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Aims Tissue transglutaminase (tTG) is induced in injured and remodelling tissues, and modulates cellular phenotype, while
contributing to matrix cross-linking. Our study tested the hypothesis that tTG may be expressed in the pressure-
overloaded myocardium, and may regulate cardiac function, myocardial fibrosis and chamber remodelling.

Methods In order to test the hypothesis, wild-type and tTG null mice were subjected to pressure overload induced through

and results transverse aortic constriction. Moreover, we used isolated cardiac fibroblasts and macrophages to dissect the
mechanisms of tTG-mediated actions. tTG expression was upregulated in the pressure-overloaded mouse heart
and was localized in cardiomyocytes, interstitial cells, and in the extracellular matrix. In contrast, expression of
transglutaminases 1, 3, 4, 5, 6, 7 and FXIIl was not induced in the remodelling myocardium. In vitro, transforming
growth factor (TGF)-B1 stimulated tTG synthesis in cardiac fibroblasts and in macrophages through distinct signal-
ling pathways. tTG null mice had increased mortality and enhanced ventricular dilation following pressure overload,
but were protected from diastolic dysfunction. tTG loss was associated with a hypercellular cardiac interstitium,
reduced collagen cross-linking, and with accentuated matrix metalloproteinase (MMP)2 activity in the pressure-
overloaded myocardium. In vitro, tTG did not modulate TGF-B-mediated responses in cardiac fibroblasts; however,
tTG loss was associated with accentuated proliferative activity. Moreover, when bound to the matrix, recombinant
tTG induced synthesis of tissue inhibitor of metalloproteinases (TIMP)-1 through transamidase-independent actions.

Conclusions Following pressure overload, endogenous tTG mediates matrix cross-linking, while protecting the remodelling myo-
cardium from dilation by exerting matrix-preserving actions.
Keywords Transglutaminase e Cardiac fibrosis e Collagen cross-linking e Fibroblast e Matrix metalloproteinase

1. Introduction

The extracellular matrix plays a critical role in regulating cardiac geometry
and function, not only by providing structural support and by determining
the mechanical properties of the ventricle, but also by modulating cellular
phenotype and behaviour."™ In the normal heart, the cardiac matrix
shields interstitial cells from mechanical stress preventing their activation;
matrix components may also transduce important homeostatic signals in
cardiomyocytes, promoting their survival and regulating their function. In
the pressure-overloaded myocardium, the cardiac extracellular matrix

undergoes profound changes that critically regulate phenotype and
function of both cardiomyocytes and interstitial cells. As the ventricle re-
models, newly-synthesized matricellular macromolecules are incorpo-
rated into the matrix, serving as molecular bridges that transduce, or
modulate growth factor- and cytokine-mediated signals, conferring plasti-
city to the cardiac interstitium.”~ Because all myocardial cells are en-
meshed in the matrix network, matricellular actions drive the dynamic
cellular changes that occur in the remodelling pressure-overloaded heart.
Tissue transglutaminase (tTG, transglutaminase 2/TG2), a member of
the transglutaminase family, is a ubiquitously expressed 80kDa protein
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that exerts a wide range of effects on the extracellular matrix and on cel-
lular elements®’ tTG may be secreted into the extracellular space,
where it may influence cell behaviour through both enzymatic and non-
enzymatic actions. As a typical transglutaminase, tTG catalyses protein
deamidation, transamidation and cross-linking;10 some of its enzymatic
substrates have been identified in extracellular compartments, on the
cell surface, and in the matrix.®"" tTG-mediated cross-linking of matrix
proteins such as fibrinogen, fibronectin, collagen and laminin—nidogen
basement membrane complexesn'13
of a mechanically stable, stiff and protease-resistant matrix network.
More recently, non-enzymatic actions of tTG have been documented,

may contribute to the generation

including adapter/scaffolding functions that may directly regulate cell ad-
hesion, migration and differentiation.®”"* Because activation of tTG in
the extracellular environment appears to be transient due to its oxida-
tion," the non-enzymatic functions of the molecule may be particularly
important in vivo. tTG is a stress-inducible gene in most mammalian tis-
sues.'® In failing hearts, tTG is one of the most upregulated proteins, ex-
hibiting marked induction in experimental models of cardiac volume and
pressure overload."”'® Although transgenic cardiac-specific overexpres-
sion of tTG in mice causes mild hypertrophy and diffuse interstitial fibro-
sis,”? the role of endogenous tTG in cardiac remodelling has not been
studied. We hypothesized that tTG induction in the pressure-
overloaded myocardium may play an important role in fibrosis, dysfunc-
tion and geometric remodelling of the ventricle. We demonstrate for
the first time that tTG exerts potent matrix-preserving effects on the
pressure-overloaded myocardium, promoting fibrosis, matrix cross-
linking, and diastolic dysfunction, while protecting from dilative re-
modelling and systolic dysfunction. Our in vivo and in vitro findings suggest
that in addition to its actions on matrix cross-linking, tTG inhibits fibro-
blast proliferation and promotes a matrix-preserving phenotype in car-
diac fibroblasts. When bound to the extracellular matrix, tTG stimulates
TIMP1 synthesis through non-enzymatic effects, acting as a matricellular
protein.

2. Methods (detailed description of
the methodology is provided in the
online supplement)

2.1 Animal protocols

Animal experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Baylor College of Medicine and Albert
Einstein College of Medicine institutional review committees. Male and
female, 2- to 4-month-old wild-type (WT) and tTG knockout (KO)*
mice in a C57BL/6) background were genotyped using established proto-
cols. Animals were anesthetized with inhaled isoflurane (4% for induc-
tion, 2% for maintenance). Aortic banding was achieved by creating a
constriction between the right innominate and left carotid arteries, as
previously described.”’ The degree of pressure overload was assessed
by measuring right-to-left carotid artery flow velocity ratio after con-
stricting the transverse aorta. For analgesia, buprenorphine (0.05—
0.2 mg/kg s.c.) was administered at the time of surgery and q12h there-
after for 2 days. Intraoperatively, heart rate, respiratory rate and electro-
cardiogram were monitored and the depth of anaesthesia was assessed
using the toe pinch method. At the end of the experiment, euthanasia
was performed using 2% inhaled isoflurane followed by cervical disloca-
tion. Early euthanasia was performed following criteria indicating

suffering of the animal: weight loss > 20%, vocalization, dehiscent wound,
hypothermia, signs of heart failure (cyanosis, dyspnoea, and tachypnea),
lack of movement, hunched back, lack of food or water ingestion.

2.2 Echocardiography
Echocardiography was performed prior to instrumentation and before

the end of each experiment using the Vevo 2100 system (VisualSonics,
Toronto ON).

2.3 Pressure:volume loop analysis
Left ventricular pressure—volume analysis was performed using progres-
sive isovolumic Langendorff retrograde perfusion of isolated murine

hearts, as previously described.?>?

2.4 Immunohistochemistry, dual

fluorescence and quantitative histology
Formalin-fixed, paraffin-embedded tissue samples were used for immu-
nohistochemical staining. Collagen was labelled using picrosirius red.
Quantitative assessment of myofibroblast and macrophage density was
performed by counting the number of cells/myocardial area.
Cardiomyocytes were outlined using wheat germ agglutinin (WGA)
histochemistry.

2.5 Assessment of apoptosis using TUNEL

staining and WGA lectin fluorescence
Apoptotic cardiomyocytes and interstitial cells were identified using
fluorescent In situ Cell Death Detection Kit (Roche) and WGA staining.

2.6 RNA extraction and qPCR

RNA extraction and quantitative PCR were performed using established
protocols.

2.7 Hydroxyproline biochemical assay
To assess cross-linking of collagen in pressure overloaded hearts we
adopted established methods.*

2.8 Zymography
MMP activity in the pressure overloaded myocardium was examined by
gelatin zymogra|:>hy.23

2.9 Flow cytometry

Suspensions of interstitial cells were prepared from WT and tTG KO
hearts after 7 days of TAC. Cell suspensions were analysed with a Cell
Lab Quanta SC flow cytometer (Beckman Coulter).

2.10 Cardiac fibroblast isolation and

stimulation
Cardiac fibroblasts were isolated from WT, Smad3 KO and tTG KO ani-
mals as previously described.”®

2.11 Western blotting

Protein was isolated from stimulated cells and western blotting was per-
formed using standard protocols.

2.12 Studies on cardiac fibroblasts
populating collagen pads

Cardiac fibroblasts isolated from WT and tTG KO animals were cul-
tured to passage 2 and serum-starved overnight (16 h), then cultured in


Deleted Text: .
Deleted Text: z
Deleted Text: ;
Deleted Text: .
Deleted Text: -
Deleted Text: <sup>,9</sup>.
Deleted Text: ,
Deleted Text: .
Deleted Text: .
Deleted Text: ,
Deleted Text:  
Deleted Text: .
Deleted Text: -
Deleted Text:  
Deleted Text:  
Deleted Text: ,
Deleted Text: -
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: z
Deleted Text: .
Deleted Text:  
Deleted Text: rs

894

A.V. Shinde et al.

collagen pads as previously described.**?” After incubation, the pads
were used for RNA extraction and subsequent analyses. For experi-
ments examining the effects of tTG on fibroblast phenotype, enzymati-
cally active recombinant mouse tTG, or inactive tTG with a point
mutation in the catalytic site (Zedira GmbH) was incorporated into col-
lagen pads at a concentration of 50 pg/mL.

2.13 Macrophage isolation and stimulation
CD11b+ macrophages were isolated from the mouse spleen using
immunomagnetic sorting.

2.14 Statistical analysis

For comparisons between more than two groups, parametric or non-
parametric one-way ANOVA was used followed by t-test corrected for
multiple comparisons. Comparisons between two groups were per-
formed using unpaired t-test, or the Mann—Whitney test. Mortality was
compared using the log rank test. Data were expressed as mean + SEM.
Statistical significance was set at 0.05.

3. Results

3.1 tTG is upregulated in the pressure-
overloaded myocardium and is deposited in
the extracellular matrix

gPCR analysis showed that tTG expression is markedly upregulated in the
pressure-overloaded myocardium after 7 days of transverse aortic con-
striction (TAC) (Figure 1A). In contrast, myocardial expression of other
transglutaminases (TG1, TG3, TG4, TG5, TG6, TG7 and factor XIIIA) was
not upregulated following pressure overload (see Supplementary material
online, Figure S1). We confirmed the specificity of the anti-tTG antibody
using tissues from WT and tTG KO mice (see Supplementary material
online, Figure $2). Immunohistochemical staining demonstrated that after
7-28 days of TAC, tTG was expressed in cardiomyocytes and interstitial
cells in the remodelling myocardium, and was deposited in the fibrotic
extracellular matrix (Figure 1B—). Sections from tTG KO mice were
used as negative controls, showing minimal tTG immunofluorescence
(Figure 1D). Dual immunofluorescence localized intracellular tTG in
cardiomyocytes (Figure TH and I), a-SMA+ myofibroblasts (Figure 1J) and
Mac2+ macrophages (Figure 1K).

3.2 Transforming growth factor (TGF)-3
induces tTG synthesis in cardiac fibroblasts
in a Smad3-dependent manner

TGF-B1is induced and activated in the remodelling pressure-overloaded
myocardium and may exert potent fibrogenic actions, inducing myofi-
broblast transdifferentiation and expression of matrix proteins.?®
Because cardiac myofibroblasts were identified as a major cellular source
of tTG in the remodelling myocardium, we examined whether TGF-3
stimulation upregulates tTG synthesis in isolated cardiac fibroblasts.
TGF-B1 (25ng/mL) induced a 2.0-fold increase in tTG mRNA expres-
sion by cardiac fibroblasts after 4 h of stimulation (Figure 1L). The effects
of TGF-B were abrogated in Smad3 null cardiac fibroblasts, suggesting
that TGF-B-induced tTG upregulation is Smad-dependent (Figure 1L).
Although tTG was the TG showing the highest level of expression in car-
diac fibroblasts, TG4 was also expressed. Expression levels of TG1, TG3,
TG5, TG6, TG7 and FXIIIA were very low and were not upregulated
upon stimulation with TGF-B1 (see Supplementary material online,

Figure S3A—H). Dual staining combining pan-cadherin fluorescence to
label the cytoplasmic membrane and tTG staining also showed tTG ex-
pression in cardiac fibroblasts and documented release into the extracel-
lular matrix upon stimulation. Stimulation with serum, or TGF-f1
increased the intensity of tTG immunofluorescence and induced release
of immunoreactive tTG into the surrounding matrix (see Supplementary
material online, Figure $4). Cells from tTG KO hearts were used as a
negative control and showed negligible immunofluorescence (see
Supplementary material online, Figure $4).

3.3 TGF-f1 induces tTG upregulation in
mouse macrophages through a Smad-
independent pathway

Because tTG was localized in a subset of macrophages in the pressure-
overloaded heart (Figure 1K), we examined whether cytokine stimulation
upregulates tTG expression in mouse macrophages. TGF-B1, but not
IL-1B stimulation induced tTG synthesis is mouse splenic macrophages
harvested from WT or Smad3 KO animals (Figure 1M), suggesting that
TGF-B1-induced tTG upregulation is mediated through a Smad3-
independent pathway. Macrophages harvested from the pressure over-
loaded heart after 7 days of TAC showed significantly higher levels of
tTG expression in comparison to mouse splenic macrophages (Figure
1IM). tTG was the highest expressed TG in splenic macrophages (see
Supplementary material online, Figure S3/). Macrophages also expressed
lower levels of TG4 and FXIIIA; other TGs were not detected (see
Supplementary material online, Figure S3 and K). TGF-f1 and IL-1B
stimulation did not significantly modulate macrophage TG4 and FXIII ex-
pression (see Supplementary material online, Figure $3/ and K).

3.4 tTG loss does not significantly affect

baseline cardiac morphology and function
Although both WT and tTG KO mice were normoglycemic, tTG KOs
had lower fasting blood glucose levels (see Supplementary material on-
line, Figure S5A). Systolic and diastolic blood pressure was comparable
between groups (see Supplementary material online, Figure S5B). tTG
absence had no effects on baseline cardiac morphology and did not affect
cardiac geometry and systolic function. Mitral inflow Doppler and tissue
Doppler imaging showed no significant effects of tTG loss on baseline
diastolic function (see Supplementary material online, Figure S5).

3.5 tTG null mice exhibit increased
mortality following pressure overload

tTG-/- (n=129) and WT mice (n=128) underwent TAC protocols.
Carotid flow ratio after TAC was comparable between groups (WT,
7.1440.23; KO, 7.16 +0.3; P=NS) indicating comparable pressure
load. Sham WT and KO mice had comparable carotid flow ratios before
and after the procedure (WT sham: pre, 0.96+0.05 and post,
1.05 4 0.30; KO sham: pre, 1.2+ 0.26 and post, 1.08 4-0.04, P=NS).
When compared with WT animals, tTG KO mice had significantly
increased mortality following pressure overload (P<0.01, Figure 2A).
There were no deaths in sham animals (WT, n=31; KO, n=39).

3.6 tTG absence is associated with
accentuated dilative remodelling of the

pressure-overloaded heart
After 28 days of pressure overload, tTG null mice exhibited marked ven-
tricular dilation, evidenced by markedly higher LVEDD, LVESD, LVEDV
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Figure | tTG regulation and localization in the pressure-overloaded myocardium. (A) gPCR analysis demonstrated marked tTG mRNA upregulation in
the pressure-overloaded myocardium after 7 days of TAC (*P<0.05 vs. corresponding sham; P<0.05 vs. 3-day sham; n=5-12/group). (B-G)
Immunohistochemical staining demonstrated tTG localization in cardiomyocytes, interstitial matrix, and interstitial cells in the pressure-overloaded heart after
7-28 days of TAC. The specificity of the anti-tTG antibody was validated using tissues from WT and tTG KO animals (see Supplementary material online,
Figure S2). In sham WT myocardium, tTG was expressed in cardiomyocytes and vascular cells (arrows). In the pressure-overloaded myocardium, tTG was highly
expressed in a subset of cardiomyocytes (white arrows), was localized in interstitial cells (arrowheads), and was deposited in the perivascular extracellular matrix
(black arrows) after 7-28 days of TAC. Sections from pressure-overloaded tTG KO (D) hearts showed minimal immunoreactivity (despite evidence of extensive
fibrotic remodelling—arrows) and served as negative controls. Significant heterogeneity in cardiomyocyte tTG expression was noted in the pressure overloaded
myocardium with some cells (white arrows, F) exhibiting very high levels of immunoreactivity. (H and I) Dual immunofluorescence for tTG and WGA localized
tTG (green) in cardiomyocytes (arrowheads) and in the WGA-positive interstitial matrix (arrows—orange). (f) tTG immunoreactivity was also noted in a subset
of infiltrating spindle-shaped myofibroblasts (arrows—orange), identified with o-SMA staining (red). (K) A subset of interstitial macrophages (orange—arrows),
stained with Mac2 (red) also expressed tTG (green). Please note that cardiomyocytes adjacent to areas of fibrosis are intensely positive for tTG (arrowheads).
(L) TGF- stimulation upregulated tTG in cardiac fibroblasts through Smad-dependent signalling. In cardiac fibroblasts harvested from WT hearts, TGF-B1 stimu-
lation (25 ng/ml for 4 h) induced tTG mRNA upregulation (*P < 0.05 vs. control, n=6-9). In contrast, no significant tTG upregulation was noted in TGF-f1-
stimulated Smad3-/ - (S3KO) fibroblasts (P = NS, n= 6-9). (M) In isolated splenic macrophages, TGF-B1, but not IL-1f induced tTG in both WT and Smad3 KO
cells. Macrophages harvested from the pressure-overloaded (PO) myocardium after 7 days of TAC had higher tTG expression levels than control splenic
macrophages (*P < 0.01, **P < 0.01 vs. corresponding controls;P < 0.01 vs. WT C, n = 9-15/group). Scale bar =40 pm.
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Figure 2 tTG loss increases mortality and dilative ventricular remodelling, but protects from the development of diastolic dysfunction following pressure
overload. (A) When compared with WT animals, tTG KO mice had increased mortality following pressure overload (P <0.01; WT, n=129;tTG KO, n=128,
log-rank test). (B—E) tTG KO mice had increased dilative remodelling after 28 days of TAC, exhibiting significantly higher LVEDD (B), LVESD (C), LVEDV (D)
and LVESV (E) in comparison to WT animals (**P < 0.01 vs. corresponding WT, n=13-18/group, one-way ANOVA followed by Sidak’s test). (F) tTG KO
mice had a trend towards reduced ejection fraction after 28 days of TAC. (G) Both WT and tTG KO mice exhibited cardiac hypertrophy following pressure
overload (P <0.05,"P <0.01 vs. corresponding baseline values, Kruskal-Wallis test). tTG KO mice had trends towards increased anterior wall thickness after
7-28 days of TAC. (H and /) Both heart weight and heart weight:body weight ratio was increased in both WT and tTG KO animals following pressure overload
(**P < 0.01 vs. corresponding sham, Kruskal-Wallis test). KO mice had significantly increased heart weight and a trend towards an increase in HW:BW after
28 days of TAC. (J) Lung weight:body weight ratio was also significantly increased in both WT and tTG KO mice after 7-28 days of TAC indicating the develop-
ment of heart failure (*P <0.05, **P < 0.01 vs. sham, n= 12-28/group, Kruskal-Wallis test). However, no significant differences in lung weight were noted be-
tween WT and tTG KO groups. (K and L) tTG loss attenuated diastolic dysfunction in the pressure overloaded myocardium. (K) Pressure:Volume analysis in
isolated perfused hearts showed that tTG KO mice had a rightward shift of the curve. (L) Following TAC, chamber stiffness was significantly higher in WT ani-
mals when compared with tTG KOs (*P < 0.05, n = 6-8/group, ANOVA followed by Sidak’s test).
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and LVESV in comparison to WT animals (Figure 2B—E). Accentuated
dilative remodelling in pressure-overloaded tTG KO mice was not asso-
ciated with a significant deterioration in systolic function (Figure 2F). Both
WT and tTG KO mice exhibited marked hypertrophic changes following
pressure overload, showing increases in LVAWT(, in heart weight, and
in the heart weight: body weight ratio after 7 and 28 days of TAC (Figure
2G-1). TG null mice showed a trend towards increased hypertrophic re-
modelling after 7 and 28 days of TAC (Figure 2G-/). Lung weight:body
weight ratio after TAC was comparable between groups (2)).
Pressure:volume loop analysis in pressure-overloaded hearts using a
Langendorff system showed that after 28 days of TAC, tTG KO hearts
were more compliant than corresponding WT hearts, suggested by sig-
nificantly lower chamber stiffness (Figure 2K and L). Thus, tTG loss
enhanced chamber dilation and systolic dysfunction, but increased ven-
tricular compliance and attenuated diastolic dysfunction following pres-
sure overload.

3.7 tTG loss does not affect cardiomyocyte

apoptosis following pressure overload

Next, we examined whether accentuated dilation in pressure-
overloaded tTG null hearts was due to increased cardiomyocyte
apoptosis. We identified rare apoptotic cells in the pressure-overloaded
myocardium. Dual fluorescence combining WGA histochemistry to
outline cardiomyocytes and TUNEL showed that the majority of
apoptotic cells were interstitial cells. After 3, 7 and 28 days of TAC, tTG
null and WT mice had comparable numbers of apoptotic cardiomyo-
cytes and non-cardiomyocytes (see Supplementary material online,
Figure S6).

3.8 Effects of tTG loss on collagen
deposition in the pressure-overloaded

myocardium

Alterations in composition of the interstitial matrix critically regulate
geometric remodelling of the ventricle. Chamber dilation is often associ-
ated with accentuated matrix degradation, whereas deposition of cross-
linked collagen in the cardiac interstitium causes diastolic dysfunction.
Accordingly, we examined whether the geometric and functional
changes in pressure-overloaded tTG null hearts are associated with al-
terations in collagen deposition and remodelling.

We used light microscopy, polarized microscopy and biochemical
analysis to assess collagen deposition and structure in the remodelling
myocardium (Figure 3A-l). Quantitative analysis of total collagen staining
showed no significant effects of tTG loss on the collagen-stained area
after 7-28 days of TAC (Figure 3B and C). Assessment of green and
orange-red collagen fibres (reflecting thinner and thicker collagen fibres,
respectively) using polarized light showed no significant differences be-
tween WT and tTG KO mice (Figure 3D and E). Biochemical analysis
showed that in WT mice, pressure overloaded hearts had markedly
higher levels of total collagen, insoluble collagen, and an increased ratio
of insoluble:soluble and insoluble:total collagen (Figure 3F-I). In contrast,
in pressure-overloaded tTG KO hearts, no statistically significant in-
crease in collagen and insoluble collagen levels was noted in comparison
to sham hearts.

3.9 tTG absence is associated with
increased MMP2 activity and accentuated
expression of cross-linking enzymes in the

pressure-overloaded myocardium

Zymography demonstrated that tTG null hearts had increased levels of
active MMP2 after 28 days of TAC, when compared with WT hearts
(Figure 4A and B). Accentuated MMP activity in tTG null hearts was not
due to significantly higher MMP2 mRNA levels (Figure 4C). tTG loss was
associated with a significant accentuation in expression of the matrix
cross-linking enzymes lysyl oxidase-like (LOXL)1, LOXL2 and LOXL4.
(**P <0.01 vs. corresponding WT). In contrast, LOX and LOXL3 expres-
sion was comparable between WT and tTG KO animals (Figure 4D—H).

3.10 Pressure-overloaded tTG null hearts
have a higher number of non-cardiomyocytes
than WT hearts, exhibiting increased macro-
phage and myofibroblast density

Hematoxylin/eosin staining demonstrated that tTG KO hearts had a
highly cellular interstitium after 7-28 days of pressure overload (see
Supplementary material online, Figure S7). We compared the cellular
composition of the interstitium between pressure-overloaded WT and
tTG null hearts using two independent techniques: flow cytometry and
immunohistochemistry. Flow cytometric analysis of non-cardiomyocytes
harvested from pressure-overloaded hearts (Figure 5A-F) demonstrated
that after 7 days of TAC, tTG KO mice had higher cellular content (Figure
50), increased number of CD45+ hematopoietic cells (Figure 5D), more
a-smooth muscle actin (SMA)4-/collagen |+ myofibroblasts (Figure 5E),
but comparable numbers of CD31+ endothelial cells (Figure 5F). Flow
cytometric findings were supported by immunohistochemical studies:
tTG KO hearts had higher numbers of Mac2-+ macrophages and o-
SMA-+ myofibroblasts after 7 and 28 days of TAC (Figure 6). Taken to-
gether, the quantitative analysis of collagen content (Figure 3) and the flow
cytometric, histological and immunohistochemical study of the cellular in-
filtrate (Figures 5 and 6; see Supplementary material online, Figure S7) sup-
ported the notion that tTG loss is associated with a hypercellular
interstitium that contains lower amounts of collagen, findings consistent
with a matrix-degrading environment.

3.11 Accentuated MMP activity in tTG null
hearts is not due to changes in macrophage
or fibroblast MMP synthesis

Recently, tTG has been proposed as a specific marker for M2 macro-
phages that is conserved between species;*” however, its role in modula-
tion of macrophage phenotype remains unknown. In order to examine
whether the effects of tTG on cardiac remodelling are mediated
through alterations in macrophage phenotype we harvested myocardial
CD11b+ myeloid cells from WT and tTG KO mice undergoing
TAC protocols. CD11b+ macrophages isolated from tTG null animals
exhibited lower levels of MMP2 and MMP9 expression and comparable
MMP3 and TIMP1 expression (see Supplementary material online,
Figure S8). Moreover, fibroblasts isolated from tTG KO hearts also
expressed lower MMP2 mRNA levels than WT cells (see
Supplementary material online, Figure $9). The findings suggested that
the increased MMP2 activity observed in pressure-overloaded tTG null
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Figure 3 Effects of tTG loss on collagen deposition in the pressure-overloaded myocardium. (A) Light microscopy (l) of sirius red-stained sections and
polarized light microscopy (p) were used to study the distribution and birefringence of collagen fibres in sham and pressure-overloaded myocardium
(arrows). (B and C) Quantitative analysis showed that in both WT and tTG KO animals, pressure overloaded hearts had significantly increased collagen-
stained area (P < 0.05,"P <0.01 vs. corresponding sham, Kruskal-Wallis test, n = 6—14/group) after 7-28 days of TAC. No significant differences were noted
in total collagen content (B and C) and in the amount of thinner green (D) and thicker orange-red (E) collagen fibres between WT and tTG KO groups. (F-)
A hydroxyproline biochemical assay showed that after 28 days of TAC, WT animals exhibited a significant increase in total myocardial collagen content (F),
insoluble collagen (G), insoluble:total collagen (H) and insoluble:soluble collagen (/) when compared with sham mice (*P <0.05 vs. sham, n=6-9/group,
Kruskal-Wallis test). In comparison to corresponding sham animals, tTG KO mice had no significant increase in total collagen content after 28 days of pres-
sure overload and no significant increase in the fraction of insoluble collagen. The findings suggest that tTG loss may impair collagen cross-linking in the pres-
sure-overloaded myocardium.
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Figure 4 (TG loss increases myocardial MMP2 activity and is associated with accentuated upregulation of LOXL1, LOXL2 and LOXL4 in the pressure-
overloaded myocardium. (A and B) Zymography demonstrated that after 28 days of pressure overload tTG KO animals had increased myocardial MMP?2 ac-
tivity when compared with WT animals (*P <0.05 vs. WT, n=6—7/group, unpaired t-test). (C) Increased MMP2 activity in tTG null hearts was not due to
increased MMP2 transcription. After 28 days of TAC, MMP2 mRNA levels were comparable between WT and tTG KO hearts (**P < 0.01 vs. corresponding
sham, Kruskal-Wallis test, n = 6—12/group). (D-H) tTG absence had significant effects on expression of matrix cross-linking genes in the pressure over-
loaded myocardium (P <0.05,"P<0.01 vs. corresponding shams). In comparison to corresponding WT animals, tTG KO mice had significantly increased
LOXL1, LOXL2 and LOXL4 mRNA levels after 3—28 days of TAC (*P <0.05, **P < 0.01, n= 6—17/group, parametric ANOVA followed by Sidak’s test or

Kruskal-Wallis test).
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Figure 5 tTG loss is associated with increased infiltration of the remodelling myocardium with non-cardiomyocytes. (A and B) Representative flow
cytometry identifying CD45+ hematopoietic cells (A) and a-SMA/collagen-expressing myofibroblasts (B) in the remodelling myocardium after 7 days of
TAC. (C-F) Quantitative analysis of flow cytometry data showed that tTG KO mice had increased numbers of interstitial cells (C), CD45+ hematopoietic
cells (D), a-SMA+/collagen+ myofibroblasts (E), but comparable numbers of CD31+ endothelial cells (F) after 7 days of pressure overload (**P <0.01 vs.

WT, n = 3/group, unpaired t-test).

hearts was not due to modulation of macrophage or fibroblast MMP2
MRNA synthesis.

3.12 tTG loss does not affect TGF-[3-

mediated activation of Smad2/3 signalling

TG has been implicated in TGF-B activation.’**" Accordingly, we asked
whether tTG loss affects TGF-f3-induced Smad2/3 activation. Western blot-
ting experiments demonstrated that WT and tTG KO cardiac fibroblasts
had comparable activation of Smad2 signalling (evidenced through a marked

increase in Smad2 phosphorylation), upon stimulation with TGF-f1 for
5-30 min. Moreover, in fibroblasts cultured in collagen pads, tTG KO cells
and WT cells had comparable p-Smad2 immunoreactivity after 24h of
stimulation with TGF-B1 (see Supplementary material online, Figure S10).

3.13 tTG loss is associated with increased

fibroblast proliferative activity
Using an in vitro proliferation assay, we found that tTG KO fibroblasts
had markedly increased proliferative activity upon stimulation with
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Figure 6 Immunohistochemical staining demonstrates that tTG KO animals have increased macrophage density and enhanced myofibroblast infiltration
after 7-28 days of TAC. (A-F) Mac2 immunohistochemistry (black) was used to identify macrophages in the remodelling myocardium of WT (A-C) and
tTG KO animals (D-F) (arrows). WT (A) and tTG KO (D) sham hearts exhibited small populations of Mac2+ macrophages. Intense infiltration with macro-
phages was noted in perivascular and interstitial areas after 7-28 days of TAC. tTG KO mice (E and F) exhibited more intense infiltration than WT animals
(B and Q). It should be noted that in the pressure-overloaded myocardium, a subset of cardiomyocytes exhibits Mac2 immunoreactivity*' (arrowhead). For
quantitative analysis, only cells with interstitial localization are identified as macrophages (arrows). (G—-L) Immunohistochemical staining for o.-SMA was used
to identify myofibroblasts in the pressure overloaded myocardium of WT (G-) and tTG KO mice (J-L) as immunoreactive cells located outside the vascular
media. In sham WT (G) and tTG KO (J) animals o-SMA immunoreactivity was exclusively localized in vascular smooth muscle cells (arrowheads). After
7-28 days of TAC, both WT (H and ) and tTG KO (K and L) mice exhibited infiltration with a-SMA+- interstitial myofibroblasts (arrows). Myofibroblast infil-
tration was more intense in tTG KO animals (K and L). Quantitative analysis showed that macrophage density (M) and myofibroblast density (N) was mark-
edly higher in tTG KO animals after 7-28 days of pressure overload (**P<0.01 vs. corresponding WT, n=7-9/group, Kruskal-Wallis test) (Scale
bar = 50 pm; counterstained with eosin).
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serum (Figure 7A). Experiments in fibroblasts cultured in collagen pads
(Figure 7B) provided further support to the role of intracellular tTG in
inhibition of proliferative activity. Collagen pads populated with tTG
KO cells had higher fibroblast density upon stimulation with serum

(Figure 7C).

3.14 Matrix-bound tTG enhances TIMP-1
expression by cardiac fibroblasts through a

non-enzymatic pathway

In order to test the hypothesis that extracellular tTG may modulate fibro-
blast phenotype, we examined the effects of matrix-bound recombinant
tTG (rtTG) on gene expression by cardiac fibroblasts populating collagen
pads. When incorporated into the matrix, tTG induced TIMP1 mRNA
expression in both WT and tTG KO cardiac fibroblasts (Figure 7D),
suggesting the role of extracellular tTG actions in modulating fibro-
blast profile. Matrix-bound tTG did not significantly modulate MMP2
mRNA expression in WT, or in tTG KO fibroblasts (Figure 7D).
Immunofluorescent staining confirmed that rtTG increases TIMP1 immu-
noreactivity in fibroblasts populating collagen pads (Figure 7E). Antibody
neutralization experiments demonstrated that the effects of rtTG were
independent of B1 integrin activation (Figure 7F). Inactive Cys277Ser-
mutant recombinant tTG (itTG) with a point mutation in the catalytic
centre also increased fibroblast TIMP-1 synthesis, documenting that this
effect is transamidase-independent (Figure 7G).

4. Discussion

We document for the first time a critical role for endogenous tTG in car-
diac remodelling. We demonstrate that tTG is markedly upregulated in
the pressure-overloaded myocardium. tTG loss has profound effects on
the ventricular response to a pressure load, attenuating diastolic dysfunc-
tion, while increasing mortality and accentuating chamber dilation. The
effects of tTG absence are not due to actions on cardiomyocyte survival,
but reflect activation of a proliferative phenotype in cardiac fibroblasts
and modulation of matrix metabolism resulting in overactive matrix-
degrading pathways.

Most cell types are capable of producing tTG; vascular cells, fibro-
blasts and M2 macrophages have been identified as important sources of
tTG in vitro and in vivo.2**>** Neonatal rat cardiomyocytes constitutively
express tTG; its expression is upregulated upon stimulation with endo-
thelin-1,>* or reactive oxygen species.>® Published evidence suggests that
tTG is markedly upregulated in experimental rat models of heart failure
due to pressure or volume overload;'”"® its expression is associated
with transition to heart failure. Our experiments show persistent tTG
upregulation in the remodelling mouse myocardium after 7-28 days of
pressure overload and suggest that tTG is localized in cardiomyocytes,
interstitial cells and in the remodelling extracellular matrix (Figure 7).

Oxidative stress, growth factors, and cytokines are activated in the re-
modelling heart,”® and are capable of inducing tTG transcription in vari-
ous cell types.® TGF-p, a prominent mediator in cardiac remodelling and
fibrosis®® has been shown to exert cell-specific actions on tTG expres-
sion, increasing its transcription in fibroblasts and many other cell types,
but downregulating tTG synthesis in epithelial cells.® Our experiments
demonstrate that TGF-f1 induces tTG upregulation in isolated cardiac
fibroblasts through activation of Smad3 signalling (Figure 1L). In macro-
phages, TGF-B1, but not the pro-inflammatory cytokine IL-1f stimulated
tTG synthesis; however the effects of TGF-f3 were independent of
Smad3 (Figure TM).

In order to explore the role of tTG in cardiac remodelling, we studied
the effects of tTG gene disruption on the pressure-overloaded myocar-
dium. Baseline blood pressure, left ventricular geometry, systolic and dia-
stolic function were not affected by tTG loss. However, following
pressure overload tTG null animals exhibited significantly increased mor-
tality when compared with WT controls, associated with accentuated
chamber dilation (Figure 2B—E). Both WT and tTG KO animals had
marked increases in heart and lung weight following pressure overload,
suggesting comparable severity of heart failure, despite increased dilative
remodelling of tTG null hearts. This may reflect the attenuated diastolic
dysfunction observed in tTG KO animals (Figure 2K and L); the adverse
effects of tTG loss on cardiac geometry may be counterbalanced by
beneficial actions that reduce chamber stiffness.

The effects of tTG on function and remodelling of the pressure-
overloaded heart may reflect a wide range of actions on many cell types
and effects on the cardiac extracellular matrix. Because tTG has been

3738 \we examined

implicated in the regulation of cellular apoptosis,
whether worse remodelling in tTG KO hearts is due to loss of pro-
survival signalling and subsequent apoptotic death of cardiomyocytes.
TUNEL staining demonstrated that apoptotic cardiomyocytes were rare
in the pressure-overloaded heart, and their number was not affected by
the absence of tTG (see Supplementary material online, Figure S6).
However, despite comparable loss of cardiomyocytes, tTG KO mice ex-
hibited significant alterations in the cardiac interstitium following pres-
sure overload. We used three different methods to examine the effects
of tTG loss on collagen deposition in the remodelling myocardium. Both
light microscopy and quantitative analysis of birefringence with polarized
light microscopy showed no significant differences in collagen deposition
between WT and tTG KO animals (Figure 3). Using a biochemical assay
we found that pressure overload induced a significant increase in total
and insoluble collagen in the remodelling myocardium. In contrast to
WT animals, tTG null mice did not exhibit an increase in insoluble colla-
gen content following pressure overload (Figure 3G—H), presumably re-
flecting the loss of the matrix cross-linking effects of tTG. Moreover,
zymography showed that tTG absence significantly enhanced MMP2 acti-
vation in the remodelling myocardium (Figure 4A and B). Both flow
cytometry and immunohistochemistry demonstrated that tTG KO mice
had markedly increased numbers of interstitial myofibroblasts in the re-
modelling myocardium (Figures 5 and 6). tTG absence also increased ex-
pression of LOXL1, LOXL2 and LOXL4 in the pressure-overloaded
myocardium. Recently published evidence suggested that LOXL?2 stimu-
lates cardiac fibroblasts promoting myofibroblast transdifferentiation
and migratory activity.39 Accentuated expression of lysyl oxidases in the
absence of tTG may be responsible, at least in part, for the observed ex-
pansion of the myofibroblast population in the interstitium of pressure-
overloaded tTG KO hearts.

Increased cellularity, impaired matrix cross-linking and enhanced
MMP activity may explain the geometric and functional consequences of
tTG loss on the remodelling heart. The abundance of interstitial cells,
increased matrix-degrading activity, and reduced deposition of cross-
linked collagen may on one hand improve compliance and attenuate dia-
stolic dysfunction, while promoting dilative ventricular remodelling.

What is the cell biological basis for the effects of tTG on the re-
modelling myocardium? Effects of tTG on fibroblast phenotype and func-
tion have been previously reported. tTG may affect fibroblast function
by modulating growth factor-stimulated signalling cascades. Experiments
in human fibroblasts have demonstrated that cell surface tTG facilitates
platelet-derived growth factor signalling.' Moreover, a role for tTG in

activation and induction of the TGF-B response has been suggested.3%%
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Figure 7 Actions of matrix-bound tTG on cardiac fibroblasts. (A—C) Loss of intracellular tTG increases fibroblast proliferative activity. Using a BrdU prolif-
eration assay, we found that tTG KO cardiac fibroblasts had significantly higher proliferative activity than WT cells at baseline and after stimulation with
serum (S) (**P<0.01 vs. corresponding WT, n= 30, one-way ANOVA followed by Sidak’s test). (B and C) The effects of tTG in suppression of fibroblast
proliferation were supported by experiments in fibroblasts populating collagen pads. Fibroblasts were identified using sirius red staining (B, scale
bar =50 um). Incubation with serum, TGF-f3, or bFGF increased cell density in pads populated with WT or tTG KO cells (*P <0.05, **P < 0.01 vs. corres-
ponding control, Kruskal-Wallis test). Upon serum stimulation, pads populated with tTG KO cells had markedly higher density than pads stimulated with
WT cells (P <0.01, n=5, Kruskal-Wallis test). (D) Extracellular matrix-bound rtTG induces TIMP-1 synthesis by cardiac fibroblasts through both enzymatic
and non-enzymatic actions. To examine the effects of extracellular rtTG on cardiac fibroblasts, we performed 24-h tTG stimulation experiments in fibro-
blasts populating collagen pads. rt TG did not affect MMP2 synthesis in WT or tTG KO cells. rt TG markedly induced TIMP-1 mRNA expression in both WT
and tTG KO cardiac fibroblasts (P <0.05,"P < 0.01 vs. control, n = 10-12/group, unpaired t-test). (E) Immunofluorescent staining showed that serum, TGF-
B1, or rtTG stimulation accentuated TIMP1 immunoreactivity in fibroblasts populating collagen pads. (F) Incubation with an antibody to 1 integrin
(B1ITGADb) demonstrated that the effects of rtTG were independent of 1 integrin signalling. (G) Stimulation with inactive tTG with a point mutation in the
catalytic site (itTG) also induced TIMP1 in cardiac fibroblasts, suggesting effects independent of transamidase activity (**P<0.01 vs. control, one-way
ANOVA followed by Sidak’s test).
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Our in vitro experiments demonstrated that tTG does not play a signifi-
cant role in regulation of TGF-B responses in cardiac fibroblasts. WT
and tTG KO cells had comparable Smad2 phosphorylation upon stimula-
tion with TGF-B1 (see Supplementary material online, Figure S10).
However, tTG null cells exhibited increased proliferative activity at base-
line, and upon stimulation with serum (Figure 7). Accentuated prolifer-
ation may explain the abundance of interstitial fibroblasts in pressure
overloaded tTG KO hearts.

In order to examine the effects of tTG in modulating behaviour of
fibroblasts in their matrix environment, we used an in vitro model of car-
diac fibroblasts cultured in collagen pads enriched with tTG. We found
that matrix-bound recombinant tTG exerts potent matrix-preserving ac-
tions on cardiac fibroblasts. When incorporated into the collagenous
matrix, tTG induced TIMP-1 synthesis in both WT and tTG KO cells
(Figure 7). The effect of tTG on TIMP1 expression by fibroblasts is not
due to enzymatic actions; mutant tTG that lacks transglutaminase activity
due to a point mutation in the active catalytic centre had similar effects
on cardiac fibroblasts populating collagen pads (Figure 7G).

Our observations illustrate the critical role of matrix metabolism in
cardiac remodelling. In the pressure-overloaded heart, activation of
matrix-preserving signals results in fibrosis and diastolic dysfunction.
From a theoretical perspective, inhibition of selected matrix-preserving
mechanisms (such as tTG) seems an attractive therapeutic approach to
reduce fibrosis and to protect from diastolic heart failure. However, this
approach has significant risks. Matrix-preserving signals may exert pro-
tective actions by providing much needed mechanical support to the
pressure-overloaded ventricle. Thus, overzealous inhibition of pathways
involved in preservation of the matrix (such as the complete loss of tTG
in mutant mice) may perturb the matrix balance leading to chamber dila-
tion and systolic dysfunction.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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