Treat. Options Cardiovasc. Med. 11, 339-346
(2009).

12. Ulugay, S. et al. A novel association between TGFf1 and ADAMTS4 in coronary artery disease: A new potential mechanism in
the progression of atherosclerosis and diabetes. Anadolu Kardiyol. Derg. 15, 823-829 (2015).

13. Hossain, Z., Poh, K. K., Hirohata, S. & Ogawa, H. Loss of ADAMTS4 reduces high fat diet-induced atherosclerosis and enhances
plaque stability in. Nat. Publ. Gr. https://doi.org/10.1038/srep31130 (2016).

14. Li, K. et al. Assessing serum levels of ADAMTS1 and ADAMTS4 as new biomarkers for patients with type a acute aortic dissection.
Med. Sci. Monit. 23, 3913-3922 (2017).

15. Zha, Y., Chen, Y., Xu, FE & Zhang, J. Elevated level of ADAMTS4 in plasma and peripheral monocytes from patients with acute
coronary syndrome. Clin Res Cardiol 2010, 781-786. https://doi.org/10.1007/s00392-010-0183-1 (2010).

16. Walton, K. L., Johnson, K. E. & Harrison, C. A. Targeting TGF-p mediated SMAD signaling for the prevention of fibrosis. Front.
Pharmacol. 8, 66 (2017).

17. Pohlers, D. et al. TGF-p and fibrosis in different organs—molecular pathway imprints. Biochim. Biophys. Acta Mol. Basis Dis. 1792,
746-756 (2009).

18. Lou, Z. et al. Upregulation of NOX2 and NOX4 Mediated by TGF-f signaling pathway exacerbates cerebral ischemia/reperfusion
oxidative stress injury. Cell. Physiol. Biochem. 46, 2103-2113 (2018).

19. Frangogiannis, N. G. Cardiac fibrosis: Cell biological mechanisms, molecular pathways and therapeutic opportunities. Mol. Asp.
Med. 65, 66 (2019).

20. Yang, Y. E, Wu, C. C,, Chen, W. P. & Su, M. J. Transforming growth factor-p type I receptor/ALK5 contributes to doxazosin-induced
apoptosis in H9C2 cells. Naunyn. Schmiedebergs. Arch. Pharmacol. 380, 561-567 (2009).

21. Lépez-Unzu, M. A., Durén, A. C., Soto-Navarrete, M. T., Sans-Coma, V. & Fernandez, B. Differential expression of myosin heavy
chain isoforms in cardiac segments of gnathostome vertebrates and its evolutionary implications. Front. Zool. 16, 1-15 (2019).

22. Kokkinopoulos, I. et al. Cardiomyocyte differentiation from mouse embryonic stem cells using a simple and defined protocol.
Dev. Dyn. 245, 157-165 (2016).

23. Fernandez-Rojas, B., Vazquez-Cervantes, G. I., Pedraza-Chaverri, J. & Gutiérrez-Venegas, G. Lipoteichoic acid reduces antioxidant
enzymes in H9¢2 cells. Toxicol. Reports 7, 101-108 (2020).

24. Sengupta, A., Molkentin, J. D., Paik, J. H., DePinho, R. A. & Yutzey, K. E. FoxO transcription factors promote cardiomyocyte
survival upon induction of oxidative stress. J. Biol. Chem. 286, 7468-7478 (2011).

25. Sen, P, Polley, A., Sengupta, A. & Chakraborty, S. Tbx20 promotes H9¢2 cell survival against oxidative stress and hypoxia in vitro.
Indian J. Exp. Biol. 57, 643-655 (2019).

26. Vukovic, V. et al. Hypoxia-inducible factor-1a is an intrinsic marker for hypoxia in cervical cancer xenografts. Cancer Res. 61,
7394-7398 (2001).

27. Gao, Y., Chu, M., Hong, J., Shang, J. & Xu, D. Hypoxia induces cardiac fibroblast proliferation and phenotypic switch: A role for
caveolae and caveolin-1/PTEN mediated pathway. J. Thorac. Dis. 6, 1458-1468 (2014).

28. Lijnen, P. J., van Pelt, ]. E. & Fagard, R. H. Stimulation of reactive oxygen species and collagen synthesis by angiotensin II in cardiac
fibroblasts. Cardiovasc. Ther. 30, 1-8 (2012).

29. Liu, R. M. & Desai, L. P. Reciprocal regulation of TGF-p and reactive oxygen species: A perverse cycle for fibrosis. Redox Biol. 6,
565-577 (2015).

30. Walker, J. L., Bleaken, B. M., Romisher, A. R., Alnwibit, A. A. & Menko, A. S. In wound repair vimentin mediates the transition of
mesenchymal leader cells to a myofibroblast phenotype. Mol. Biol. Cell 29, 1555-1570 (2018).

31. Rog-Zielinska, E. A., Norris, R. A., Kohl, P. & Markwald, R. The Living scar—Cardiac fibroblasts and the injured heart. Trends
Mol. Med. 22, 99-114 (2016).

32. Inman, G. J. et al. SB-431542 is a potent and specific inhibitor of transforming growth factor-beta superfamily type I activin
receptor-like kinase (ALK) receptors ALK4, ALKS5, and ALK7. Mol. Pharmacol. 62, 65-74 (2002).

33. Halder, S. K., Beauchamp, R. D. & Datta, P. K. A specific inhibitor of TGF-p receptor kinase, SB-431542, as a potent antitumor
agent for human cancers. Neoplasia 7, 509-521 (2005).

34. Karsdal, M. A. et al. Collagen biology and non-invasive biomarkers of liver fibrosis. Liver Int. 40, 736-750 (2020).

35. Hinderer, S. & Schenke-Layland, K. Cardiac fibrosis—A short review of causes and therapeutic strategies. Adv. Drug Deliv. Rev.
146, 77-82 (2019).

36. Frangogiannis, N. G. The extracellular matrix in ischemic and nonischemic heart failure. Circ. Res. 125, 117-146 (2019).

37. Rienks, M., Papageorgiou, A. P, Frangogiannis, N. G. & Heymans, S. Myocardial extracellular matrix: An ever-changing and
diverse entity. Circ. Res. 114, 872-888 (2014).

38. Miner, E. C. & Miller, W. L. A look between the cardiomyocytes: The extracellular matrix in heart failure. Mayo Clin. Proc. 81,
71-76 (2006).

39. Frangogiannis, N. G. Cardiac fibrosis: Cell biological mechanisms, molecular pathways and therapeutic opportunities. Mol. Asp.
Med. 65,70-99 (2019).

40. Rienks, M., Barallobre-Barreiro, J. & Mayr, M. The emerging role of the ADAMTS family in vascular diseases. Circ. Res. 123,
1279-1281 (2018).

41. Perrucci, G. L., Rurali, E. & Pompilio, G. Cardiac fibrosis in regenerative medicine: Destroy to rebuild. . Thorac. Dis. 10, S2376-
$2389 (2018).

42. Kapelko, V. I. Extracellular matrix alterations in cardiomyopathy: The possible crucial role in the dilative form. Exp. Clin. Cardiol.
6, 41-49 (2001).

43. Chijimatsu, R. et al. Expression and pathological effects of periostin in human osteoarthritis cartilage. BMC Musculoskelet. Disord.
16,1-12 (2015).

44. Kudo, A. & Kii, I. Periostin function in communication with extracellular matrices. J. Cell Commun. Signal. 12, 301-308 (2018).

45. Hinz, B., Celetta, G., Tomasek, J. J., Gabbiani, G. & Chaponnier, C. Alpha-smooth muscle actin expression upregulates fibroblast
contractile activity. Mol. Biol. Cell 12, 2730-2741 (2001).

46. Shinde, A. V., Humeres, C. & Frangogiannis, N. G. The role of a-smooth muscle actin in fibroblast-mediated matrix contraction
and remodeling. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 298-309 (2017).

47. Ma, Y. et al. DPP-4 inhibitor anagliptin protects against hypoxia-induced cytotoxicity in cardiac H9C2 cells. Artif. Cells Nanomed.
Biotechnol. 47, 3823-3831 (2019).

48. Evans-Anderson, H. J., Alfieri, C. M. & Yutzey, K. E. Regulation of cardiomyocyte proliferation and myocardial growth during
development by FOXO transcription factors. Circ. Res. 102, 686-694 (2008).

49. Polley, A., Khanam, R., Sengupta, A. & Chakraborty, S. Asporin reduces adult aortic valve interstitial cell mineralization induced
by osteogenic media and Wnt signaling manipulation in vitro. Int. J. Cell Biol. 66, 2020 (2020).

Acknowledgements

We thank Prof. Katherine E. Yutzey, Professor, The Heart Institute, Division of Molecular Cardiovascular Biology,
Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA for her overall supervision and support for
all the in vivo experimentations. This study was supported by the Council of Scientific and Industrial Research,

Scientific Reports|  (2022) 12:9898 | https://doi.org/10.1038/s41598-022-13918-3 nature portfolio


https://doi.org/10.1038/srep31130
https://doi.org/10.1007/s00392-010-0183-1

www.nature.com/scientificreports/

Central Government of India sponsored project grant [No. 37(1735)/19/EMR-1I] and Science and Engineering
Research Board, Department of Science and Technology, Central Government of India sponsored project grant
(File no: EMR/2017/001382) to SC. We also like to acknowledge DBT-Builder Programme (No. BT/INF/22/
SP45088/2022) and DST-FIST (level I, No. SR/FST/LSI-560/2013) for their generous funding and support to
the Department of Life Sciences, Presidency University, Kolkata.

Author contributions

R.K. designed, executed all the in vitro and human sample experimental work, performed the statistical analysis
and wrote the manuscript. A.S.G. performed the in vivo M.L, provided reagents and intellectual inputs. D.M.
provided the samples and supervision for human studies. S.C. designed the experiments, performed all timed-
matings and embryonic studies, provided reagents and conceived the study. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-13918-3.

Correspondence and requests for materials should be addressed to S.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:9898 | https://doi.org/10.1038/s41598-022-13918-3 nature portfolio


https://doi.org/10.1038/s41598-022-13918-3
https://doi.org/10.1038/s41598-022-13918-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of Adamts4 as a novel adult cardiac injury biomarker with therapeutic implications in patients with cardiac injuries
	Results
	Dynamic expression pattern of murine Adamts4 protein observed in developing and adult hearts. 
	Adamts4 reactivation in the ventricular chamber in the adult heart following injury in-vivo. 
	Adamts4, Tgf-β1 upregulation in H9c2 cells following injury induction. 
	Adamts4 and Tgf-β1 expression is suppressed by SB431542 (ALKI) pre-treatment before H2O2 and Hypoxia stress induction. 
	ALKI pre-treatment before H2O2 and Hypoxia treatment suppresses the expression of Collagen-III and α-SMA. 
	ALKI pre-treatment prior to H2O2 and Hypoxia treatment inhibits Periostin expression. 
	Adamts4 siRNA mediated gene knockdown before H2O2 and Hypoxia treatment inhibits Adamts4 but does not affect Tgf-β1 expression. 
	Adamts4 knockdown results in inhibition of Collagen-III and α-SMA expression. 
	Adamts4 knockdown results in reduced expression of Periostin. 
	The induced expression of Adamts4 and α-SMA in humans with cardiac anomalies. 

	Discussion
	Methods
	Animal study and experimentation. 
	Immunohistochemistry. 
	Human studies. 
	Cell culture studies. 
	TGF-β inhibitor SB431542 and siRNA treatment. 
	RNA isolation, RT-PCR, and real-time PCR. 
	Protein isolation and western blotting. 
	Immunostaining. 
	Enzyme linked immunosorbent assay (ELISA). 
	Statistical analysis. 

	References
	Acknowledgements


