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Increased left ventricular wall stress precedes the develop-
ment of heart failure in multiple myocardial pathologies. 

Increased wall stress can occur in many forms. It may occur 
globally from increased in pressure throughout the ventricle 
such as in hypertension or aortic stenosis or regional as in my-
ocardial ischemia where scar or dysfunctional myocardium 
creates imbalances in stress between areas of normal and hy-
po-perfusion.1 At a cellular level, loss of myocytes throughout 
the myocardium due to toxins or myocarditis leads to replace-
ment fibrosis altering the strain properties of the tissue and 
increasing wall stress.2 Similarly, genetic alterations in sarco-
meric structure can predictably change stress locally resulting 
in compensatory hypertrophy or dilation.3

Article, see p 1214

As the heart is exposed to continuous and ever-changing 
mechanical forces, it is not surprising that it has adapted many 
strategies to deal with changes in wall stress. Although acute 
intermittent increases in stress with exercise lead to adaptive 
hypertrophy, chronic wall stress in the pathological conditions 
above additionally promotes activation of fibroblasts and in-
creased inflammation. These changes, which in animal models 
can be seen before the development of systolic and or diastolic 
dysfunction, are associated with local activation of profibrotic 
factors, such as TGF-β (transforming growth factor-beta) and  
angiotensin 2. As fibrosis causes increases in both tissue strain 
and wall stress, it has been hypothesized that these responses 
are maladaptive and lead to a vicious cycle of pathology end-
ing in heart failure.4

The data presented by Russo et al5 counter that long-stand-
ing paradigm and shed light on the complexity of the heart’s 
response to stress. They focused on the role of TGF-β signaling 
in a murine model of global pressure overload–transverse aor-
tic constriction (TAC). Focusing on the mechanisms by which 
TGF-β regulates myocardial remodeling in response to stress 
is a well-trod path. A myriad of studies have demonstrated 
the profibrotic properties of TGF-β signaling pathways in the 
heart.6 However, global knockouts have shown both beneficial 
and deleterious effects of manipulating this pathway, making 
therapeutic targeting elusive. To dissect the effects of TGF-β 

specific to activated fibroblasts in response to stress, Russo 
et al5 generated a conditional knockout of Smad3 (mothers 
against decapentaplegic homolog 3), a downstream effector of 
TGF-β signaling (referred by the authors as FS3KO mice) us-
ing a Periostin-Cre driver. A previous study of a global knock-
out of Smad3 subjected to TAC resulted in decreased fibrosis, 
but excess mortality was seen in this model.7 One would, 
therefore, expect that Smad3 knockout specific to fibroblasts 
would provide a decrease in fibrosis without the other delete-
rious effects.

Surprisingly, the FS3KO mice had no substantial decrease 
in fibrosis at 7 or 28 days following TAC. Furthermore, there 
was decreased systolic function compared with control geno-
types treated with TAC. The authors are to be commended 
for performing cell and matrix specific analysis to under-
stand this unexpected finding. Their data demonstrate that 
absence of Smad3 signaling resulted in increased matrix frag-
mentation, increased accumulation of cardiac macrophages, 
and increased cardiomyocyte cytolysis early following TAC. 
Furthermore, there was a change in macrophage pheno-
type within the FS3KO mice post-TAC with a shift towards 
more M1 macrophages. Expression analysis of isolated car-
diac fibroblasts showed no difference in expression of profi-
brotic factors or matrix components but rather a significant 
increase in MMP (matrix metalloproteinase)-8 expression, a 
known collagenase. The authors validated the role of MMP-
8 in the phenotypic changes with the use of an MMP-8 in-
hibitor. MMP-8 inhibitor–treated FS3KO TAC mice had less 
reduction in ejection fraction and less inflammatory M1 mac-
rophages compared with vehicle-treated FS3KO TAC mice. 
However, MMP-8 inhibition did not alter rates of myocytoly-
sis or total macrophages accumulation. Importantly, control 
mice treated with the MMP-8 inhibitor also had reductions in 
ejection fraction.

These seemingly contradictory results of the MMP-8 in-
hibitor studies—beneficial in one condition/deleterious in 
another—are consistent with literature in which over or un-
derexpression of proteinases assumed to degrade matrix 
and reduce fibrosis fail to achieve the predicted end point. 
Furthermore, these data highlight the limitations of using this 
strategy therapeutically. More promising from a therapeutic 
stand point is data from Russo et al5 demonstrating an increase 
in circulating levels of a cleaved matrix peptide-Pro-Gly-Pro 
in FS3KO mice. Although the existence of matrikines, matrix 
cleavage products with biologic activity, has been described 
for many years, catching one in the act in an in vivo model 
has been challenging. The linkage between this peptide and 
increased inflammation is a tantalizing hypothesis. Although a 
broader proteomic screen of circulating proteins is necessary 
to determine the specificity of this finding, targeting an active 
peptide for a set period of time during increased wall stress is 
therapeutically attractive.
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It is important to note that Russo et al5 are not the first 
group to test the effect of pressure overload on a fibroblast-
specific knockout of Smad3. Khalil et al8 used an inducible 
MerCreMer system to driving Periostin-Cre to delete multiple 
components of this pathway including Smad3, Smad2, TGF-
β1, and TGF-β2 in mice before TAC. In this study, deletion 
of Smad3 in periostin expressing fibroblasts resulted in the 
reduced fibrosis at 12 weeks. A comparison of the 2 studies 
is revealing in what can (and cannot) be learned from pre-
clinical animal models. Both studies used periostin to target 
activated fibroblasts. Although there are strong data indicat-
ing an association of increased periostin expression with ac-
tivated fibroblasts in injured myocardium, periostin is also 
expressed at lower levels in cardiac fibroblasts in normal 
hearts.9 Therefore, in both models, it is unknown what spe-
cific fibroblast populations underwent Cre recombination of 
Smad3, and at what time point. In Russo et al,5 it is likely that 
Smad3 was completely deleted in resting fibroblasts before 
TAC due to the constitutive nature of the construct as opposed 
to Khalil et al8 who initiated the deletion with tamoxifen treat-
ment just 48 hours to TAC. Furthermore, the analysis of fi-
broblast gene expression was different between the studies. 
Khalil et al8 analyzed only Smad3 null fibroblasts-labeled by a 
fluorescent reporter; these data showed dramatic reductions in 
matrix gene expression. In contradistinction, Russo et al5 ana-
lyzed gene expression from all cardiac fibroblasts and found 
no differences, implying that other resident fibroblasts may 
compensate for loss of matrix formation.

In summary, Russo et al5 have demonstrated that TGF-β 
pathways can provide adaptive responses to increased wall 
stress by restraining proteinase production in cardiac fibro-
blasts and thus preserving matrix integrity. In combination 
with the study of Khalil et al,8 it is intriguing to hypothesize 
that this pathway is adaptive in situations of increased wall 
stress (ie, during prolonged exercise) but becomes maladap-
tive under chronic stress. These data support other studies that 
the role of TGF-β in the heart is dependent not just on cell 
phenotype but potentially on cell subtypes similar to its role 
in the immune system. It is truly pleiotropic molecule whose 
beneficial and detrimental effects are highly situational. 
Understanding its function has provided substantial mecha-
nistic information on the response of the heart to stress, and 

with time will hopefully yield a downstream target for safe 
and effective antifibrotic therapies.

Sources of Funding
Craig Tall Family Foundation.

Disclosures
None.

References
	 1.	 Kramer CM, Lima JA, Reichek N, Ferrari VA, Llaneras MR, Palmon LC, 

Yeh IT, Tallant B, Axel L. Regional differences in function within non-
infarcted myocardium during left ventricular remodeling. Circulation. 
1993;88:1279–1288.

	 2.	 Di Bella G, Carerj S, Recupero A, Donato R, Pugliatti P, Falanga G, 
Pedri S, Vizzari G, Campisi M, Zito C, de Gregorio C. Left ventricular en-
docardial longitudinal dysfunction persists after acute myocarditis with 
preserved ejection fraction. Echocardiography. 2018;35:1966–1973. 
doi: 10.1111/echo.14156

	 3.	 Davis J, Davis LC, Correll RN, et al. A tension-based model distinguish-
es hypertrophic versus dilated cardiomyopathy. Cell. 2016;165:1147–
1159. doi: 10.1016/j.cell.2016.04.002

	 4.	 Li AH, Liu PP, Villarreal FJ, Garcia RA. Dynamic changes in myocar-
dial matrix and relevance to disease: translational perspectives. Circ Res. 
2014;114:916–927. doi: 10.1161/CIRCRESAHA.114.302819

	 5.	 Russo I, Cavalera M, Huang S, Su Y, Hanna A, Chen B, Shinde AV, 
Conway SJ, Graff J, Frangoiannis NG. Protective effects of activated 
myofibroblasts in the pressure-overloaded myocardium are mediated 
through Smad-dependent activation of a matrix-preserving program. Circ 
Res. 2019;124:1214–1227. doi: 10.1161/CIRCRESAHA.118.314438

	 6.	 Stempien-Otero A, Kim DH, Davis J. Molecular networks underlying 
myofibroblast fate and fibrosis. J Mol Cell Cardiol. 2016;97:153–161. 
doi: 10.1016/j.yjmcc.2016.05.002

	 7.	 Divakaran V, Adrogue J, Ishiyama M, Entman ML, Haudek S,  
Sivasubramanian N, Mann DL. Adaptive and maladptive ef-
fects of SMAD3 signaling in the adult heart after hemodynamic 
pressure overloading. Circ Heart Fail. 2009;2:633–642. doi: 
10.1161/CIRCHEARTFAILURE.108.823070

	 8.	 Khalil H, Kanisicak O, Prasad V, Correll RN, Fu X, Schips T, Vagnozzi RJ, 
Liu R, Huynh T, Lee SJ, Karch J, Molkentin JD. Fibroblast-specific 
TGF-β-Smad2/3 signaling underlies cardiac fibrosis. J Clin Invest. 
2017;127:3770–3783. doi: 10.1172/JCI94753

	 9.	 Snider P, Hinton RB, Moreno-Rodriguez RA, Wang J, Rogers R, 
Lindsley A, Li F, Ingram DA, Menick D, Field L, Firulli AB, Molkentin JD, 
Markwald R, Conway SJ. Periostin is required for maturation and extra-
cellular matrix stabilization of noncardiomyocyte lineages of the heart. 
Circ Res. 2008;102:752–760. doi: 10.1161/CIRCRESAHA.107.159517

Key Words: Editorials ◼ heart failure ◼ hypertrophy ◼ inflammation  
◼ macrophages

D
ow

nloaded from
 http://ahajournals.org by on July 31, 2019




