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PDGF-D activation by macrophage-derived uPA
promotes Angll-induced cardiac remodeling in
obese mice

Yu-Wen Cheng™*@®, Ze-Bei Zhang**®, Bei-Di Lan’®, Jing-Rong Lin'®, Xiao-Hui Chen'®, Ling-Ran Kong'®, Lian Xu'®, Cheng-Chao Ruan'®, and
Ping-Jin Gao'®

Obesity-induced secretory disorder of adipose tissue-derived factors is important for cardiac damage. However, whether
platelet-derived growth factor-D (PDGF-D), a newly identified adipokine, regulates cardiac remodeling in angiotensin II
(Angli)-infused obese mice is unclear. Here, we found obesity induced PDGF-D expression in adipose tissue as well as more
severe cardiac remodeling compared with control lean mice after Angll infusion. Adipocyte-specific PDGF-D knockout
attenuated hypertensive cardiac remodeling in obese mice. Consistently, adipocyte-specific PDGF-D overexpression transgenic
mice (PA-Tg) showed exacerbated cardiac remodeling after Angll infusion without high-fat diet treatment. Mechanistic
studies indicated that Angll-stimulated macrophages produce urokinase plasminogen activator (uPA) that activates PDGF-D
by splicing full-length PDGF-D into the active PDGF-DD. Moreover, bone marrow-specific uPA knockdown decreased active
PDGF-DD levels in the heart and improved cardiac remodeling in HFD hypertensive mice. Together, our data provide for the
first time a new interaction pattern between macrophage and adipocyte: that macrophage-derived uPA activates adipocyte-

secreted PDGF-D, which finally accelerates Angll-induced cardiac remodeling in obese mice.

Introduction

Obesity and its metabolic complications fuel cardiovascular
mortality and morbidity (Davis, 2017; Gibb and Hill, 2018; Kovell
and Aurigemma, 2019; Lee et al., 2018). Many clinical and ex-
perimental investigations have established that obese adipose
tissue enhances the risk of hypertension and related target organ
damage, including cardiac remodeling, vascular dysfunction, and
stroke (Chang et al., 2020; Lavie et al,, 2017). Among these, hy-
pertensive cardiac remodeling, characterized by compromised
contractility, hypertrophy, and interstitial fibrosis, is the main
cause of heart failure (Ambia et al., 2018; Porter and Turner,
2009; Ruan et al.,, 2018). Obesity-induced adipose tissue dys-
function leads to abnormal adipokine production, which plays a
vital role in the regulation of cardiac remodeling (Martinez-Martinez
et al,, 2015; Packer, 2018). Our previous study showed that obesity
induces platelet-derived growth factor-D (PDGF-D) expression in
the adipocytes (Zhang et al., 2018). It is well known that the PDGF
family, especially PDGF-B, plays a pivotal role in the regulation of
cardiovascular homeostasis and disease (Andrae et al., 2008).
However, little is known about the role of adipocyte-derived PDGF-
D in the pathogenesis of obesity-related cardiovascular disease.

Chronic low-grade inflammation has been postulated to play
an important role in the development of both obesity and hy-
pertension (He et al., 2021; Mouton et al., 2020; Turer et al.,
2012). This inflammatory response is characterized by excess
macrophage activation and dysregulation of macrophage polar-
ization (Sun et al., 2015). Recruited macrophages induce proin-
flammatory cytokine production that impairs adipose function
during obesity as well as promotes cardiac remodeling in hy-
pertension. However, little is known about the specific mecha-
nism underlying the effect of macrophages in obesity combined
with hypertension.

PDGF-D is secreted primarily in an inactive, full-length form
and activated by urokinase plasminogen activator (uPA) or
matriptase extracellularly (Folestad et al., 2018). The previous
study showed that full-length PDGF-D promotes macrophage
recruitment in the process of wound healing, indicating the
possibility of PDGF-D activation in the presence of macrophage
(Uutela et al., 2004). Therefore, we hypothesized that macrophage-
derived factor(s) may be involved in the activation of adipocyte-
secreted PDGF-D in obese mice.
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In the present study, we discovered abnormal induction of
PDGF-D in adipose tissue of obese mice and determined the
protective effects of adipocyte-specific PDGF-D KO (AT-PDGF-D
KO) against pathological cardiac remodeling after angiotensin II
(Angll) infusion. In addition, adipocyte-specific PDGF-D trans-
genic (PA-Tg) mice showed exacerbated cardiac remodeling after
Angll infusion without high-fat diet (HFD) treatment. Macro-
phage depletion could block the effect of PA-Tg-accelerated car-
diac remodeling in hypertension. Mechanically, we found that
activated macrophages could produce uPA that splices full-length
PDGF-D into an active form. Bone marrow-specific uPA knock-
down improved cardiac remodeling in HFD hypertensive mice
with a decreased active PDGF-D level. These findings suggest that
the direct interaction between macrophage and adipocyte accel-
erates hypertensive cardiac remodeling during obesity.

Results

Obesity aggravates cardiac remodeling in hypertensive mice
We first determined cardiac pathological hypertrophy and fi-
brosis in mice fed 16 wk of HFD combined with AnglII infusion
during the last 4 wk or with low-fat diet (LFD) and saline in-
fusion as control. HFD led to more severe cardiac dysfunction,
reflected by a decreased ejection fraction (EF), fractional
shortening (FS), and increased diastolic left ventricular internal
dimension (LVID; D) and interventricular septum (IVS; D) de-
tected by echocardiography compared with LFD mice after AngIl
infusion (Fig. 1, A and B). Wheat germ agglutinin (WGA), Sirius
Red staining, and immunohistochemical (IHC) staining for col-
lagen, type I, a 1 chain (Collal) were performed to analyze car-
diac hypertrophy and interstitial fibrosis (Fig. 1 C). These
histological analyses revealed that HFD increased cardiomyocyte
size, fibrosis area, and Collal expression compared with LFD
mice after Angll infusion (Fig. 1 D). Consistently, HFD resulted in
increased mRNA expression of fibrotic markers Collal, Col4al,
a-smooth muscle actin (aSMA), and hypertrophic markers, in-
cluding atrial natriuretic polypeptide (ANP) and brain natriu-
retic peptide (BNP; Fig. 1 E).

Obesity-increased adipocyte-secreted PDGF-D accelerates
Angll-induced cardiac remodeling
To determine whether PDGF-D is involved in the regulation of
cardiac remodeling in obese mice, we assessed PDGF-D expres-
sion. As shown by quantitative PCR (qPCR), PDGF-D was abun-
dantly expressed in adipose tissue, including interscapular brown
adipose tissue (iBAT), subcutaneous adipose tissue (SAT), and
perivascular adipose tissue (PVAT), while little was expressed in
the heart, kidneys, and blood vessels (Fig. S1 A). More importantly,
HFD further increased PDGF-D expression in adipose tissue, but
not in several other tissues, whereas AnglI had no significant ef-
fect on PDGF-D expression (Fig. 1 F and Fig. S1 B). The upregula-
tion of PDGF-D in adipose tissue also caused an increase of PDGF-D
in plasma of obese mice (Fig. 1 G). The increase of PDGF-D in
adipose tissue was further confirmed by IHC staining and Western
blot (Fig. 1 H and Fig. S1 C).

Next, we generated adipocyte-specific PDGF-D KO mice to
demonstrate the specific role of adipocyte-derived PDGF-D in
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obesity-related hypertensive cardiac remodeling. PDGF-Dflox/+
mice were bred with Adipog-Cre mice to produce the experi-
mental mice, including Adipog-Cre+; PDGF-Dflox/flox (AT-PDGF-D
KO) and littermates Adipog-Cre-; PDGF-Dflx/flox (control) mice
(Fig. S2 A). These mice were subjected to HFD combined with
Angll infusion as mentioned. AT-PDGF-D KO led to PDGF-D
deficiency in adipose tissue but not in other tissues (Fig. S2 C).
The lack of PDGF-D in adipose tissue is sufficient to cause the
decrease of PDGF-D in plasma (Fig. S2 D). Although AT-PDGF-D
KO did not affect blood pressure with AnglI infusion or body
weight in HFD induction (Fig. S2, E and F), echocardiography
and histological analyses showed that AT-PDGF-D KO had in-
creased EF and FS, decreased LVID; D and IVS; D (Fig. 2, A and B),
and attenuated cardiomyocyte size, fibrotic area, and Collal ex-
pression compared with control mice (Fig. 2, C and D). These
pathological changes were accompanied by downregulating hy-
pertrophic and fibrotic gene levels, including ANP, BNP, Collal,
Col4al, and aSMA, in AT-PDGF-D KO mice (Fig. 2 E).

To provide a more direct link between adipocyte-derived
PDGF-D and hypertensive cardiac remodeling, we used PA-Tg
mice (Fig. S2, G and H). Interestingly, adipocyte-specific PDGF-D
overexpression aggravated Angll-induced cardiac remodeling in
mice without HFD treatment (Fig. 3, A-E). These findings sug-
gest that adipocyte-derived PDGF-D may be the direct cause for
cardiac remodeling in obese mice with AnglII infusion.

Macrophages are required for PDGF-D-aggravated
hypertensive cardiac remodeling

To explore whether macrophages are involved in hypertensive
cardiac remodeling under the obese state, we determined mac-
rophage distribution in hearts of HFD mice. Immunofluorescence
staining and flow cytometry assay suggested that macrophages
were translocated to the heart by AnglI but not HFD, indicating
their involvement in hypertensive cardiac remodeling of PDGF-
D-overexpressed mice (Fig. S3, A and B). The speculation was
verified by the following in vitro experiment. The cardiac fibro-
blasts (CFs) were isolated from global PDGF-D KO mice to exclude
cardiac resident PDGF-D interference. However, full-length PDGF-
D induced CF proliferation and fibrotic protein expression only
when co-cultured with bone marrow-derived macrophages (BMDM:s;
Fig. S3, C and D).

To determine the role of macrophages in PDGF-D-mediated
cardiac remodeling in vivo, we depleted macrophages by using
neutralizing antibody CSF-1R in PA-Tg mice (Fig. S3 E). Echo-
cardiographic examination and histological analyses showed
that macrophage depletion remarkably improved cardiac re-
modeling in PA-Tg mice with Angll infusion (Fig. S3, F-H).
Taken together, these findings suggest that macrophages are
required for adipocyte-derived PDGF-D-mediated hypertensive
cardiac remodeling.

Macrophage-derived uPA activates adipocyte-secreted PDGF-D
and promotes hypertensive cardiac remodeling

Full-length PDGF-D consists of CUB (complement Clr/Cls, Uegf,
Bmpl) and growth factor domain. The CUB domain blocks the
receptor-binding side and could be cleaved by uPA to form the
active homodimer PDGF-DD (Fig. 4 A; Reigstad et al., 2005;
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Figure 1. HFD-induced obesity aggravates hypertensive cardiac remodeling and increases PDGF-D expression in adipose tissue. (A) Representative
echocardiography images of Angll-infused WT and HFD mice. (B) Quantitative analysis of EF, FS, LVID; D, and IVS; D obtained from echocardiography. n = 8.
(C) Representative cross sections of hearts stained for H&E, Sirius Red, and WGA and IHC staining of Collal. Scale bar for WGA is 50 um. (D) Quantitative
analysis of cardiomyocyte size (WGA staining), fibrotic area (Sirius Red staining), and Collal expression. n = 6. (E) gPCR analysis of hypertrophic (ANP; BNP) and
fibrotic (Collal, Col4al, and «SMA) genes in the heart. n = 6. (F) qPCR analysis of pdgfd gene in PVAT, iBAT, and SAT. n = 6. (G) PDGF-D level in plasma detected
by ELISA. n = 6. (H) IHC staining and quantitative analysis of PDGF-D in iBAT and SAT. n = 6. All experimental data were verified in at least three independent
experiments. Statistical significance was assessed using two-way ANOVA with Bonferroni post hoc test. Data are mean + SD. *, P < 0.05; **, P < 0.01; ***, P <
0.001.

Ustach et al.,, 2010; Ustach and Kim, 2005). Interestingly, we
found that cleaved PDGF-DD (30 kD), but not full-length PDGF-D
(50 kD), increased in hearts of Angll-infused HFD mice and PA-
Tg mice (Fig. 4 B and Fig. S4 A). Moreover, the phosphorylation
of PDGFRB (PDGF-DD receptor) was only increased in hearts of
Angll-infused obese mice and PA-Tg mice (Fig. 4 B and Fig. S4
A). We next detected PDGF-D activator-uPA expression in
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different cells and tissues. The results exhibited that uPA was
highly expressed in macrophages rather than in CFs and adi-
pocytes (Fig. 4 C and Fig. S4 B). Double immunofluorescence
staining showed that uPA was colocalized with F4/80-positive
macrophages in hearts of Angll-infused mice (Fig. 4 D and Fig.
S4 C). The expression of uPA was consistent with that of F4/80
all along, indicating that the increase of macrophage-derived
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Figure 2. Adipocyte-specific PDGF-D KO improves cardiac remodeling in obese mice. (A) Representative echocardiography images of HFD-induced
Adipog-Cre-; PDGF-Dfx/fox control (Con) and AT-PDGF-D KO obese mice infused with Angll. (B) Quantitative analysis of EF, FS, LVID; D, and IVS; D obtained
from echocardiography. n = 6. (C) Representative cross sections of a heart stained for H&E, Sirius Red, and WGA and IHC staining of Collal. (D) Quantitative
analysis of cardiomyocyte size (WGA staining), fibrotic area (Sirius Red staining), and Collal expression. n = 6. (E) qPCR analysis of hypertrophic (ANP and BNP)
and fibrotic (Collal, Col4al, and aSMA) genes in the heart. n = 6. All experimental data were verified in at least two independent experiments. Statistical
significance was assessed using two-way ANOVA with Bonferroni post hoc test. Data are mean + SD. *, P < 0.05; **, P < 0.0L; ***, P < 0.001.

uPA is mostly due to the increased quantity of macrophages by
Angll induction. In addition, we found that only the combination
of adipocyte conditional medium (AT-CM) from PA-Tg mice and
macrophage conditional medium (M-CM) from WT mice could
induce CF proliferation and fibrotic protein expression. Either
absence of PDGF-D in AT-CM or knockdown of uPA in M-CM
blocked these effects on CF function (Fig. 4, E and F). These
findings suggest that PDGF-D was activated by macrophage-
derived uPA in hearts of Angll-induced obese mice and PA-
Tg mice.

To determine the role of macrophage-derived uPA in PDGF-
D-mediated hypertensive cardiac remodeling in obese mice, we
performed bone marrow transplantation (BMT) assays. Bone
marrow cells of lean WT mice were infected with uPA shRNA
lentivirus (BMT-sh-uPA) or control lentivirus (BMT-sh-Ctrl),
and then injected into recipient HFD obese mice (Fig. 5, A-C).
Two weeks after BMT, the mice were subjected to 4 wk AngII
infusion. As the results showed, macrophage uPA had no effect
on PDGF-D expression in heart or adipose tissue at the mRNA
level (Fig. S4 D). However, BMT-sh-uPA attenuated the activated
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PDGF-DD level and PDGFRf phosphorylation but not the full-
length PDGF-D level in hearts of Angll-infused obese mice
(Fig. 5 D). Besides, BMT-sh-uPA merely reduced the macrophage
and uPA overlapped area but not the quantity of infiltrated
macrophages in the heart (Fig. 5 E). More importantly, BMT-sh-
uPA attenuated Angll-induced cardiac remodeling in HFD obese
mice (Fig. 6, A-E). Consistently, Angll-induced cardiac remod-
eling was improved in BMT-sh-uPA PA-Tg mice (Fig. S5). These
findings suggest that macrophage-secreted uPA is required
for activating adipocyte-derived PDGF-D in regulating AnglII-
induced cardiac remodeling.

Active PDGF-DD promotes hypertensive cardiac remodeling
through the PI3K-Akt signaling pathway

To determine the mechanism of how PDGF-DD contributes to
hypertensive cardiac remodeling, we applied RNA sequencing in
PDGF-DD-treated CFs. Primary CFs were also isolated from
PDGF-D KO mice and stimulated by recombinant PDGF-DD for 12
h. As the results showed, differentially expressed genes were
mostly distributed in terms of signal transduction (Fig. 7 A).
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Figure 3. Adipocyte-specific PDGF-D overexpression aggravates Angll-induced cardiac remodeling. (A) Representative echocardiography images of WT

and PA-Tg mice infused with saline or Angll. (B) Quantitative analysis of EF, FS,

LVID; D, and IVS; D obtained from echocardiography. n = 8. (C) Representative

cross sections of heart stained for H&E, Sirius Red, and WGA and IHC staining of Collal. (D) Quantitative analysis of cardiomyocyte size (WGA staining), fibrotic
area (Sirius Red staining), and Collal expression. n = 6. (E) qPCR analysis of hypertrophic (ANP and BNP) and fibrotic (Collal, Coldal, and aSMA) genes in the
heart. n = 6. All experimental data were verified in at least three independent experiments. Statistical significance was assessed using two-way ANOVA with
Bonferroni post hoc test. Data are mean + SD. *, P < 0.05; **, P < 0.03; ***, P < 0.001.

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
screened the most relevant pathway to our phenotype-PI3K-Akt
signaling (Fig. 7 B). Gene set enrichment analysis of differen-
tially expressed genes within PI3K-Akt signaling showed en-
richment in fibrosis and hypertrophy (Fig. 7 C). These enriched
categories confirmed the importance of the PI3K-Akt signaling
pathway in PDGF-DD-promoted cardiac remodeling. Therefore,
the activation of PI3K-Akt signaling pathway was measured in
PDGF-DD-treated CFs, and perifosine was introduced to inhibit
Akt phosphorylation, which is the core event of this pathway.
Interestingly, PDGF-DD increased phosphorylation of PI3K and
downstream Akt, CDK2, and P70S6K, which was attenuated by
perifosine (Fig. 7 D). Consistently, perifosine restrained PDGF-
DD-promoted proliferation, aSMA, and Collal expression in CFs
(Fig. 7, E and F). The enhanced activation of PI3K-Akt by PDGF-DD
was verified in hearts of Angll-infused PA-Tg mice as well
(Fig. 7 G). In conclusion, activated PDGF-DD contributed to cardiac
remodeling via the PI3K-Akt signaling pathway (Fig. 7 H).

Discussion
In the present study, we uncovered a synergistic effect of adi-
pocytes and macrophages in hypertensive cardiac remodeling
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during obesity. Several lines of direct evidence are provided to
support our conclusion. First, by using adipocyte-specific PDGF-
D KO or overexpression mice, we showed that adipocyte-derived
PDGF-D was sufficient to aggravate or rescue cardiac remodeling
in hypertensive obese mice, respectively. Second, macrophage-
derived uPA is necessary for the effect of PDGF-D on CF acti-
vation. Finally, knockdown of macrophage uPA attenuates PDGF-D
activation (forming PDGF-DD) and, hence, ameliorates hyperten-
sive cardiac remodeling in obese or PA-Tg mice. In summary,
adipocyte-secreted full-length PDGF-D is spliced by macrophage-
derived uPA to form active PDGF-DD, which accelerates AnglI-
induced cardiac remodeling in HFD obese mice.

Resident PDGF-D has been suggested to induce cardiac fi-
brosis in heart-specific transgenic mice (Pontén et al., 2005),
indicating the essential role of resident PDGF-D in cardiac re-
modeling. However, the previous study lacks PDGF-D expres-
sion data in adipose tissue, especially under the obese state.
Adipose tissue is well known to function as a major endocrine
organ that secretes adipokines, growth factors, cytokines, and
chemokines (Longo et al., 2019; Oikonomou and Antoniades,
2019). Obesity-caused adipose tissue dysfunction results in an
altered secretion pattern that contributes to the development of
metabolic and cardiovascular diseases (Saxton et al., 2019).
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Figure 4. Macrophage-derived uPA activates PDGF-D in hearts of Angll-induced obese mice. (A) Diagram of PDGF-D structure and activation.
(B) Western blot and quantitative analysis of full-length PDGF-D (50 kD), cleaved PDGF-DD (30 kD), phosphorylated-PDGFRB (p-PDGFRR), and total-PDGFRpB
(t-PDGFRB) expression in the heart. n = 6. (C) Western blot and quantitative analysis of uPA expression in BMDMs, CFs, and adipocytes (ATs). n = 6.
(D) Representative images and quantitative analysis of double immunofluorescent staining of uPA and F4/80 in hearts of indicated mice. n = 6. (E) Repre-
sentative images and quantitative analysis of EDU proliferation staining and immunofluorescent staining of aSMA in PDGF-D KO CFs. KOAT indicates AT-CM
from PDGF-D KO mice; M indicates BMDM CM from WT mice; TgAT indicates AT CM from PA-Tg mice; M""“PA indicates CM of uPA knockdown BMDM. n = 6.
(F) Western blot and quantitative analysis of Collal expression in PDGF-D KO CFs. n = 6. All experimental data were verified in at least three independent
experiments. Statistical significance was assessed using two-way ANOVA with Bonferroni post hoc test (B-D) or one-way ANOVA with Bonferroni post hoc
test (E and F). Data are mean  SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bars, 50 um.

PDGF-D, a member of the PDGF family, is involved in the reg-
ulation of tissue fibrosis (Buhl et al., 2016; Klinkhammer et al.,

specific PDGF-D overexpression accelerates Angll-induced car-
diac remodeling without HFD treatment. This suggests that ab-

2018; Kumar and Li, 2018). Herein, we indicated that PDGF-D
primarily expresses in adipose tissue rather than in the heart,
kidneys, and blood vessels. HFD-induced obesity promotes
PDGF-D production and secretion from adipocytes. Blockade of
PDGF-D or downstream signaling attenuates hypertensive car-
diac remodeling in obese mice. It is worth noting that adipocyte-
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normal PDGF-D production in adipocytes, but not obesity,
contributes to hypertensive cardiac remodeling in obese mice.

PDGF-D is primarily secreted in a full-length form before
proteolytic activation and functions as activated homodimer
PDGF-DD (Fan et al., 2013; Lee and Li, 2018; Muhl et al., 2017
Ricci and Ferri, 2015). In addition to having the common
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Figure 5. Macrophage uPA knockdown decreases PDGF-D activation in obese mice. (A) Illustration of BMT protocol. (B) The knockdown of uPA in
lentivirus-infected BMDMs was verified by qPCR analysis. n = 6. (C) Representative images and quantitative analysis of immunofluorescent staining of GFP-
positive macrophages in hearts of BMT-sh-Ctrl and BMT-sh-uPA mice. NC, negative control. n = 6. (D) Western blot and quantitative analysis of full-length
PDGF-D (50 kD), cleaved PDGF-DD (30 kD), p-PDGFRB, and t-PDGFRP expression in hearts of LFD or HFD obese mice that received BMT-sh-Ctrl cells or BMT-
sh-uPA cells with Angll infusion. n = 6. (E) Representative images and quantitative analysis of double immunofluorescent staining of uPA and F4/80 in hearts of
indicated mice. n = 6. All experimental data were verified in at least two independent experiments. Statistical significance was assessed using an unpaired, two-

tailed Student’s t test (B) or two-way ANOVA with Bonferroni post hoc test (C-E). Data are mean + SD. ***, P < 0.001. Scale bars, 50 pm.

structure of classic PDGFs, full-length PDGF-D has an additional
unique N-terminal CUB domain (Andrae et al., 2008; Bergsten
et al., 2001). The hinge region of PDGF-D between the CUB do-
main and the growth factor domain contains a cleavage site for
proteolytic removal of the CUB domain, and then two growth
factor domains form the active homodimer PDGF-DD (Bergsten
etal., 2001; Reigstad et al., 2005). It has been reported that serine
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proteases uPA could splice full-length PDGF-D (Ehnman et al.,
2009; Ustach et al., 2010; Ustach and Kim, 2005). The role of
uPA in tissue remodeling is already well established. Previous
data indicated that increased uPA contributes to organ fi-
brosis via promoting plasmin and ultimately the TGF- pathway
(Gupta et al., 2017; Smith and Marshall, 2010). However, the
TGF-B pathway is not required for PDGF-DD-induced cardiac
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Figure 6. Macrophage uPA knockdown ameliorates hypertensive cardiac remodeling of obese mice. (A) Representative echocardiography images of
LFD and HFD mice that received BMT-sh-Ctrl cells or BMT-sh-uPA cells with Angll infusion. (B) Quantitative analysis of EF, FS, LVID; D, and IVS; D obtained
from echocardiography. n = 6. (C) Representative cross sections of heart stained for H&E, Sirius red, and WGA and IHC staining of Collal. (D) Quantitative
analysis of cardiomyocyte size (WGA staining), fibrotic area (Sirius Red staining), and Collal expression. n = 6. (E) qPCR analysis of hypertrophic (ANP and BNP)
and fibrotic (Collal, Coldal, and aSMA) genes in the heart. n = 6. All experimental data were verified in at least two independent experiments. Statistical
significance was assessed using two-way ANOVA with Bonferroni post hoc test. Data are mean + SD. *, P < 0.05; **, P < 0.0, ***, P < 0.001.

remodeling in the present obesity-related hypertensive model.
Actually, PDGF-DD was proven to promote cardiac remodeling
via PI3K-Akt signaling pathway. Besides, uPA stimulation sta-
bilized p53 and induced human 8-oxoguanine DNA glycosylase,
which protected cardiac myocytes from oxidative damage-
induced apoptosis (Hohensinner et al., 2017). The damage effect
in tissue remodeling and protective effect in apoptosis indicated
a flexible cell type-specific property of uPA. Herein, we show
that uPA is primarily expressed in the macrophages and de-
tectable in hearts of Angll-infused mice because of increased
macrophage infiltration. Hence, the encounter of macrophage-
derived uPA by Angll-induction and adipocyte-derived PDGF-D
by HFD treatment took place in the heart and contributed to
cardiac remodeling synergistically. Over past decades, many
studies demonstrated that adipocyte-secreted adipokines could
regulate macrophage activation and subsequent inflammatory
factor expression and then contribute to cardiovascular diseases.
On the other hand, macrophage-derived inflammatory factors
could also directly regulate adipocyte function and adipokine
expression. However, to our knowledge, the present study provides
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the first experimental evidence that macrophage-derived factors
activate adipocyte-secreted adipokines, which subsequently ac-
celerate cardiac remodeling. The activation of adipocyte-derived
PDGF-D by macrophage-derived uPA provides a new pattern of
interaction between macrophages and adipocytes in obesity-related
cardiovascular diseases.

In conclusion, this study demonstrates that activation of
adipocyte-secreted PDGF-D by macrophage-derived uPA accel-
erates Ang Il-induced cardiac remodeling in obese mice, which
can be ameliorated via modulation of the uPA/PDGF-D pathway.
Obesity and hypertension usually coexist in humans and are
characterized by metabolic dysfunction and inflammation in the
adipose tissue and heart. We provide a direct mechanism that
obesity and hypertension synergistically promote cardiac injury.
Notwithstanding the much more advanced complexity of human
cardiac injury induced by obesity with hypertension in com-
parison with the mouse model, our novel findings suggest an
attractive possibility that targeting the uPA/PDGF-D pathway
might serve as a potential therapeutic tool for prevention of
hypertensive cardiac injury during obesity.
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Figure 7. PDGF-DD activates CFs via PI3K-Akt pathway. (A) Primary PDGF-D KO CFs were cultured and stimulated by recombinant PDGF-DD (20 pM), and
then total RNA was extracted and applied to RNA sequencing. Histogram of differentially expressed genes in control and PDGF-DD-treated CFs. (B) Bubble
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chart of the top differentially expressed genes within KEGG categories of signal transduction. (C) GSEA of differentially expressed hypertrophy and fibrosis
genes within the PI3K-Akt category. (D) Primary PDGF-D KO CFs were treated by recombinant PDGF-DD (20 uM) or Akt inhibitor perifosine (5 uM). Western
blot and quantitative analysis of total-PI3K (T-PI3K), phosphorylated-PI3K (p-PI3K), total-Akt (T-Akt), phosphorylated-Akt (p-Akt), total-CDK2 (T-CDK2),
phosphorylated-CDK2 (p-CDK2), total-P70S6K (T-P70S6K), and phosphorylated-P70S6K (p-P70S6K) in indicated CFs. n = 6. (E) Representative images and
quantitative analysis of EDU proliferation staining and immunofluorescent staining of aSMA in CFs. n = 6. (F) Western blot and quantitative analysis of Collalin
CFs. GAPDH served as internal control, same with D, since the blots were performed in the same experiment. n = 6. (G) Western blot and quantitative analysis
of T-PI3K, p-PI3K, T-Akt, p-Akt, T-CDK2, p-CDK2, T-P70S6K, and p-P70S6K in hearts of indicated mice. n = 6. (H) Diagram of the PDGF-DD-activated PI3K-Akt
pathway. All experimental data were verified in at least three independent experiments. Statistical significance was assessed using one-way ANOVA with
Bonferroni post hoc test (D-F) or two-way ANOVA with Bonferroni post hoc test (G). Data are mean + SD. **, P < 0.01; ***, P < 0.001. Ctrl, control; ECM,

extracellular matrix; FDR, false discovery rate; HPV, human papillomavirus; NES, normalized enrichment score. Scale bars, 50 pm.

Materials and methods
Animals and animal care

PDGF-D flox mice was generated by inserting flox sites on both
sides of the pdgf-d exon via gene targeting method (Cyagen Bi-
otechnology Co., Ltd.). PDGF-D flox mice were then bred with
Adipog-Cre mice (obtained from The Jackson Laboratory) to
produce Adipog-Cre+; PDGF-D flox heterozygote mice. The
heterozygote mice were bred with PDGF-Dflo*/flox mjce to pro-
duce AT-PDGF-D KO homozygote and littermate Adipog-Cre-;
PDGE-Do*/lox (control) mice (Fig. S2 A). Global PDGF-D KO
mice were generated by interrupting PDGF-D exon by CRISPR/
Cas9 (Cyagen Biotechnology; Fig. S2 B). PA-Tg mice were gen-
erated as previously described (Zhang et al., 2018). Briefly, a
mouse pdgf-d open reading frame was inserted into the PiggyBac
transposon gene expression vector after the adipocyte protein-
2 promoter. Then, transgenic mice were generated by vector
microinjection to the zygote (Fig. S2 G). PA-Tg mice were
crossed with WT C57BL/6 mice, and nontransgenic littermates
were used as control. HFD-induced obese mice were fed a diet
containing 60% kcal from fat for 4 mo before and during the
infusion of AngIl. Mice in the normal diet group (LFD) were age
matched to the HFD mice to control for the effects of aging. The
mouse diets were purchased from Research Diets. The HFD
(D12492) and LFD (D12450) have the same protein content (20%
kcal), but the HFD contains 20% kcal from carbohydrates and
60% kcal from fat and the LFD contains 70% kcal from carbo-
hydrates and 10% kcal from fat. Mice were infused with PBS or
1,000 ng/kg/min Angll using ALZET minipumps for 28 d. Sys-
tolic blood pressure was measured by the tail cuff method
wherein conscious mice were restrained in a tube and tails at-
tached to a Visitech detector (BP-2000). The average of three
pressure readings was obtained. All animals had the same
C57BL/6 background and free access to water and corresponding
diet. All animal experiments were conducted in accordance with
guidelines approved by the Institutional Guidelines established
by the Committee of Ethics on Animal Experiments at Shanghai
Jiao Tong University School of Medicine.

Echocardiography

Transthoracic echocardiography was performed with a Vevo
2100 instrument (Fuji Film Visual Sonics) equipped with an
MS-400 imaging transducer (18-38 MHz). Mice were pre-
conditioned by chest hair removal, anesthetized with 1%-2%
isoflurane administered via inhalation, and maintained in a
supine position on a dedicated animal handling platform with
limbs attached for electrocardiogram gating during imaging.
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Body temperature was kept constant by feeding the signal of a
rectal probe back to a heating pad while heart and respiratory
rates were continuously monitored. M-mode recording was
performed at the midventricular level. All images were obtained
from parasternal LV long-axis view with heart rate maintained
at 450-500 beats/min and analyzed using dedicated software
(Vevo 2100 version 1.4). LV wall thickness (LVID; D) and IVS; D
were measured. Percent LV EF and FS were calculated from
M-mode measurements. All procedures were performed under
double-blind conditions with regard to genotype or treatment.

Histological and immunostaining analysis

Heart and adipose tissues were fixed in 4% paraformaldehyde
and embedded into paraffin, and then 5-mm sections were
prepared for H&E and Sirius Red staining according to the
manufacturer’s instructions. For IHC staining, heart sections
were incubated with primary antibody for Collal (ab34710;
Abcam), and adipose tissue sections were incubated with pri-
mary antibody for PDGF-D (40-2100; Invitrogen) and then HRP-
conjugated secondary antibodies. For immunofluorescence
staining, heart sections were incubated with primary antibodies
for F4/80 (ab6640; Abcam) and uPA (17968-1-AP; Proteintech)
and then fluorescence-conjugated secondary antibodies (Alexa
Fluor 555, Alexa Fluor 488; Invitrogen). WGA staining was con-
ducted using an FITC-conjugated probe (L4895; Sigma-Aldrich).
Images of H&E, Sirius Red, and IHC staining were obtained by a
Zeiss microscope. Immunofluorescence staining was examined by
a laser-scanning confocal microscope (Zeiss). Images were ana-
lyzed with Image] and Image-Pro Plus software.

Real-time qPCR

Total RNA was extracted from tissues and cultured cells using
TRIzol (Invitrogen) followed by chloroform extraction according
to the manufacturer’s protocol. RNA reverse transcription was
performed using the PrimeScript RT Reagent Kit (Takara). Real-
time qPCR was performed with an ABI PRISM 7900HT system
(Applied Biosystems). Reactions were performed at 95°C for 30 s
followed by 40 cycles at 95°C for 5 s, and at 60°C for 30 s. Rel-
ative expression of each gene was determined by normalizing to
GAPDH. All primer sequences were listed in Table S1.

Western blot analysis

Mouse tissue or cell extracts containing equal amounts of total
protein were resolved by SDS-PAGE followed by immunoblot with
primary antibodies PDGF-D (Invitrogen, 40-2100), total-PDGFRB
(3169; Cell Signaling Technology), phosphorylated-PDGFRP (3161;
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Cell Signaling Technology), Collal (91144S; Cell Signaling Tech-
nology), uPA (7968-1-AP; Proteintech), total-PI3K (4257T; Cell
Signaling Technology), phosphorylated-PI3K (4228T; Cell Signal-
ing Technology), total-Akt (9272; Cell Signaling Technology),
phosphorylated-Akt (9271T; Cell Signaling Technology), total-
CDK2 (2546T; Cell Signaling Technology), phosphorylated-CDK2
(2561S; Cell Signaling Technology), total-P70S6K (2708T; Cell
Signaling Technology), phosphorylated-P70S6K (9234T; Cell Sig-
naling Technology), and GAPDH (HRP-60004; Proteintech). The
blots were probed with HRP-conjugated secondary antibodies, and
the results of chemiluminescence were detected using an en-
hanced chemiluminescence detection system.

Cell culture

Primary preadipocytes were isolated from subcutaneous adipose
tissue as previously described (Quesada-Lépez et al., 2016).
Briefly, subcutaneous adipose tissue of 5-6-wk-old mice were
removed and digested by a collagenase method. Preadipocytes
were then obtained by centrifugation. The preadipocytes were
differentiated into adipocytes in 10% FBS DMEM]/F12 culture
medium supplemented with an adipogenic cocktail (0.5 mMIBMX,
1 mM dexamethasone, 1 mM rosiglitazone, 0.02 mM insulin, and
1nM T3) for 48 h and then maintained in 0.02 mM insulin and 1 nM
T3 and harvested at days 6-8 after differentiation. Primary CFs
were isolated from 1-2-wk-old global PDGF-D KO mice as previ-
ously described (Dubey et al., 1998). Briefly, the heart was enzy-
matically digested and mechanically dissociated according to the
manufacturer’s instruction (130-098-373; Miltenyi Biotec). After
dissociation, the sample was applied to a 70-pm filter to remove any
remaining large particles from the CF suspension. CFs were cul-
tured in DMEM supplemented with 15% FBS and 1% penicillin and
streptomycin. CFs were treated with Angll (10 x 107 M), re-
combinant PDGF-DD (20 pM), perifosine (5 uM), or infected by
recombinant lentiviruses. BMDMs were isolated and cultured as
previously described (Hamers et al., 2012). In brief, bone marrow
was flushed from long bones and washed with PBS and then
suspended in DMEM supplemented with 10% L-cell CM. L-cell CM
were collected from 1929 cells cultured in T 75-cm? filter cap
flasks in DMEM for 10 d and filtered through 0.2-um filters. 7 d
later, all nonadherent cells were removed and the remaining cells
split into 12-well and 24-well plates.

Recombinant lentivirus

Mouse uPA shRNA and control scramble shRNA were constructed
using GV493-GFP as follows: uPA shRNA sequence, 5'-CACTAC
TATGGCTCTGAAA-3', and no-target control shRNA sequence, 5'-
TTCTCCGAACGTGTCACGT-3'. Full-length PDGF-D overexpression
lentivirus was constructed using GV358-GFP. The sequence of
full-length PDGF-D was obtained from NCBI. Lentiviruses were
produced and purified by Shanghai GeneChem Co., Ltd. The vi-
ruses were used to infect cells in the presence of polybrene. The
knockdown of uPA and overexpression of full-length PDGF-D
were confirmed by qPCR.

Cell proliferation assay
CF proliferation assays were performed using Cell-Light EdU
Apollo 594 In Vitro Imaging Kit (Ribobio Co., Ltd.). Briefly, we
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incubated live cells with 5-ethynyl-2'-deoxyuridine (EDU; 20
mM) for 1 h before fixation and stained nuclei according to the
manufacturer’s guidelines. Images were obtained by a laser
scanning confocal microscope (Zeiss).

Immunocytochemistry

CFs were fixed in methanol, blocked with 1% BSA, and incubated
with primary antibodies to aSMA (A5228, 1:100; Sigma-Aldrich).
Immunofluorescent staining was completed by incubating the
cells with secondary antibodies (Alexa Fluor 488, A21206 1:200;
Invitrogen). Cellular nuclei were stained with DAPI (D1306,
1:1,000; Invitrogen). Images were obtained by a laser scanning
confocal microscope (Zeiss).

Depletion of macrophages

In vivo macrophage depletion was conducted by neutralizing
antibody CSF-1R. The anti-CSF-1R antibody was purchased from
Bioxcell (BP0213). Mice were injected intraperitoneally with
anti-CSF-1R (1 mg) every 2 d during AnglI infusion.

Flow cytometry analysis

To determine macrophage translocation to the heart by Angll
induction, heart samples were collected and digested to single-
cell suspensions by collagenase I (2 mg/ml) and collagenase
XI (0.15 mg/ml). Heart samples were subjected to Percoll
(17089102; GE) gradient centrifugation before flow cytometric
staining. Samples were analyzed using a Gallios Flow Cy-
tometer (Beckman Coulter) and analyzed by FlowJo (version
10) software. The following antibodies were used: CD45-FITC
(11-0451-85; eBioscience) and F4/80-eFluor 450 (48-4801-82;
eBioscience).

BMT

BMT analyses were performed as previously described (Hamers
et al., 2012). Briefly, donor bone marrow was isolated from 5-6-
wk-o0ld WT mice. Then, donor bone marrow was infected by uPA
or sham lentivirus before transplantation. Recipient mice (PA-
Tg or obese mice) were subjected to 10-Gy lethal-dose irradia-
tion and received 1 x 107 bone marrow cells from donor mice 4 h
later. After 2 wk, the infusion of Angll started. The recipient
mice were fed with autoclaved water (pH 2.6) 1 wk before the
BMT and lasted until the end of the hypertensive model.

RNA sequencing and analysis

Total RNA was extracted by TRIzol reagent according to the
manufacturer’s instructions. The quality of RNA was examined
by a 2100 Bioanalyzer (Agilent), and the quantitation was ex-
amined by NanoDrop 2000. The RNA samples with RNA In-
tegrity Number =8 were selected for preparing libraries. The
RNA sequencing libraries were performed using TruSeq RNA
Library Prep Kit v2 (Illumina). Paired-end sequencing (2 x 150
bp) of the libraries was performed in HiSeq 2500 (Illumina). The
data mining and figure presentation process, including the gene
ontology term analysis, KEGG, and GSEA, were all done by the
BGI in-house customized data mining system called Dr.Tom,
which combined different published software. The accession no.
in the Gene Expression Omnibus is GSE175572.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20210252

110f13


https://doi.org/10.1084/jem.20210252

Statistical analysis

The sample size (n = 6-8) of each experiment was estimated by
power calculations based on data from previous studies and
preliminary experiments. According to Power Analysis and
Sample Size 2020 software, the power with respect to an a
level of 0.05 is 0.93 (n = 6) or 0.98 (n = 8). Results are
presented as mean + SD and analyzed using GraphPad Prism
8.4 (GraphPad Software). All datasets (n = 6) were subjected
to the Shapiro-Wilk test for the normality distribution
analysis. Normally distributed data were analyzed using the
unpaired, two-tailed Student’s t test (for comparing two
groups), one-way ANOVA (one independent variable), or
two-way ANOVA (two independent variables) with Bon-
ferroni post hoc test (for multigroup comparisons). For the
datasets that did not follow a normal distribution, a non-
parametric test, such as the Kruskal-Wallis test (for multi-
group comparisons) or two-tailed Mann-Whitney test (for
comparing two groups), was used. P < 0.05 was considered
statistically significant.

Online supplemental material

Fig. S1 shows PDGF-D expression in control LFD and HFD mice.
Fig. S2 shows AT-PDGF-D KO and PA-Tg mouse construction.
Fig. S3 shows that macrophages are required in the PDGF-
D-aggravated cardiac remodeling in vitro and in vivo. Fig. S4
shows that macrophage-derived uPA has no effect on PDGF-D
expression but activates PDGF-D in hearts of Angll-induced
PA-Tg mice. Fig. S5 shows that macrophage uPA knockdown
ameliorates cardiac remodeling of PA-Tg mice. Table Sl lists
primers for qPCR.
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Figure S1. PDGF-D expression in control LFD and HFD mice. (A) qPCR analysis of pdgfd in heart, aorta, kidney, PVAT, iBAT, and SAT of WT mice. n = 6.
(B) qPCR analysis of pdgfd in heart, aorta, and kidney of LFD and HFD mice. n = 6. (C) Western blot and quantitative analysis of PDGF-D expression in iBAT and
SAT. n = 6. All experimental data were verified in at least two independent experiments. Statistical significance was assessed using one-way ANOVA with
Bonferroni post hoc test (A) or two-way ANOVA with Bonferroni post hoc test (B and C). Data are mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus

heart. ###, P < 0.001 versus aorta. &&&, P < 0.001 versus kidney.
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Figure S2.  AT-PDGF-D KO and PA-Tg mice construction. (A) Diagram of AT-PDGF-D KO construction. (B) Construction of global PDGF-D KO mice. Guide
(gRNA) was inserted into both sides of exon 2, and then exon 2 was removed by CRISPR/Cas9. (C) qPCR analysis of pdgfd in heart, aorta, kidney, iBAT, and SAT
of Adipog-Cre—; PDGF-Df/flox control (Con) and AT-PDGF-D KO obese mice. n = 6. (D) PDGF-D level in plasma detected by ELISA. n = 6. (E) Systolic blood
pressure (SBP) of control and AT-PDGF-D KO obese mice infused with saline or Angll. n = 6. (F) Body weight of control and AT-PDGF-D KO mice after 12-wk
HFD induction. n = 6. (G) Diagram of PA-Tg construction. Adipocyte-specific adipocyte protein 2 (Ap2) promotor was inserted before mouse pdgfd gene.
(H) gPCR analysis of pdgfd in heart, aorta, kidney, iBAT, and SAT of WT and PA-Tg mice. n = 6. All experimental data were verified in at least two independent
experiments. Statistical significance was assessed using two-way ANOVA with Bonferroni post hoc test. Data are mean + SD. ***, P < 0.001. TR, translated

region.
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Figure S3. Macrophages are required in the PDGF-D-aggravated cardiac remodeling in vitro and in vivo. (A and B) Representative images and
quantitative analysis of immunofluorescent staining (A) and flow cytometric analysis (B) of positive macrophage F4/80 in the heart of LFD and HFD mice. n = 6.
(C) qPCR analysis of pdgfd in CFs infected with control lentivirus (Ctrl) or full-length PDGF-D shRNA lentivirus (fPDGF-D). n = 6. (D) Representative images and
quantitative analysis of EDU proliferation staining and immunofluorescent staining of aSMA in PDGF-D KO CFs. n = 6. (E) Representative images and
quantitative analysis of immunofluorescent staining of F4/80 in the heart of WT or PA-Tg mice injected with saline or anti-CSF-1R antibody every 2 d during
Angll infusion. n = 6. (F) Representative echocardiography images and quantitative analysis of EF, FS, LVID; D, and IVS; D obtained from echocardiography. n = 6.
(G) Representative cross sections of heart stained for H&E, Sirius Red, and WGA and IHC staining of Collal and quantitative analysis of cardiomyocyte size (WGA
staining), fibrotic area (Sirius Red staining), and Collal expression. n = 6. (H) qPCR analysis of hypertrophic (ANP and BNP) and fibrotic (Collal, Col4al, and aSMA)
genes in the heart. n = 6. All experimental data were verified in at least two independent experiments. Statistical significance was assessed using an unpaired
two-tailed Student’s t test (C), one-way ANOVA with Bonferroni post hoc test (D), or two-way ANOVA with Bonferroni post hoc test (A, B, E-H). Data are mean +
SD. *, P < 0.05; **, P < 0.0L; ***, P < 0.001. Scale bars, 50 um except the H&E row in G, which is 1,000 um.
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Figure S4. Macrophage-derived uPA has no effect on PDGF-D expression but activates PDGF-D in hearts of Angll-induced PA-Tg mice. (A) Western
blot and quantitative analysis of PDGF-D, PDGF-DD, p-PDGFRB, and t-PDGFRB expression in heart. n = 6. (B) Western blot and quantitative analysis of uPA
expression in CFs, adipocytes (ATs), and differentiated macrophage THPL n = 6. (C) Representative images and quantitative analysis of double immunoflu-
orescent staining of uPA and F4/80 in heart of indicated mice. n = 6. (D) qPCR analysis of pdgfd in the heart and adipose tissue of BMT control (Ctrl) and BMT
uPA mice. n = 6. All experimental data were verified in at least two independent experiments. Statistical significance was assessed using two-way ANOVA with
Bonferroni post hoc test. Data are mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bars, 50 pm.
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Figure S5. Macrophage uPA knockdown ameliorates cardiac remodeling of PA-Tg mice. (A) Representative echocardiography images of Angll-infused
WT and PA-Tg mice that received BMT-sh-Ctrl cells or BMT-sh-uPA cells. (B) Quantitative analysis of EF, FS, LVID; D, and IVS; D obtained from echocar-
diography. n = 6. (C) Representative cross sections of heart stained for H&E, Sirius Red, and WGA and IHC staining of Collal. n = 6. (D) Quantitative analysis of
cardiomyocyte size (WGA staining), fibrotic area (Sirius Red staining), and Collal expression. n = 6. (E) gPCR analysis of hypertrophic (ANP and BNP) and fibrotic
(Collal, Col4al, and aSMA) genes in the heart. n = 6. All experimental data were verified in at least two independent experiments. Statistical significance was
assessed using two-way ANOVA with Bonferroni post hoc test. Data are mean = SD. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

Table S1, provided online as a separate Excel file, lists primers for qPCR.
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