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Introduction
The heart responds to excessive workload through compensatory hypertrophic growth. Hypertrophic 
growth caused by pressure overload or ischemic injury is accompanied by cardiomyocyte (CM) death and 
the formation of  scar tissue, which can lead to heart failure (HF) and lethal arrhythmias (1). Although the 
heart also grows in size in response to the increased metabolic demands of  exercise, physiological hypertro-
phy does not elicit a fibrotic response and remains an adaptive process (1–3). Accumulating evidence from 
clinical studies and animal models underscores the cardioprotective benefits of  exercise via supporting CM 
function and viability (4–6). However, relatively little is known about how cardiac fibroblasts (CFs) respond 
to physiological stimuli and how they may contribute to cardiac health.

CFs are primarily studied in the context of  pathological events, which lead to changes in mechanical 
tension and neurohumoral signals that stimulate their proliferation and activation (7–11). Activated CFs, 
called myofibroblasts, secrete extracellular matrix (ECM) in an adaptive response to injury that contributes 
to cardiac repair and prevents lethal wall rupture following myocardial infarction (MI) (12–16). However, 
sustained CF activation ultimately leads to excessive fibrosis and ventricle wall stiffening.

Recent studies reveal additional roles for CFs in normal cardiac homeostasis. CFs influence processes 
such as electrical conduction, inflammation, angiogenesis, and cardiac growth and development (17–22). 
CFs communicate with neighboring cells via junction proteins or secretion of  growth hormones, cytokines, 
and inflammatory signals (21, 22). Defining the CF response to pathological and physiological cues is crit-
ical to understanding the cellular and molecular mechanisms that underlie the cardioprotective benefits of  
exercise that might be harnessed for therapeutic purposes.

In this study, we utilize RNA-sequencing (RNA-Seq) to investigate the gene expression changes occur-
ring in CFs during physiological (swim training) and pathological (pressure overload or ischemia) cardi-
ac remodeling. Pathological remodeling induced Rho/Rho-kinase and serum response factor–dependent 
(SRF-dependent) expression of  myofibroblast gene programs (9, 14, 23–26). In contrast, physiological 

Exercise and heart disease both induce cardiac remodeling, but only disease causes fibrosis and 
compromises heart function. The cardioprotective benefits of exercise have been attributed to 
changes in cardiomyocyte physiology, but the impact of exercise on cardiac fibroblasts (CFs) is 
unknown. Here, RNA-sequencing reveals rapid divergence of CF transcriptional programs during 
exercise and disease. Among the differentially expressed programs, NRF2-dependent antioxidant 
genes — including metallothioneins (Mt1 and Mt2) — are induced in CFs during exercise and 
suppressed by TGF-β/p38 signaling in disease. In vivo, mice lacking Mt1/2 exhibit signs of 
cardiac dysfunction in exercise, including cardiac fibrosis, vascular rarefaction, and functional 
decline. Mechanistically, exogenous MTs derived from fibroblasts are taken up by cultured 
cardiomyocytes, reducing oxidative damage–dependent cell death. Importantly, suppression of 
MT expression is conserved in human heart failure. Taken together, this study defines the acute 
transcriptional response of CFs to exercise and disease and reveals a cardioprotective mechanism 
that is lost in disease.
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remodeling did not stimulate the expression of  genes encoding ECM proteins and canonical myofibroblast 
markers. Unexpectedly, a program of  NFE2L2-dependent (NRF2-dependent) ROS and toxin scavengers 
was suppressed in pathological CFs and elevated in exercise.

Among the NRF2-dependent genes are metallothioneins (Mt1 and Mt2), which are enriched in CFs 
compared with CMs and suppressed in mouse models of  disease. MTs contain thiol groups that sequester 
hydroxyl radicals (27) and were reported to protect neurons from oxidative damage in a paracrine manner 
(28). Here, we demonstrate that MT overexpression only mildly inhibits myofibroblast activation, but exog-
enous MTs are taken up by CMs, providing protection from oxidative stress. In vivo, Mt1/2-KO (MTKO) 
mice display a decline in cardiac function during strenuous exercise, characterized by fibrosis and reduced 
vascularization. Importantly, suppression of  MT1 expression is conserved in human HF, which we show 
is at least partially dependent upon TGF-β1/p38 MAPK signaling. Taken together, our study highlights a 
dynamic program of  gene regulation in CFs during physiological and pathological cardiac remodeling that 
may underlie the cardioprotective benefits of  exercise.

Results
Fibrosis genes are inversely regulated in fibroblasts during exercise and disease. To define the gene expression chang-
es in CFs that underlie the divergent functional outcomes of  exercise and disease, we developed an RNA-
Seq screen using WT C57BL/6 mice subjected to a swimming regimen to induce physiological remodeling, 
transverse aortic constriction (TAC) to induce pressure overload induced remodeling, or MI to induce 
ischemic injury (Figure 1A). We observed subtle hypertrophic cardiac growth beginning at day 10 of  the 
swimming protocol, which became highly significant at 28 days in both male and female mice and was not 
associated with the development of  fibrosis or expression of  Col1a1 (Figure 1B and Supplemental Figure 
1, A–D) (2, 3). In contrast, we observed significant fibrosis and reduced cardiac function associated with 
pathological remodeling (Supplemental Figure 1, B, C, and E). Hypertrophic growth and functional decline 
was not observed 3 days after TAC, first becoming evident 10 days after TAC. Quantitative PCR (qPCR)  
was performed on left ventricular CMs to evaluate molecular markers of  cardiac remodeling, revealing 
that the Myh7/6 ratio increased only after pathological stimuli and that Cebpβ levels decreased consistently 
in male and female animals only after exercise, confirming pathological and physiological remodeling, 
respectively (Supplemental Figure 1F). Based on these observations, we chose to evaluate the transcription-
al changes occurring in CFs following 3 or 4 days of  remodeling (prior to morphological changes) and 10 
days of  remodeling (coincident with the earliest morphological changes) (Figure 1A).

We isolated CMs and nonmyocytes by differential adherence to reduce the possibility of bias toward a par-
ticular population of fibroblasts based on currently available molecular markers. Of the adherent nonmyocytes, 
flow cytometry confirmed that approximately 77% of adherent cells were not of CD31+, CD45+, or PDGFRβ+ 
vascular or hematopoietic lineages, verifying enrichment of ventricular fibroblasts (Supplemental Figure 1G; P 
< 0.0001). Importantly, we did not observe alterations in the proportion of CD31+ or CD45+ cardiac cells iso-
lated from animals subjected to exercise or TAC (Supplemental Figure 1H). Identity of the nonmyocyte pop-
ulations was initially evaluated by qPCR, revealing enrichment in Fsp1 and depletion in cardiac Tnnt2 genes 
(Supplemental Figure 1I). Subsequent analysis of RNA-Seq data for markers of CMs (Myh6), smooth muscle 
cells (Myh11), endothelial cells (Cdh5, Pecam), and hematopoietic cells (Ptprc/CD45) revealed variable levels 
of expression around background, confirming nonfibroblasts were not differentially captured after exercise or 
disease (Supplemental Figure 1, J–L). However, further evaluation of RNA-Seq data revealed significant alter-
ations in the expression of inflammatory markers Il1β, Tnf, and Nos2 during exercise and TAC, consistent with 
recent reports that fibroblasts act as sentinels in maintaining tissue homeostasis (Supplemental Figure 1L) (29).

Preliminary studies confirmed TAC upregulated Postn and Col1a1 and decreased Tcf21 expression (Fig-
ure 1C), consistent with a recent report that Postn and Tcf21 mark the activated and quiescent fibroblast state, 
respectively (30). Initial analysis of  RNA-Seq data revealed that TAC increased the expression of  ECM 
and myofibroblast marker genes (Figure 1, D and E). In contrast, swimming reduced several ECM genes 
(Figure 1D). For example, Col1a1 expression in CFs was reduced in response to swimming in both male and 
female mice, reaching statistical significance in males after 28 days (Supplemental Figure 1D). Together, 
these results are the first to reveal that CFs actively respond to both pathological and physiological cues.

The CF GEP rapidly diverges in exercise and disease. We next evaluated the RNA-Seq data to define the 
global gene expression programs (GEP) that emerge with the earliest changes in CF phenotype and cardiac 
physiology. Global patterns of  gene expression were evaluated by Principal Component Analysis (PCA) 
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and Spearman correlation, confirming consistency between biological replicates (Figure 2, A and B). This 
analysis also revealed active GEP changes in CFs during physiological and pathological remodeling. CFs 
isolated from mice 5 days after MI also exhibited a GEP that was distinct from controls, TAC, and swim 
samples. Sham and sedentary controls were indistinguishable from each other and were, thus, treated as a 
single group in further analyses. These initial results revealed that CFs differentially respond to pathological 
and physiological cues in as few as 3 days by enacting dynamic transcriptional changes.

To identify Gene Ontology (GO) pathways and individual genes that are differentially expressed in CFs 
in exercise or disease, we performed Ingenuity Pathway Analysis (IPA) (https://www.qiagenbioinformatics.
com/products/ingenuity-pathway-analysis/). We limited our analysis to genes that had an fragments per 
kilobase per million reads (FPKM) >1 in any condition and displayed a significant change in expression 
between either 10-day swim versus control or 10-day TAC versus control (q < 0.05). This generated a list of  
2454 genes in swim versus control and 4051 genes in TAC versus control. The gene lists were reduced to 379 
and 1976 genes, respectively, after removing genes that appeared in both lists and changed in the same direc-
tion (Supplemental Figure 2A). Consistent with myofibroblast activation, the most significantly enriched 
GO terms identified by IPA in pathological fibroblasts included stimulation of  Rho-dependent contractile 
pathways and integrin-linked kinase (ILK) signaling (Figure 2C and Supplemental Figure 2, C–E). GO 
terms that were enriched in CFs upon exercise included detoxification and redox pathways, whereas ILK 
signaling was suppressed (Figure 2C and Supplemental Figure 2, B and C).

Transcription factor activity prediction analyses based upon gene expression changes revealed SRF 
was significantly inhibited in swim versus TAC (Figure 2D), consistent with previous studies that report 
Rho-dependent stimulation of  SRF and myocardin related transcription factor (MRTF) activity promote 
fibroblast activation (9, 25, 26, 31). Motif  analysis using HOMER 2.0 independently identified SRF 
binding elements, or CArG motifs, as the most enriched transcription factor binding site within 5 kb 
of  genes that are upregulated in 10-day TAC versus sham (Supplemental Figure 3). Additional tran-
scriptional pathways dysregulated in pathological fibroblasts include P53 signaling, PPAR-γ signaling, 
and KLF2-dependent transcription. Transcription factors that were significantly upregulated after swim 
compared with disease included a number of  proinflammatory transcription factors such as STAT1, 
NFATC2, NFκB1α, and IRF3/5/7 (Figure 2D) (29). Consistent with the enrichment of  detoxification 
pathways after exercise, transcription factor analysis also revealed activation of  aryl hydrocarbon recep-
tor (AHR) and NFE2L2-dependent (NRF2-dependent) transcriptional programs. Indeed, expression of  
the Nfe2l2 gene was enriched in exercise (Figure 2D). These data indicate that disease drives the Rho-
SRF–dependent myofibroblast program and exercise promotes NRF2-dependent detoxification program.

Exercise induces a fibroblast ROS-scavenger pathway. To identify individual genes that contribute to the 
physiological versus pathological GEP in CFs, we generated a rank-ordered list of  gene changes in swim or 
TAC versus control. Of  the 2075 genes changed in swim or TAC versus controls, 2052 displayed concor-
dant dysregulation and 23 genes displayed significant (q < 0.05) and discordant dysregulation in swim or 
TAC versus controls (Figure 3). Among the inversely regulated genes, known myofibroblast markers and 
ECM genes (red lines, Figure 3) such as Postn and Col3a1 are robustly enriched in TAC and reduced in swim 
training. Postn and Col3a1 segregated with Acta2 in cluster 8, which contains genes elevated in TAC and 
reduced in swim, compared with controls (Figure 4 and Supplemental Table 1).

Of  the 23 inversely regulated genes, 14 were enriched during exercise and suppressed in TAC, and 7 
of  these encoded antioxidant proteins in the GST or MT families (blue lines, Figure 3). These antioxidant 
response genes segregated into clusters 3 and 12 (with Tcf21), which contain the majority of  genes that are 
enriched in swim compared with control and suppressed in TAC (Figure 4 and Supplemental Table 1).

The GST family (composed of GSTA, GSTM, GSTO, GSTP, GSTT, and GSTZ subfamilies) binds to 
reduced glutathione (GSH) to removes ROS and other compounds (32). While depletion of the cytosolic pool 
of GSH is highly correlated with disease, GST mutations have also been associated with disease, presumably 
by affecting clearance of GSH (33). We observed that various genes encoding GST family members displayed 
high FPKM values in swim and low FPKM values in TAC, which was confirmed by qPCR (Figure 5, A and B).

Metallothioneins are a family of small, cysteine-rich proteins that sequester heavy metals and act as free 
radical scavengers. Our RNA-Seq also revealed that Mt1 and Mt2 were enriched in swim compared with control 
CFs and were suppressed in TAC (Figure 5C). We confirmed by qPCR that Mt1/2 are maintained in CFs after 
physiological stimuli and lost in CFs after pathological stimuli; Mt1/2 are also much more highly expressed in 
CFs compared with CMs in all conditions and are not detected in CMs following TAC (Figure 5D).
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Inverse regulation of  Mt1/2 expression in CFs by IGF-1 and TGF-β1/p38 MAPK. The promoter regions of  the 
Mt1/2 genes, along with several Gst genes, contain antioxidant response elements (AREs) that bind NRF2 
and confer transcriptional responsiveness to ROS (34). Since Nfe2l2 gene expression and NRF2-dependent 
gene programs are increased in fibroblasts after 10 days of  swimming and suppressed in disease, we evalu-
ated NRF2 protein levels in CFs subjected to in vitro models of  physiological or pathological remodeling. 
Primary CFs were cultured with H2O2 (ROS) to induce the NRF2-dependent antioxidant gene program 
(35), or ROS and insulin-like growth factor–1 (IGF-1) to model physiological cues that stimulate Akt phos-
phorylation and cardiac remodeling in exercise (Supplemental Figure 4, A and B) (5, 36). ROS and IGF-1/
ROS treatment of  neonatal mouse CFs led to accumulation of  NRF2 in the nucleus (Figure 6, A and B) 
and reduced ubiquitination of  NRF2 (Supplemental Figure 4, C and D). Consistent with changes in NRF2 
levels and localization, ROS or IGF-1/ROS treatment increased expression of  Mt1/2 (Figure 6C). CFs were 
also cultured in the presence of  TGF-β1/ROS to model Smad2/3-dependent pathological conditions (Sup-
plemental Figure 4, A and B). In contrast to IGF-1/ROS treatment, TGF-β1/ROS increased cytoplasmic 
NRF2 ubiquitination and prevented nuclear accumulation of  NRF2 (Figure 6, A and B, and Supplemental 
Figure 4, C and D). Furthermore, TGF-β1/ROS treatment increased Acta2 and Col1a1 expression and sig-
nificantly attenuated Mt1/2 expression (Figure 6C). Thus, IGF-1 and TGF-β1 modulate the impact of  ROS 
on NRF2 levels and the ROS scavenger gene program in CFs.

TGF-β signaling can drive pathological hypertrophy through canonical Smad signaling or noncanonical p38 
MAPK–dependent signaling. p38 activity is disrupted in the heart upon pressure overload (37), and upstream 

Figure 1. Evaluating the fibroblast response to physiological and pathological cardiac remodeling. (A) Experimental timeline (days) of inducing 
and assessing remodeling and isolating CFs (red) for RNA-Seq and subsequent analysis in C57BL/6 animals. (B) Heart weight/body weight (HW/
BW) ratio of sedentary and swim-trained animals. (C) qPCR analysis of primary CFs from mice subjected to the indicated treatment. (D) Analysis 
of fragments per kilobase of transcript per million mapped reads (FPKM) from RNA-Seq data for indicated ECM genes. (E) Analysis of FPKM from 
RNA-Seq data for CF and myofibroblast markers. Statistics in B–E were performed using 1-way ANOVA and Tukey’s post-hoc test (n = 3 except for 
control where n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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regulators of p38 such as MKK3/6 stimulate the myofibroblast phenotype (38, 39). However, the fibroblast-spe-
cific role of p38 in physiological versus pathological cardiac remodeling remains unclear. We therefore evaluated 
the phosphorylation state of p38 in CFs isolated from animals subjected to 10 days of swimming, TAC, or 
sedentary control. We observed that p38 phosphorylation in CFs was dysregulated in both pathological and 
physiological remodeling, compared with controls (Supplemental Figure 4E), which led us to investigate wheth-
er chemical inhibitors of the p38 pathway might impact Mt expression in pathological CFs. Indeed, a pan-p38 
inhibitor (BIRB796) restored Mt1/2 gene expression in TGF-β1/ROS–treated neonatal CFs (Figure 6D), reveal-
ing that TGF-β/p38 MAPK signaling is partially responsible for the suppression of Mt1/2 in disease.

Paracrine role of  MT in protecting CM from oxidative damage. To address the potential effect of  MTs in car-
diac cell physiology, we first assessed whether overexpression of  Mt1 was capable of  blunting the response 
of  NIH-3T3 cells to TGF-β1. Transfection with FLAG-MT1 induced specific overexpression of  Mt1 and 
not Mt2 compared with control transfected cells and partially blocked TGF-β1–dependent stimulation of  
Postn (Figure 7, A–C). However, expression of  other myofibroblast markers such as Col1a1 or Acta2 were 
modestly, but not significantly, reduced (Figure 7, D and E). Because we demonstrated that CFs produce 
significantly more Mt1/2 than CMs, we next hypothesized that MTs secreted from CFs might protect 
adjacent CMs from oxidative stress in a manner reminiscent of  neuroprotective mechanisms (28, 40). 
To investigate the paracrine effect of  MTs in the heart, we conducted conditioned media experiments by 
culturing neonatal mouse CMs with media isolated from NIH-3T3 cells expressing FLAG-MT1. Con-
focal microscopy revealed that fibroblast-produced FLAG-MT1 was internalized by CMs (Figure 7F).  

Figure 2. Gene expression profiling of pathological and physiological CFs. (A) PCA of log-transformed FPKM data from 19 individual CF samples 
from C57BL/6 animals of the indicated treatment group using the first and second principal components (PCs). There were 8500 of 23,359 genes 
included, where at least 5 of the 19 samples had a FPKM > 1. No other feature selection was performed. (B) Spearman correlation and average linkage 
of the same 19 samples in A indicates consistency between biological replicates, which cluster in a hierarchical manner. (C) Ingenuity Pathway Anal-
ysis (IPA) of CFs at 10-day TAC (disease) versus control (top) or 10-day swim (exercise) versus control (bottom). The gray bars indicate that there is 
no activity pattern available identified in IPA, despite highly significant association of the genes within the pathway. Orange, positive z-score; white, 
zero z-score; blue, negative z-score; gray, no pattern. Vertical red line indicates a Benjamini-Hochberg–corrected P = 0.01. (D) Predicted upstream 
regulators from 10-day swim versus 10-day TAC are shown that have overlap P < 0.001 (red line). Red and green triangles indicate direction of change 
in expression in exercise versus disease, if significant. Red and blue text in C and D indicate myofibroblast regulation and detoxification pathways, 
respectively, and indicate a mechanistic link between TF and IPA canonical pathway.
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We next asked whether exogenous MT was sufficient to protect isolated neonatal mouse CMs from oxi-
dative stress–induced cell death. In contrast to untreated cells, we observed a dose-dependent reduction 
in CM viability upon treatment with H2O2 (Figure 7G). Addition of  either recombinant MT1 or MT2A 
improved neonatal myocyte viability upon H2O2 treatment (Figure 7H). We detected approximately 25%–
45% lethality in CMs treated with 125 μM or 250 μM H2O2, compared with vehicle-treated CMs (Figure 
7, H and I). Culture with recombinant MT2A led to a dose-dependent rescue of  viability in CMs. Survival 
of  CMs treated with 125 μM was fully restored with 5 μM MT2A, whereas viability of  CMs treated with 
250 μM H2O2 was only partially restored with 5 μM MT2A (Figure 7I). Furthermore, viability of  cultured 
adult CMs increased when treated with recombinant MT1 or MT2A (Figure 7J). Taken together, this 
study revealed that MTs, which are produced primarily by nonmyocytes in the heart, can be taken up 
by CMs in culture, providing a paracrine cardioprotective mechanism at baseline or in response to the 
excessive metabolic demands of  exercise that is suppressed by TGF-β1/p38 MAPK signaling in disease.

Figure 3. Identifying inversely regulated genes in CFs during pathological versus physiological remodeling. Linear 
network representation of Venn diagram depicting the relationship of gene expression changes in CFs from C57BL/6 
animals between 10-day swim or 10-day TAC versus controls. For each list, significantly changed genes (q < 0.05) were 
retained if at least 1 condition attained an FPKM > 1. The number of genes retained in each condition is indicated in 
plot and were sorted by their log2 fold change. Corresponding tan bars indicate –log10 q value, and lines between the 
2 columns indicate common genes. Lines in blue, red, or green denote the 23 genes displaying expression changes in 
opposite directions. Detoxification genes that are enriched in swim and downregulated in TAC are represented and 
identified in blue, and known profibrotic genes that are enriched in TAC and downregulated in swim are represented 
and identified in red. Green lines indicate inversely expressed genes. Gray lines represent genes in either swim vs. 
control or TAC vs. control that move in the same direction.
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Metallothionein deletion leads to reduced exercise tolerance. We next asked whether MT1/2 is required to 
preserve cardiac function in response to the physiological demands of  exercise. To answer this question, 
we subjected mice that lack Mt1 and Mt2 (MTKO) (41, 42) and strain-matched WT controls to a 28-day 
swim training regimen. MTKO mice had normal cardiac function at baseline and displayed hypertrophic 
cardiac growth during exercise, as assessed by heart weight/tibia length (HW/TL) ratio (Figure 8A, Sup-
plemental Figure 5A). Decreased expression of  Cebpβ also confirmed physiological remodeling in both WT 
and MTKO mice during exercise (Supplemental Figure 5, B–E). However, in stark contrast to control mice, 
MTKO mice developed cardiac dysfunction within 7 days of  initiating the swimming regimen, revealed by 
reduced ejection fraction (EF) and fractional shortening (FS) (Figure 8, B and C). While there was no signif-
icant change in CM cross-sectional area, echocardiography revealed that systolic volume was significantly 
elevated in MTKO animals after 28 days of  swim, corresponding to an increased left ventricle mass (LVM) 
(Figure 8D and Supplemental Figure 5, F and G). Notably, female MTKO mice were more tolerant of  exer-
cise than male mice, exhibiting a delay in the onset of  cardiac dysfunction (Supplemental Figure 5, H and I).  

Figure 4. Heat map of genes expressed in swim and TAC. Hierarchical clustering of 4528 genes based upon average 
FPKM from 10-day swim, 4-day swim, control, 3-day TAC, and 10-day TAC. Select genes are specified for 3 of the 12 
clusters with genes that are inversely expressed in swim and TAC. Upregulated genes are represented in red, and down-
regulated genes are represented in blue.
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Although fibrosis was not observed in sedentary MTKO animals and there was no apparent change in PDG-
FRα+ cell number in MTKO animals after 28 days of  swim training (Supplemental Figure 5, J–M), quantifi-
cation of  Picrosirius red staining of  collagen fibers revealed significant increases in epicardial, perivascular, 
and interstitial cardiac fibrosis compared with WT following 28 days of  swim training (Figure 8, E–H). 
Furthermore, while vessel density was normal in MTKO mice at baseline, we observed vascular rarefaction 
in MTKO animals after 28 days of  swim training, as revealed by labeling of  endothelial cells with isolec-
tin and von Willebrand Factor (vWF) (Figure 8, I and J). Consistent with these indicators of  maladaptive 
remodeling, male MTKO animals develop diastolic dysfunction as indicated by reduced E/A ratio (peak 
velocity of  blood flow in early diastole [E wave] to late diastole [A wave]) after 28 days of  swimming (Figure 
8K). We also subjected WT and MTKO animals to treadmill running as an alternative form of  exercise. 
MTKO animals fatigued much more quickly than control animals; however, extremely poor voluntary exer-
cise capacity of  the 129/SvJ strain, especially upon MT1/2 deletion, precluded evaluation of  physiological 
cardiac remodeling (Supplemental Figure 5, N–P) (43). Taken together, these data strongly suggest that MTs 
are required to preserve cardiac function during physiological hypertrophic growth.

Loss of  MTs is conserved in human HF fibroblasts. We have described a potentially novel cardioprotec-
tive mechanism of  CF-derived MTs that is active at rest and during exercise but is lost in disease in a 
p38-dependent manner. To determine whether the loss of  MTs in pathological remodeling is conserved 
in the failing human heart, we obtained left ventricle tissue from 15 human HF patients and 17 indi-
viduals who died of  reasons unrelated to heart disease (Supplemental Table 3). MT1 was significantly 
suppressed, and MT2 trended downward in human HF samples in an inverse relationship to markers 
of  HF such as NPPA and COL1A2 (Figure 9, A–D). This led us to investigate whether the mechanism 
of  p38-dependent repression of  MT1/2 was conserved in human HF. To this end, we isolated CFs from 
left ventricle tissue isolated from HF patients undergoing ventricular assist device implantation (age, 
sex, and health status is included in Supplemental Table 3). Treatment of  pathological human CFs with 
either a pan-p38 inhibitor (BIRB796) or a p38α/β-specific inhibitor (SB203580) resulted in a significant 
increase in MT1 and MT2 expression (Figure 9, E and F). These data suggest that loss of  MT expression 

Figure 5. Expression and validation of detoxification pathway genes. FPKM values (A and C) and qPCR validation 
of RNA-Seq data from C57BL/6 animals (B and D) for genes encoding GST family proteins (A and B) or MT family 
proteins (C and D) in mouse CFs and CMs after 10-day swim and 10-day TAC, compared with controls. Statistics 
were performed using 1-way ANOVA and Tukey’s post-hoc test (n = 3 except for control where n = 5). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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in CFs is conserved in human HF and occurs at least partially through noncanonical TGF-β1–mediated 
p38 MAPK signaling. Our study presents an intriguing paradigm where p38 MAPK signaling inhibits 
MT-based cardioprotective mechanisms in CFs during disease.

Discussion
CFs are often studied in the context of  heart disease and pathological remodeling; thus, their contribution 
to cardiac homeostasis in healthy individuals has been largely overlooked. This study reveals for the first 
time to our knowledge that exercise and disease induce distinct gene expression changes in CFs. NRF2-de-
pendent antioxidant genes, including Mt1/2 and Gst genes, are induced in response to exercise and sup-
pressed in disease. While treatment with recombinant MT1/2 did not dramatically alter the expression 
of  ECM genes in CFs in vitro, mice lacking MTs fail to tolerate strenuous exercise and develop cardiac 
fibrosis. We found that MTs secreted from fibroblasts are taken up by CMs in vitro and reduce the damag-
ing effects of  ROS, emphasizing the complexity of  the oxidative stress response. Importantly, suppression 
of  MT1/2 expression in pathological cardiac remodeling is conserved in human heart disease, and Mt1/2 
expression is restored by TGF-β1/p38 MAPK inhibition. Taken together, our study uncovers a potentially 
novel cardioprotective gene program in CFs that promotes cardiac health and expands upon the nontradi-
tional functions of  CFs reported in various aspects of  cardiac physiology (21, 22)(Supplemental Figure 6).

The primary goal of  this study was to utilize transcriptional profiling to characterize the CF phe-
notype in health and disease. Previous studies have used predefined markers to isolate CFs by flow 
cytometry in conjunction with genetic lineage tracing methods or immunofluorescence with markers 
including Thy1, Postn, Tcf21, Col1a2, Pdgfrα, and Vim (30, 44–48). However, identifying a specific and 
universal fibroblast marker remains a challenge (49). To identify transcriptional changes in CFs with-
out bias toward 1 specific subpopulation, we utilized a standard differential plating method to isolate 

Figure 6. NRF2-dependent toxin and ROS scavenger pathways are suppressed in pathological mouse CFs in a p38-dependent manner. (A) Western 
blot for NRF2 on nuclear and cytoplasmic protein lysates from neonatal mouse CFs treated with vehicle, ROS (50 μM H2O2), IGF-1 (100 ng/ml)/ROS, 
or TGF-β1 (10 ng/ml)/ROS. Lamin A/C and β-tubulin are used as controls for nuclear and cytoplasmic enrichment, respectively. (B) Quantification 
represents 3 independent experiments. (C) qPCR analysis of Mt1/2, Acta2, and Col1a1 expression in neonatal CFs treated with ROS, IGF-1/ROS, or 
TGF-β1/ROS, compared with vehicle controls. (D) TGF-β1/ROS–dependent suppression of Mt1/2 expression in mouse CFs is rescued by treatment 
with a pan-p38 inhibitor (BIRB796, 5 μM) (n = 3 per treatment). Statistics in B–D were performed using 1-way ANOVA and Tukey’s post-hoc test (n = 3).  
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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CFs based on their rapid adherence to tissue culture plastic compared with other cardiovascular cell 
types. Although we also isolated a small percentage of  vascular and hematopoietic cells, the adherent 
nonmyocyte fraction consisted of  approximately 80% fibroblasts, and the percentage of  contaminating 
cells did not change significantly after exercise or disease. Furthermore, we minimized differential plat-
ing duration to prevent transcriptional changes that might occur from the mechanical disturbance of  
extended culture or flow cytometry. Indeed, CFs freshly isolated from mice subjected to various patho-
physiological stressors exhibited considerable transcriptional divergence. We interpret this to indicate 
that our isolation method not only preferentially captures fibroblasts while limiting bias, but minimizes 
transcriptional changes arising from mechanical disruption.

Resident CFs proliferate in response to pathological stimuli and give rise to activated myofibroblasts 
(46, 50–52). More recently, a lineage tracing study revealed that Postn and Tcf21 may mark activated and 
quiescent CFs, respectively (30). Our data demonstrate that exercise promotes the quiescent CF phenotype 
marked by reduced levels of  Postn and key ECM genes, even compared with sedentary control CFs. It is 
interesting to consider the possibility that physiological signals might be harnessed to revert pathological 
myofibroblasts to a more quiescent state.

Figure 7. MT modestly inhibits the myofibroblast response and protects CMs from ROS-induced cell death. NIH-3T3 cells were transfected with a plasmid 
encoding either N-FLAG-MT1 or FLAG and treated with TGF-β1 (10 ng/ml) or vehicle. (A–E) qPCR analysis demonstrates minor but significant reduction of 
Postn expression in MT1-overexpressing cells but not other myofibroblast markers. Statistics were performed using 1-way ANOVA and Tukey’s post-hoc test 
(n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) Representative images of neonatal mouse CMs were treated with conditioned media from 
untransfected NIH-3T3 cells or cells expressing N-FLAG-MT1. Confocal immunofluorescent detection of FLAG localization reveals uptake of N-FLAG-MT1 
by CMs (white arrows). Yellow lines on the xy plane indicate orthogonal planes outlined in white (yz and xz). Scale bars: 10 μm. Experiment was performed 
4 independent times. (G) Neonatal mouse CMs were treated with indicated dose of H2O2, and cell number was assessed by CyQuant DNA-dye incorporation. 
H2O2 treated CM displayed reduced viability compared with untreated CMs at the indicated treatment time (n = 4 per data point). (H) Neonatal mouse CMs 
were treated with indicated concentration of H2O2 and recombinant MT1 or MT2A, followed by CyQuant DNA-dye incorporation to assess cell number. MT1 
and MT2A were equally able to protect neonatal CMs from H2O2-induced cell death (n = 4 per data point). (I) Neonatal mouse CMs were cultured in the pres-
ence of 0, 125, or 250 μM H2O2 and 0, 500, 1000, 2000, or 5000 nM of recombinant rabbit MT2A. CyQuant DNA dye incorporation reveals a dose-dependent 
protection of CMs from cell death by MT2A (n = 12 per data point). (J) Treatment of adult CM with 5 μM MT1 or MT2A improved viability in vitro. Statistics in 
G–H were performed using 2-way ANOVA and Tukey’s post-hoc test (n = 4 per data point). *P < 0.05, ****P < 0.001, ****P < 0.0001 compared with 0 μM 
H2O2 within indicated MT2A treatment. ##P < 0.01, ####P < 0.0001 compared with 0 nM MT2A within indicated H2O2 treatment.
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Our transcriptomic analysis also revealed that exercise might promote cardiac health by inducing or 
stabilizing Nfe2l2 expression and the NRF2-dependent antioxidant gene program in CFs. The NRF2-de-
pendent pathway has been previously implicated as a stress-sensitive cytoprotective mechanism that 
stimulates the expression of  genes encoding toxin and ROS scavengers such as Mts (53–55). NRF2 accu-
mulates in the nucleus of  CFs treated with ROS or IGF-1/ROS, consistent with induction of  the anti-
oxidant gene response by exercise. Importantly, TGF-β1 reverses the nuclear accumulation of  NRF2 
induced by ROS and blunts Mt1/2 expression. We show that TGF-β1/p38 MAPK signaling suppresses 
Mt1/2 expression in pathological mouse and human CFs. This is consistent with recent reports that p38 
signaling is critical for myofibroblast activation and that TGF-β inhibition can elevate Mt1 expression in 
skeletal myoblasts (39, 56, 57). Together, these data might imply a more general link between TGF-β/
p38 signaling and regulation of  NRF2 activity (56, 57).

Importantly, we observe decreased expression of  MTs in human HF compared with healthy heart 
tissue, suggesting this cardioprotective mechanism is also lost in human disease. Although previous 
studies report elevated MT in HF tissue versus the unloaded heart (58, 59), differences in study design 

Figure 8. MT1/2 deficiency leads to exercise intolerance and cardiac dysfunction. MT1/2KO (KO) mice or 129SvJ WT controls were subjected to a 28 
day swimming regimen. (A) Heart weight/tibia length (HW/TL) ratio of KO and WT animals reveals cardiac hypertrophy after 28-day swim but no 
significant difference due to loss of MT1/2. Echocardiographic determination of (B) ejection fraction, (C) fractional shortening, and (D) systolic volume 
indicates that systolic cardiac function is impaired in swim-trained KO mice. (E) Representative polarized light images of Picrosirius red staining of left 
ventricular free wall (LVFW) to evaluate fibrosis in swim-trained WT and KO animals. WT sedentary, n = 8; WT swim, n = 11; KO sedentary, n = 3; KO 
swim, n = 10. (F–H) Quantification of Picrosirius red staining from similar regions of the LVFW demonstrates increased fibrosis in the (F) interstitial, 
(G) epicardial, and (H) perivascular regions of KO animals. Pixel coverage was quantified to indicate area of fibrosis. WT swim, n = 3; KO swim, n = 5. (I) 
Isolectin and von Willebrand Factor costaining of LVFW to evaluate vascularization in swim-trained WT and KO animals. Three to 5 regions of interest 
were quantified per animal. WT swim, n = 3; KO swim, n = 5. (J) Pixel density quantification reveals reduced vascularization in KO animals compared 
with controls. (K) Echocardiographic analysis of E/A ratio demonstrates impaired diastolic function in swim-trained WT and KO mice, n = 4. Statistics 
in F–H and K were performed using two-tailed Student’s t test. Statistics in B–D were performed using 2-way ANOVA and Tukey’s post-hoc test. Sta-
tistics in A were performed using 1-way ANOVA and Tukey’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars: 50 μm.
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preclude a direct comparison; it remains possible that the unloaded heart has less MT than the healthy 
heart. Importantly, p38 inhibitors induce MT1/2 expression in fibroblasts isolated from human HF 
patients. This indicates that conservation of  p38-dependent myofibroblast activation in mice and 
humans also extends to regulation of  MT1/2 expression. It is intriguing to speculate that reducing fibro-
blast activation by specifically inhibiting p38 may be accompanied by increased MT expression, which 
may be cardioprotective.

Aerobic exercise in human HF patients has proven to have a number of  beneficial outcomes, including 
improved cardiac function and reduced mortality (60). A number of  mouse models have been developed to 
study the physiological consequences of  exercise, including free-wheel running, treadmill running, and swim 
training, each with advantages and disadvantages. In particular, some mouse strains do not perform well in 
voluntary running, and treadmill running often requires the use of  an electrical stimulus to maintain partic-
ipation. We chose to study the impact of  exercise on the CF phenotype using a carefully monitored swim 
training regimen as the exercise model because it is a nonvoluntary exercise regimen that induces reproducible 
cardiac hypertrophy (5). Previous studies report that exercise ameliorates pathological cardiac remodeling by 
improving ventricular function and reducing fibrosis (2, 61, 62). The cardioprotective benefit of  exercise par-
tially stems from CEBP-dependent transcriptional changes, which supports CM viability and regeneration in 
the face of  pathological insult (6). Our study supports these reports and suggests that increased CM viability 
stimulated by exercise may partially stem from the maintenance of  MT1/2 levels in CFs, mirroring the neu-
roprotection afforded by astrocyte-derived MT (28). In addition, the balance of  antioxidant scavengers and 
ROS is also critical to maintaining CM function (63). We found that MTKO animals exhibit impaired systolic 

Figure 9. TGF-β1/p38 signaling represses MT1/2 in human cardiac fibroblasts. qPCR of left ventricle samples from heart failure patients (n = 15) com-
pared with control cardiac tissue (n = 17) reveals increased (A) Nppa and (B) Col1a2 expression and reduced (C) Mt1 and (D) Mt2 expression in human HF. 
Primary human fibroblasts were isolated from cardiac tissue obtained from HF patients undergoing ventricle assist device implantation. qPCR analysis 
revealed the expression of (E) Mt1 and (F) Mt2a from CFs isolated from individual human heart failure patients and treated with 10 μM SB203580 or 5 μM 
BIRB796. Statistics in A–D were performed using two-tailed Student’s t test. Data in E and F represent the mean ± SD of n = 3 technical replicates. *P < 
0.05, **P < 0.01, ***P < 0.001.
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and diastolic dysfunction, which may be a function of  increased fibrosis and may also be consistent with the 
ability of  increased ROS burden to impair CM contractility and relaxation (64, 65). This is consistent with 
studies in which loss of  metallothionein aggravates ischemia/reperfusion-induced fibrosis and hypertrophy, 
as well as blunts H2O2-induced fibrosis in vitro (66, 67). Together with studies demonstrating that CM-specific 
overexpression of  MTs protects from diabetes-induced oxidative stress and cardiomyopathy, future studies 
into the role of  MTs and ROS in CM calcium handling are warranted (68–70).

Physiological remodeling is normally characterized by coordinated CM growth and increased vascu-
larity (71, 72). This contrasts with pathological cardiac hypertrophy in which CM growth outpaces vascu-
larization, leading to localized ischemia (73, 74). We find that MTKO mice display vascular rarefaction 
in response to strenuous exercise, despite normal coronary vessel density at baseline (75). It is possible 
that CF-derived MTs may promote endothelial cell survival and function, which in turn promotes cardiac 
health. Of  note, p38 inhibition improves endothelial cell survival and promotes angiogenesis, suggesting 
a potential role for p38 and MTs in vascular cell viability (76). However, p38 inhibition may also promote 
cardiac hypertrophy, indicating that — although an attractive target— modulation of  p38 to treat patholog-
ical cardiac remodeling should be approached with caution (76, 77).

Our study also highlights intriguing differences in cardiac adaptations between males and females. In con-
trast to MTKO males that rapidly develop signs of  cardiac dysfunction after swim training, MTKO females 
do not display significant cardiac dysfunction until after 28 days of  exercise. We interpret these results to be 
consistent with previous findings that female mice exhibit a more robust hypertrophic response to exercise 
than males, which may underlie extended exercise tolerance observed even in the absence of  MTs (43, 78).

Although considerable effort has been devoted to harnessing the cardioprotective benefits of  antioxi-
dants, therapeutic efficacy has not proven successful. Likely reasons include poor bioavailability of  system-
ically administered antioxidants, limited intracellular therapeutic targets, and an incomplete understanding 
of  the complex mechanisms that regulate cardiomyopathic oxidative stress (79, 80). Ultimately, prolonged 
cardiac stress increases oxidative damage from mitochondrial oxygen consumption, resulting in CM death, 
CF activation, and fibrosis. In light of  mounting evidence that CFs modulate both ECM dynamics and the 
response of  CMs to their environment, our findings may support a therapeutic strategy based on promoting 
the physiological CF state to maintain cardioprotective mechanisms in disease.

Methods
Supplemental Methods are available online with this article.

TAC, MI, and swim models. After administering anesthesia, C57BL/6 animals were subjected to TAC, 
which was performed using a 27-gauge needle. Sham surgeries were performed by passing the suture around 
the aorta without ligating. MI was performed by intramural ligation of  the left anterior descending coronary 
artery 2 mm from its origin. The swim model was performed in 12- to 14-week-old C57BL/6, 129SvJ, or 
MTKO animals as previously described (3) with slight modifications.

Primary cell isolation. Adult mouse ventricular fibroblasts were isolated by Langendorff  perfusion to 
obtain a single-cell suspension. CFs were not passaged before use and were instead isolated by differential 
plating for 2 hours at 37°C and washing the attached cells (CFs) with 1× PBS before RNA isolation.

Neonatal mouse ventricular fibroblasts and CMs were isolated from P0 neonatal hearts digested at 
37°C in 0.8 mg/ml collagenase II (Worthington Biochemicals). Neonatal ventricular fibroblasts were iso-
lated by differential plating. Neonatal CMs were washed from the adherent CFs and plated on gelatin-coat-
ed tissue culture plastic.

Human CFs were isolated from heart tissue normally discarded from left ventricle assist device implan-
tation at the University of  Rochester Medical Center, with IRB approval and patient consent. Heart tissue 
was dissociated using a Miltenyi mouse neonatal heart dissociation kit, and viable human CFs were isolat-
ed by differential plating for 2 hours at 37°C. Cells were passaged an average of  3–5 times before use but 
always used before P7.

Flow cytometry. Adherent adult CFs were isolated from 3 separate hearts and plated on untreated tissue 
culture plastic for 3 hours at 37°C. Nonadherent cells were then removed by washing, and adherent cells 
were trypsinzed and incubated with directly conjugated antibodies against CD31-PE-Cy7 (BD Pharmingen, 
561410), CD45-v450 (BD Pharmingen, 560501), and unconjugated goat anti-mouse PDGFRβ (R&D Sys-
tems, AF1042) on ice for 1 hour in 2% BSA/PBS. Cells were washed with 500 μl 2% BSA/PBS, pelleted, and 
incubated with Alexa 647 donkey anti-goat secondary antibody (Jackson ImmunoResearch, 705-605-147) 
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for 30 minutes at room temperature. Cells were then washed with 500 μl 2%BSA/PBS, resuspended in 200 
μl 2%BSA/PBS, and sorted through a FACSAria (BD Biosciences). RNA was isolated from the sorted cell 
populations using Trizol and analyzed by qPCR. Cells were not passaged prior to flow analysis.

RNA analysis. RNA was isolated from CFs and CMs by Trizol/chloroform isolation and genomic DNA 
removed with Turbo DNAse (Ambion). cDNA was generated from 500–1000 ng RNA using iScript Reverse 
Transcriptase kit (Bio-Rad) as per manufacturer’s recommendations. qPCR was performed with BioRad 
SYBR-Green master mix on a BioRad CFX Connect per manufacturer’s recommendations. Primers used 
for qPCR are listed in Supplemental Table 2.

Stranded mRNA-Seq. Total CF RNA from control, swim, TAC, or MI C57BL/6 animals was isolated 
using the RNeasy Plus Kit, and genomic DNA was removed using gDNA columns (Qiagen) per manu-
facturer’s recommendations. RNA concentration and quality was assessed with the Agilent Bioanalyzer 
(Agilent). Library construction was performed using the TruSeq Stranded mRNA Sample Preparation Kit 
(Illumina) per manufacturer’s recommendation and sequenced using an Illumina HiSeq2500 with a read 
depth of  20–25 million reads at 1 × 100 bp. Analysis and visualization of  derived next generation sequenc-
ing (NGS) data was performed with Matlab (The Mathworks) and PRISM (GraphPad). The RNA-Seq 
data from this publication have been submitted to the Gene Expression Omnibus (GEO) database (acces-
sion number GSE89885).

Antibodies. Primary antibodies for immunofluorescence were as follows: mouse anti–FLAG M2 (Mil-
liporeSigma, F1804), mouse IgG (Jackson ImmunoResearch, 015-000-003), FITC-conjugated isolectin B4 
(MilliporeSigma, L2879), and FITC-conjugated sheep anti-vWF (Abcam, ab8822). Secondary antibod-
ies used for immunofluorescence were Alexa 488 goat anti-mouse (Invitrogen, A11001), Alexa 594 goat 
anti-phalloidin (Invitrogen, A12381), and DAPI (Invitrogen, D1306). Primary antibodies used for Western 
blotting were as follows: ubiquitin (Cell Signaling Technologies [CST], 3936), phospho-p38 (CST, 9211), total 
p38 (CST, 9212), phospho-AKT (CST, 9271), AKT (CST, 9272), phospho-Smad (CST, 3101), Smad3 (CST, 
3103), lamin A/C (CST, 4777), GAPDH (MilliporeSigma, MAB374), NRF2 (Abcam, ab31163), βIII-tubulin 
(Abcam, ab52901). Full uncut blots are shown in the supplemental material.

MT peptide rescue. Neonatal mouse CMs were isolated and plated at 50,000 cells/well in gelatin-coated 
96-well black-sided tissue culture plates. Twenty-four hours later, unattached CMs were washed off, and the 
surviving CMs were pretreated overnight with designated concentrations of  full-length rabbit MT2A (Enzo). 
Two days after isolation, CMs were treated with 0, 125, or 250μM H2O2 (MilliporeSigma) with or without 
full-length rabbit MT2A for 1 hour at 37°C. Myocytes were then briefly washed once and cultured in nor-
mal neonatal CM media for 24 hours without H2O2 or MT2A at 37°C before measuring cell viability using 
CyQuant assay (Invitrogen) on a BMG FluoSTAR OPTIMA plate reader per manufacturer’s instructions.

Cell culture. NIH-3T3 cells were transfected 18 hours after plating with 15 μg of  plasmid DNA (pcD-
NA3.1-N-FLAG-MT or -N-FLAG) using Mirus X2 Transfection Reagent per manufacturer’s protocol. For 
conditioned media experiments, transfected NIH-3T3 cells were cultured in serum-free neonatal CM media 
with 10 μM MG-132 for 24 hours. Conditioned media was then concentrated to 350 μl in 3kDa Ambion 
concentrators. Neonatal mouse CMs were isolated and plated in laminin-coated MAT-TEK glass bottom 
petri dishes for 48–72 hours. CMs were then cultured with concentrated conditioned media from transfect-
ed NIH-3T3s for 4 hours at 37°C, fixed, and stained using a standard immunofluorescence protocol. For 
myofibroblast response experiments, NIH-3T3s were treated with 10 ng/ml TGF-β1 24 hours after transfec-
tion with FLAG-MT1, and RNA was collected 24 hours after treatment.

Immunofluorescence and fibrosis staining. Immunofluorescence was performed on CMs after permeabiliza-
tion with 0.5% saponin, visualized by confocal microscopy using an Olympus Fluoview FV1000. Vascular-
ization on blinded MTKO or WT heart sections was quantified using ImageJ.

Tissue fibrosis was assessed using either Picrosirius Red (Abcam, ab150681) as per manufacturer’s 
instruction or standard Masson’s trichrome stain, blinded, imaged using an Olympus BX51, and quantified 
using ImageJ (NIH).

Statistics. Statistical analyses were performed using Graphpad Prism 7. Unless otherwise noted, statis-
tics were performed using 1-way ANOVA and Tukey’s post-hoc test. Each P value was adjusted for multiple 
comparisons. Sample sizes were determined by the criterion of  reaching adequate power with an effect 
probability (α) of  0.05. Data represents the mean ± SD.

Study approval. All animal experiments were approved by the University Committee on Animal Resourc-
es at the University of  Rochester. Homozygous MTKO animals on a 129SvJ background were described 
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previously and obtained from the Jackson Laboratory (catalog 002211) (42). 129SvJ and C57BL/6 animals 
were also obtained from the Jackson Laboratory.

Human heart tissue was obtained from the Kaufman Center for Heart Failure Tissue Bank at Cleve-
land Clinic or the University of  Rochester Medical Center (URMC) with IRB approval and patient consent 
prior to inclusion in the study. URMC approval no. 52958, Cleveland Clinic approval no. 2378. A total of  
35 patient samples were used in this study, with 17 control patients who died for reasons unrelated to cardi-
ac disease and 18 patients who met the clinical requirements for either ventricle assist device implantation 
or heart transplant. Of  these 35 patients, 13 were female and 22 were male, ranging in age from 30–67 years 
(Supplemental Table 3).
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