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Abstract

Transient angiotensin-converting enzyme (ACE) inhibition in spontaneously hypertensive rats 

(SHR) is known to protect against future injury-induced cardiac inflammation, fibrosis, and 

dysfunction; however, the mechanisms of protection have not been delineated. Here, we used 

single cell RNA sequencing (scRNA-Seq) to test the hypothesis that transient ACE inhibitor 

treatment would induce a persistent shift in cardiac fibroblast subpopulations. Adult male SHRs 

(11 weeks old, hypertensive with cardiac hypertrophy) were treated for two weeks with an ACE 

inhibitor, Enalapril (30mg/kg/day, p.o.), or water (untreated SHR) followed by a 2-week washout 

period (n=7/group). Cardiac fibroblasts were isolated from the left ventricle and subjected to 

scRNA-Seq. Nine clusters of fibroblasts were identified, with 98% of cells in clusters 0–6. The 

transient treatment produced significant changes both within and across clusters. Cluster 1 

depicted a highly fibrogenic gene profile, with cluster 6 serving as a gateway to cluster 1. 

Transient inhibition depleted the gateway and expanded cluster 0, which was the least fibrogenic 

profile. Moreover, within cluster 1 fibroblasts, ACE inhibition reduced expression of individual 

fibrosis genes (e.g., COL1A1, COL3A1, and FN1; all p<1×10−35). Clusters 2–5 reflected 

proliferative, moderately fibrogenic, translationally active, and less inflammatory subsets of 

fibroblasts, all of which exhibited attenuated fibrogenic gene expression after transient ACE 

inhibition. In conclusion, transient ACE inhibition shifts cardiac fibroblast subpopulations and 

degree of activation resulting in an overall reduced fibrogenic phenotype.
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Summary

Cardiac fibroblasts isolated from the hypertensive rat heart cluster into distinct subpopulations of 

varying degrees of activation status. Prior treatment with an ACE inhibitor shifts the composition 

of these subsets, altering the trajectory of cells in favor of a more homogenous homeostatic pool of 

fibroblasts. The gateway to activation is depleted, and the expression of genes associated with 

wound healing is reduced. The cellular memory of cardiac fibroblasts from previously treated rats 

provides a mechanism for the attenuation of future adverse cardiac remodeling.

Keywords

cardiac fibroblast; hypertension; single cell RNA-Seq; extracellular matrix; ACE inhibitor

Introduction:

Heart failure secondary to hypertension is attributed to adverse cardiac remodeling 

orchestrated, in part, by cardiac fibroblasts1,2. Inhibition of the renin-angiotensin system 

(RAS) with angiotensin converting enzyme (ACE) inhibitors reduces mean arterial pressure, 

both in humans3 and animal models4. ACE inhibition also reduces pressure overload-

induced inflammation and fibrosis in the left ventricle (LV)5–7. We have shown 

cardioprotection afforded by ACE inhibitors persists long after stopping treatment. ACE 

inhibition in adult spontaneously hypertensive rats (SHR) for two weeks, followed by a two-

week washout period, protects against future injury by nitric oxide synthase (NOS) 

inhibition. Protection includes reduced macrophage infiltration, attenuation of pathologic 

cardiac remodeling, and preservation of cardiac function8–10.

Cardiac fibroblasts isolated from rats transiently treated with an ACE inhibitor before NOS 

inhibition revealed reduced chemokine production, proliferation rate, and collagen gene 

expression compared to fibroblasts from L-NAME treated naïve (i.e., no prior ACE 

inhibition) rats11. While the observation of fibroblast-mediated cardioprotection afforded by 

ACE inhibitors has been validated, the mechanisms whereby the protection occurs have not 

been elucidated. How ACE inhibition changes the fibroblast landscape on an individual cell 

basis has not been explored. Increasing our understanding of cardiac fibroblast genotype and 
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phenotype in the hypertensive heart may help identify novel therapeutic targets that work to 

reduce inflammation and excess extracellular matrix (ECM) critical for treatment and 

preventions of heart failure.

Single cell RNA sequencing (scRNA-seq) can be used to classify the heterogeneity of cells 

in the heart that collectively comprise the cardiac cellulome12. A similar approach has 

uncovered multiple cardiac fibroblast subpopulations in models of cardiac stress13–15, which 

likely reflect altered functional states (i.e. homeostatic, proliferative, inflammatory, and 

activated) influenced by the microenvironment. With evidence of distinct cardiac fibroblast 

subpopulations coming to light, the identity and function of these subsets, particularly in 

response to pressure overload and treatment for pressure overload, are understudied. Gaining 

an understanding of cardiac fibroblast gene expression profiles in the hypertensive heart and 

the alterations that influence them may reveal novel therapueutic targets to reduce heart 

failure mortality. As cardiac fibroblasts are much more dynamic than previously thought, we 

sought to determine the genomic underpinnings by which prior ACE inhibitor treatment 

reduces fibrogenic capacity11. We hypothesized that transient ACE inhibitor treatment 

would induce a persistent shift in hypertensive cardiac fibroblast subpopulations.

Methods:

All sequencing data have been made publicly available in GEO and can be accessed at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155699. Additonal data and 

materials are available from the corresponding author upon reasonable request. An expanded 

methods section is available in the online Data Supplement.

Animals and Treatments:

All procedures were approved by the University of Arizona Institutional Animal Care and 

Use Committee. All animals used in this study were cared for in accordance with 

recommendations in the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (Eighth edition, revised 2011)16. Adult (11-week-old) male SHRs were 

divided into two treatment groups: untreated (water, n=7) and ACE inhibitor (enalapril, 

n=7). At this age, SHRs are hypertensive and exhibit left ventricular hypertrophy compared 

to normotensive Wistar and Wistar-Kyoto rats and are a well-accepted model of primary 

(essential) hypertension17,18. An advantage of the SHR model is that the phenotype is more 

similar to the majority of individuals with hypertension who go on to experience cardiac 

events. At 11 weeks of age, the rats have had established hypertension for more than 7 

weeks, as well as left ventricular hypertrophy, without extensive interstitial fibrosis. Using 

SHR at this age allows us to identify the degree to which an intervention would alter future 

susceptibility to fibrosis. ACE inhibitor rats were treated for 2 weeks with enalapril (30 

mg/kg/day p.o.) followed by a 2-week washout period8,10. At 15 weeks of age, cardiac 

fibroblasts were isolated from the LV.

Cardiac Fibroblast Isolation:

Cardiac fibroblasts were isolated from the LV of untreated (n =7) and ACE inhibitor (n=7) 

rats, as previously described11. As our long-term goal is to evaluate cardiac fibrosis, we cast 
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a wide net to capture adherent collagen-producing cells from the left ventricle. We defined a 

cardiac fibroblast as any cell in the heterogeneous population of stromal cells that 

synthesizes ECM and was Col1a1+/CD45-/CD68-/CD31-19. Cells were cultured in 15% 

fetal bovine serum on plastic tissue culture dishes for three days. Passage 0 cardiac 

fibroblasts were used for evaluation.

Single Cell RNA-Seq (scRNA-seq):

Single-cell suspensions from each individual rat were processed by the Chromium 

Controller using single Cell 3’ Reagent Kit v3 (10x Genomics). Single cell libraries were 

sequenced in parallel with 254 bp paired-end reads with Illumina HiSeq4000.

Statistics:

Raw single-cell sequencing data were demultiplexed, and QC reports were generated using 

Cell Ranger (v3.0.2, 10X Genomics). RStudio (v1.3.1056)20, R (v3.5.3)21, and the Seurat 

package (v3.1.0)22 were used for downstream analyses. Genes with a statistically significant 

fold change (p<0.05) after FWER adjustment were considered differentially expressed. 

Pseudotime trajectory analysis was performed using the Monocle 3 package (v0.1.3)23. 

Gene lists were uploaded into David Bioinformatics Database24,25, and the functional 

annotation tool was used to identify relevant pathways to cardiac remodeling (GO Biological 

Functions). For LV mass and cell proportion data, the strength and direction of their linear 

relationship (combined or split by group; untreated and ACE inhibitor) were evaluated via 

the Pearson correlation coefficient. Between-group effects were evaluated using the 

Student’s t-test. Data were expressed as the mean ± standard error of the mean (SEM), and 

statistical significance was set at p<0.05. All traditional analyses were performed using 

Prism (v8.0.2, GraphPad).

Results:

There were nine cardiac fibroblast subpopulations in the hypertensive LV.

Two weeks after stopping ACE inhibitor treatment, the LV mass relative to body weight was 

significantly lower than that of untreated SHR (ACE inhibitor 2.44±0.04 g/kg, Untreated: 

2.73±0.06, p=0.002). Cardiac fibroblasts were isolated from the LV, analyzed for gene 

expression by scRNA-seq, and individually annotated by their unique gene profiles, thereby 

establishing the distinct subpopulations. Nine distinct clusters (numbered 0–8) were 

identified from 28,977 total cardiac fibroblasts averaging 1,851±251 cells per untreated LV 

and 2,288±164 cells per ACE inhibitor-treated LV (p=0.17) (Figure 1A). These patterns 

were consistent with nine cardiac fibroblast clusters previously identified in AngII-infused 

mice by scRNA-seq15. The majority (98%) of the fibroblasts clustered into subsets 0–6, and 

thus subsequent analyses focused on these clusters.

Persistent impact of transient ACE inhibition

Transient ACE inhibition produced persistent changes in the cluster composition and 

genome of the cardiac fibroblasts. The impact of treatment was initially examined with 

UMAP analysis (Figure 1A), where there was an expansion of cluster 0 and depletion of 

cluster 6, indicating subpopulation shift. Overall, there were 117 genes differentially 
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expressed by transient ACE inhibitor treatment when compared to untreated SHR. Of these, 

115 (97%) genes were downregulated. The differentially expressed genes and pathways 

highlighted key impacts of treatment on pathways, including wound healing, cell adhesion, 

and ECM organization (Figure 1B and 1C). Genes encoding ECM components (COL1A1, 
COL3A1, FN1, FBLN2, TIMP1), markers of fibroblast activation (ACTA2, LGALS3, 
S100A4, CCN1, CCN2), and inflammatory mediators (CCL2, CITED2) were all 

significantly downregulated in cells from treated SHR. In addition to a reduction in 

expression, these genes were detected in a lower percentage of cells from ACE inhibitor-

treated compared to untreated SHR. Aside from the significant alterations that would impact 

fibrosis, groups of genes associated with biological processes of RNA processing and 

protein translation were also reduced with treatment (Supplementary File).

Cluster Identification

Differential expression analysis was performed to identify uniquely expressed genes within 

each cluster, comparing each cluster to all others. The gene profiles of each cluster allowed 

for the identification of unique phenotypes, which were supported by the top five 

upregulated and downregulated genes by fold change for clusters 0–6 (Table 1). A heat map 

of the relative expression for select genes encoding for ECM, matricellular proteins, 

oxidative stress, and proliferation in clusters 0 through 6 and the associated pathways are 

displayed in Figure 2B and 2C.

Cluster 7 was enriched with genes associated with the innate immune system, including 

LYZ2 (23-fold) and TYROBP (7-fold), but were negative for CD45, indicating they are not 

hematopoietic in origin. Cluster 8 was distinguished by the downregulation of FBLN2 (−2.7-

fold), ACTA2 (−2.3-fold), POSTN (−1.9-fold), COL1a1 (−1.9-fold) highlighting its low 

fibrogenic profile. Given the small proportion of cells that make up clusters 7 and 8 (<2% of 

total), these clusters were excluded from further analysis. The complete lists of differentially 

expressed genes and associated pathways (GoTerm biological processes, p<0.02) that 

characterize clusters 0–8 are reported in the Supplementary File.

Next, we evaluated the degree to which prior ACE inhibition impacted each cluster by 

performing differential expression between cardiac fibroblasts from ACE inhibitor treated 

versus the Untreated SHR group within each cluster. Among subsets 0–6, prior ACE 

inhibitor treatment resulted in 2,544 downregulated and 435 upregulated distinct genes 

(Figure 3A). Treatment induced a differential effect on each cluster, with clusters 0 and 6 

demonstrating the greatest number of altered genes. Twenty-four genes were downregulated 

in all seven clusters that significantly influence pathways related to protein translation and 

the mitochondrial electron transport chain indicating suppressed metabolic activity 

(Supplementary File). The relative changes in select genes encoding for ECM, matricellular 

proteins, oxidative stress, and proliferation due to transient ACE inhibition within clusters 0–

6 and the associated pathways are displayed in Figure 3B and 3C. The complete lists of 

differentially expressed genes and significantly impacted pathways (GoTerm biological 

processes) by transient ACE inhibition within clusters 0–6 are reported in the Supplementary 

File. Overall, ACE inhibitor treatment targeted multiple pathways resulting in net reductions 

in fibrogenic and inflammatory signaling. This impact of treatment varied across the 

Garvin et al. Page 5

Hypertension. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different subpopulations, indicating heterogeneity in response. We assigned phenotypes to 

each cluster based on their distinct gene profiles and determined the unique impact of 

transient ACE inhibition on each cluster.

Cluster 0 reflects homeostatic fibroblasts.

Fibroblasts in cluster 0 were characterized by a lower expression of only 19 genes compared 

to all other clusters in the combined SHR cohort. The five genes with the lowest expression 

by fold change were CCL7, CCN3, CCL2, S100a10, and CCN5 (Table 1). Overall, cluster 0 

was characterized by low expression of genes involved in fibrosis and inflammation 

indicative of a homeostatic pool responsible for the maintenance of the ECM (Figure 2A). 

The gene composition signifies reduced response to wounding, cell adhesion, and collagen 

biosynthesis (Figure 2B), indicating a lower level or suppression of these processes. Cluster 

0 was the least fibrogenic of the identified fibroblast subsets.

ACE inhibitor treatment reduced the expression of 998 genes in cluster 0 compared to the 

untreated SHR cohort. ECM genes, including COL1a1, COL3a1, TGFB1, LGALS3, MMP2, 
TIMP1, and LOX, and inflammatory genes, including CCL2, CCL7, and PTGS2, were 

reduced with treatment (Figure 3B). Genes regulating cell cycle and proliferation were 

increased in cluster 0 following ACE inhibitor treatment. Pathway analysis revealed 

suppression of pathways including response to wounding, response to transforming growth 

factor beta stimulus, and cellular response to oxidative stress, while mitotic sister chromatid 

segregation was upregulated with treatment in cluster 0 (Figure 3C). These phenotypic 

changes are consistent with the observed expansion of low fibrogenic cluster 0 in the treated 

SHR hearts, which may underlie the reduced fibrotic response in SHR following transient 

ACE inhibition8.

Cluster 1 was the most pro-inflammatory activated subpopulation of fibroblasts.

The top five enriched genes in cluster 1 by fold change compared to the other clusters were 

CCL7, CCL2, AKAP12, TNC, and CKB (Table 1). CCL7, CCL2, and TNC are 

chemoattractants associated with other pro-inflammatory genes elevated in cluster 1, such as 

CITED2 and CYBA (Figure 2A). In total, cluster 1 gene representation was defined by 80 

genes, ~40 of which related to fibrosis and inflammation compared to all other clusters in 

the combined SHR cohort (Supplementary File). Other known markers of fibroblast 

activation were also highly expressed ACTA2 (1.4-fold), MFAP5 (1.8-fold), LGALS3 (1.6-

fold), and TIMP1 (1.6-fold) along with two pro-fibrotic Wnt signaling components, CCN1 
and CCN226–28, and reduced CTNNBIP1, a Wnt pathway inhibitor. There were no changes 

in the expression of matrix metalloproteinase genes in cluster 1. Pathway analysis reveals 

enhanced signaling for response to wounding, transforming growth factor beta receptor 

signaling, inflammatory response, monocyte chemotaxis, and stress fiber assembly in cluster 

1, relative to all other clusters (Figure 2B).

Cluster 1 had reduced expression of 107 genes compared to the other clusters in the 

combined SHR cohort, and the five least expressed were UBE2C, HMGB2l1, RRM2, 
STMN1, and CDK1, all of which are related to cell cycle progression. There were ~50 genes 

associated with cell division and proliferation decreased in cluster 1, relative to all other 
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clusters. Components of the p53 pathway, including SERPINE1 (plasminogen activator 

inhibitor 1) and GADD45, are also increased in cluster 1 and may indicate cell cycle arrest. 

A similar pro-inflammatory and anti-proliferative phenotype is observed in a subset of 

fibroblasts at one day post-myocardial infarction29.

In response to ACE inhibitor treatment, 437 genes were downregulated, including 16 genes 

that are uniquely enriched in cluster 1 compared to all other clusters. These include 

fibrogenic CCN1 and inflammatory CYBA, CITED2, and LTBP2 genes. Following ACE 

inhibition, fibroblasts exhibited a tempered ECM synthesis profile, with reduced expression 

of COL1A1, COL3A1, FN1, and FBLN2 and increased CCN5, a repressor of fibrotic 

signaling30 (Figure 3B). Treatment did not change the gene expression of matrix 

metalloproteinases in cluster 1, suggesting a reduced synthesis profile without an impact on 

proteolysis. There was not a marked change in antioxidant enzymes following ACE inhibitor 

treatment. In cluster 1, the impact of the treatment is two-fold: to downregulate the 

expression of some cluster-defining genes while also reducing additional fibrogenic and 

inflammatory genes.

Cluster 2 represented proliferative fibroblasts.

Cluster 2 showed higher expression of 57 genes that were depleted in cluster 1. The top five 

enriched genes by fold change in cluster 2 compared to all others in the combined SHR 

cohort were UBE2C, ARL6IP1, PLK1, CNEPF, and TOP2A, all involved in cellular 

proliferation (Table 1). Markers of proliferation that were increased in cluster 2 were Mki67 
(2.1-fold), TOP2A (2.5-fold), CCNB1 (2-fold), centromere proteins (CENPF, CENPE, 
CENPA), aurora kinases (AURKA and AURKB), kinesins (KIF23, KIF20, KIF11, KIFc1, 
KIF4A) and cell division cycle members (CDC20, CDCA8, CDCA3, CDCA2). Several 

ECM and pro-inflammatory genes (TNC, HSPB1, CCN1, CCN2, CCL2, and CCL7) were 

reduced in cluster 2 compared to all others (Figure 2A). Based on pathway analysis, these 

genes enrich cell division and suppress cellular responses to tumor necrosis factor, 

lymphocyte chemotaxis, cell adhesion, and collagen biosynthesis (Figure 2B).

ACE inhibitor treatment resulted in the downregulation of 817 genes in cluster 2, supporting 

a less fibrogenic and less inflammatory phenotype with the reduction of 15 ECM genes, 

including ACTA2, COL1a1, FN1, CCN2, CCL2, and CCL7 (Figure 3B). Significant 

decreases in antioxidant genes were also induced by treatment, while the proliferative profile 

of cluster 2 was not impacted by prior ACE inhibition.

Cluster 3 reflects moderately fibrogenic and inflammation suppressing fibroblasts

Cluster 3 cells expressed variable changes in fibrogenic and inflammatory gene expression. 

By fold change, the top five enriched genes were CCN3, CYP1a1, CAR3, SCX, and FIBIN, 

and the five lowest expressed genes were AKAP12, GPX3, CCL7, ADAM19, and S100a6 
(Table 1). A subset of fibrogenic genes, including MFAP5, LGALS3, COL3a1, FBN1, TNC, 

was reduced compared to other clusters, while CCN3 and CCN5, known to have anti-fibrotic 

effects30–32, were elevated. Others that are associated with fibroblast activation, SCX, 
THBS4, and SPP1 (encoding osteopontin), were increased. Pro-inflammatory (CCL2, 
CCL7, PTGS1, PTGS2, CSF1) and inflammation suppressing (NQO1, GPX3, SOD3, UCP2, 
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CAR3, MFGE8) genes were either increased or decreased in cluster 3 compared to other 

clusters contributing to an overall neutralizing phenotype for oxidative stress. Pathways that 

distinguished cluster 3 show both up and downregulation of fibrotic and inflammatory 

responses that characterize this cluster as moderately fibrogenic (Figure 2B).

In response to ACE inhibition, cluster 3 exhibited downregulation of 725 genes, including 

16 that are uniquely enriched in cluster 3 such as S100a4, S100a10, NINJ1, and PTGS1. 

Overall, transient ACE inhibition reduces ECM-related (ACTA2, COL3a1, FN1, TGFB1, 
TAGLN, and CCN1), pro-inflammatory (CCL2, CCL7, PTGS1 [encodes for COX-1], and 

CXCL1, a neutrophil chemoattractant33), and antioxidant genes compared to untreated SHR 

(Figure 3B).

Clusters 4 and 5 reflect intermediate fibroblast phenotypes

The top five enriched genes in cluster 4 were CRIP1, RPL37a, RPS29, SNRPF, RPS21 
(Table 1). As such, cluster 4 was characterized by increased protein translation. The five 

least expressed genes were also related to translation. However, reduced EEF1A1 may 

suggest cellular senescence34 of the fibroblasts in cluster 4. Transient ACE inhibition 

downregulated the expression of 599 genes, including ten associated with ECM, including 

COL1a1, TIMP1, LGALS3, TGFB1, CCN2, and CCN3 in cluster 4 (Figure 3B). Pro-

oxidants CYBA and CXCL1 were also reduced in cluster 4 treated cells. Like cluster 4, the 

top five enriched genes in cluster 5 were RPL34, RPL32, FTL, EEF1a1, and RPS10, all 

relating to protein translation (Table 1). Genes related to fibrosis (SPP1, CCN1, TGFB3), 

inflammation (CCL2, CCL7, S100A10, NQO1), and proliferation (TOP2A, PLK1, CDK1, 
CCNB1) were significantly lower in comparison to other clusters. Following transient ACE 

inhibition, cluster 5 exhibited downregulation of 627 genes with seven genes related to 

ECM, including COL3a1, FBLN2, LGALS3, and TGFB1 (Figure 3B). Treatment also 

increased CCN5, a repressor of fibrotic signaling, suggesting beneficial changes following 

treatment.

Cluster 6 reflected a gateway pool of fibroblasts to feed Cluster 1.

Compared to all the other clusters, cluster 6 had 20 differentially expressed genes. The top 

five enriched genes were CDKN3, HMGN2, FEN1, SPP1, and RPL22l1 (Table 1), and the 

five lowest expressed genes were CCN3, CCN5, RPL38, RPL39, and Arl6ip1. ACE 

inhibition downregulated the expression of 1,040 genes, including fibrogenic genes, and 

upregulated 315 genes. Six markers of fibroblast activation (MFAP5, SMAD2, FBN1, TNC, 
TGFB2, and THBS1) and pro-inflammatory genes CCL7 and CXCL16 were increased 

following treatment in cluster 6 (Figure 3B). Pathway analysis revealed the upregulation of 

response to wounding, proliferation, and cell adhesion (Figure 3C). Together, these findings 

illustrate that cluster 6 was highly vulnerable to transient ACE inhibition.

Pseudotime trajectory analysis

Fibroblasts were projected onto pseudotime trajectory analysis to gain insight into the 

potential relationship among the clusters in time (cells colored by cluster and treatment 

group Figure 4A and 4B). This analysis reflects predicted biological progression through 

cell fate decisions as phenotypes shift in response to environmental cues. There was a 
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striking pattern of separation between cells from untreated versus ACE inhibitor-treated 

hearts highlighting the significant impact of ACE inhibition on the global fibroblast genome. 

The distinct trajectories between clusters in the cells from the Untreated group’s hearts 

suggest that uninterrupted pressure overload provides stimuli that direct cardiac fibroblasts 

into various activation states, thus priming them for enhanced ECM deposition seen with 

fibrotic cardiac remodeling. Fibroblasts from the ACE Inhibitor group’s hearts lost these 

differentiation patterns and became more homogeneous.

In the Untreated SHR group only, cluster 2 signified a pool of precursor cells for clusters 3, 

4, and 6, with cluster 6, then serving as a precursor for cluster 1. Thus, activated fibroblasts 

are derived from cluster 2 via cluster 6. Of these three fate choices (clusters 3, 4, or 6), 

cluster 4 yielded a homogenous subpopulation of fibroblasts from ACE inhibitor-treated rats 

representing a non-pathological outcome. The divergence between cluster 3 and cluster 6 is 

primarily due to the expression of CCN3 and CCN5 (Figure 4C). These are the two lowest 

expressed genes in cluster 6, while they are in the top 9 highly expressed genes in cluster 3, 

with CCN3 being the highest. As two terminal destinations, cluster 3, and cluster 1 represent 

pools of fibrogenic fibroblasts with unique activation profiles (Figure 4D). They only share 

two enriched (S100a10, S100a4) and two depleted (SNRPF, APOE) genes leaving their 

profiles distinct. The fibrogenic genes in cluster 1 (ACTA2, LGALS3, CCN1, CCN2, TNC, 
MFAP5, TAGLN, LOX, HSPB1, TIMP1) differ from and are more closely aligned with an 

activated phenotype than those in cluster 3 (SCX, THBS4, SPP1, TIMP3, NINJ1). Out of 80 

elevated genes in cluster 1 relative to other clusters, 20 are reduced in cluster 3, including 

MFAP5, TNC, CCL7, CCL2, and LGALS3, depicting less activation. An additional 

differentiating factor is that cluster 1 is pro-inflammatory, while cluster 3 is not.

Cluster proportions and the impact of ACE inhibition

The distribution of fibroblasts underwent a marked shift from cluster 6 to cluster 0 following 

transient ACE inhibitor treatment (Figure 5A). In the total pool of fibroblasts isolated from 

treated rats, 36% were in cluster 0, while only 1.5% were in cluster 6, diminishing the 

gateway to cluster 1. In contrast, cluster 0 and cluster 6 make up 6% and 16% of the pool of 

fibroblasts from untreated rats, respectively. When the percentage of cells from Untreated 

and ACE Inhibitor group hearts were quantified within-cluster, clusters 0 and 6 mirrored 

each other (Supplemental Figure S1). Cluster 6 was comprised of 90% untreated cells, while 

cluster 0 was 88% treated, suggesting that these subpopulations are uniquely susceptible to 

ACE inhibitor treatment. Thus, cluster 0 vs. cluster 6 differentially expressed genes and 

associated pathways were determined. ECM (COL1A1, COL3A1, TAGLN, TIMP1, LOX), 

activated fibroblast markers (ACTA2, SPP1, LGALS3, HSPB1), pro-fibrotic CCN genes 

(CCN1 and CCN2), and markers of inflammation (CCL2) were all expressed at a higher 

level in cluster 6, relative to cluster 0 (Figure 5B). Moreover, the proportion of cells in which 

these genes were detected is much lower in cluster 0 than in cluster 6. The pathways 

significantly downregulated in cluster 0 compared to cluster 6 involved wound healing, 

growth factor stimulation, proliferation, and cytokine responses shown in Figure 5C. The 

complete list of differentially expressed genes and pathways significantly downregulated in 

cluster 0 vs. cluster 6 are displayed in the Supplementary File.
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Relationship between cluster dominance and LV hypertrophy

The proportion of cells in each cluster were correlated with LV mass to determine 

relationships between fibroblast phenotype and cardiac hypertrophy (Figure 5D). 

Proliferative cluster 2 (r2=0.3806, p=0.0188) and translationally active cluster 4 (r2=0.3134, 

p=0.0374) positively correlated with LV mass. Fibroblast expansion and increased synthesis 

of ECM proteins are processes necessary for the fibrogenic response during cardiac 

remodeling. In fibroblasts from hearts previously treated with an ACE inhibitor, cluster 0 

positively correlated (r2=0.7600, p=0.0105), while cluster 3 negatively correlated with LV 

mass (r2=0.8476, p=0.0033).

Discussion:

The goal of this study was to determine the degree to which cardiac fibroblast 

subpopulations in SHR LV change in response to transient ACE inhibitor treatment, leading 

to persistent cardioprotective phenotypes to pressure-overload11. The most salient findings 

were: a) the hypertensive heart of SHRs contains clusters that suggest distinct phenotypes 

including activated (cluster 1), proliferative (cluster 2), moderately fibrogenic (cluster 3), 

low fibrogenic (cluster 0); b) transient ACE inhibitor treatment reduced cardiac fibroblast 

heterogeneity in the hypertensive heart and produced significant downregulation of genes 

associated with fibrosis, inflammation, protein translation, and oxidative phosphorylation; 

and c) ACE inhibitor treatment dramatically shifted cluster 6, which served as a gateway the 

activated cluster 1, towards the less inflammatory and less fibrogenic cluster 0. Collectively, 

the data reveal that transient ACE inhibitor treatment shifts the flow of cardiac fibroblast 

progenitors away from activation and toward a homogenous population characterized by 

lower expression of genes associated with ECM production and inflammation.

While the pseudotime analysis of our results suggests fluidity among functional states within 

a continuum, a main finding is that the clusters are more distinct phenotypically in untreated 

hearts, and following treatment, these clusters become more homogenous. In the 

heterogeneously characterized fibroblasts from the untreated SHR hearts, proliferative 

cluster 2 serves as a pre-pre-activation state to the terminal cluster 1 by way of cluster 6. 

Among the many markers of proliferation in cluster 2, that CKAP4 is not one of them 

distinguishes this pressure overloaded profile from that of post-MI29. Activated cardiac 

fibroblasts mediate fibrosis in the overloaded heart35, are commonly referred to as 

myofibroblasts, expand from the resident fibroblast population and express markers, 

including alpha-smooth muscle actin36. Though fibrogenic markers were highly expressed in 

cluster 1, we have intentionally not defined this cluster as myofibroblasts. The precise 

definition of a myofibroblast is evolving as the field seeks to more accurately target this cell 

type. Similar studies to ours have termed more than one fibroblast subpopulation as 

myofibroblasts based on separate collections of gene markers13,37,38. Increased oxidative 

stress is another defining characteristic of fibroblast activation. In the activated cluster 1, 

enrichment of the p22phox subunit of NADPH oxidase (NOX)39 CYBA is linked with 

NOX2 and NOX4-mediated ROS production in cardiac fibroblasts40. ACE inhibition 

induced reductions of CYBA and HMOX1, an inducible monooxygenase that is upregulated 

with oxidative stress, and promotes superoxide anion41, works to combat the predisposition 
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for ROS production. However, in cluster 1, CCL2 and CCL7 are not attenuated by ACE 

inhibition, which may be linked to the paradoxical increase in osteopontin (SPP1). 

Osteopontin signaling includes stimulation of CCL2-encoded monocyte chemoattractant 

protein 1 (MCP-1), thus leaving the inflammatory status of cluster 1 unchanged following 

transient ACE inhibition. It is possible that upon a future injury, cells in cluster 6 are most 

readily mobilized into the activated state reflected in cluster 1. However, significant 

depletion of the gateway with prior ACE inhibitor treatment reduces that pool of cells, which 

highlights that cluster 6 is a potential target for anti-fibrotic therapies.

The moderately fibrogenic cluster 3 is an alternative terminal destination to cluster 1 that 

uniquely expresses THBS4, SCX, and MFGE8. THBS4+ cells are associated with interstitial 

fibrosis but in the absence of increased alpha-smooth muscle actin15, similar to cluster 3. 

The fibrogenic transcription factor scleraxis (SCX)42 has also been shown to be expressed 

alongside THBS4 in myofibroblasts from a single cell analysis seven days post-myocardial 

infarction37, illustrating the potential fibrogenic capacity of cluster 3. However, the unique 

combination of THBS4 and MFGE8 may liken them to matrifibrocytes found in mature 

scar43, a stable fibroblast state essential for maintenance, also described by Mouton et al29. 

MFGE8 is a negative regulator of hypertrophy and fibrosis44, and MFGE8+ cells are capable 

of engulfing apoptotic cells and assuming an anti-inflammatory role45. With low levels of 

cytokines and high levels of antioxidants, cluster 3 may represent a unique subpopulation of 

inflammation suppressing fibroblasts with reduced fibrogenic capacity that provides a 

favorable destination for expanding cluster 2 cells.

Cluster 0, which expands upon ACE inhibitor treatment, represents the least fibrogenic pool 

of fibroblasts and may act as neo-homeostatic fibroblasts in the treated hearts similar to what 

is seen at seven days after myocardial infarction29. The observed reductions in fibrogenic 

and inflammatory gene expression in this expanded cluster 0 provide additional support for 

our previously reported reduction in NOS-induced fibrosis and macrophage infiltration 

following transient ACE inhibition in the hypertensive rat heart8–10. Moreover, cluster 0 

represents the highest proportion of cells from treated hearts. Cardiac fibrosis is brought 

about by the expansion and activation of resident fibroblasts, which inherently requires 

differentiation into activation states. Similar to the cardiac fibroblast activation continuum 

observed after MI46, hypertension induces altered phenotypes that span the progression of 

pathology. This study is the first to attempt to map the subtypes of cardiac fibroblasts that 

reside in the hypertensive heart and are influenced by transient ACE inhibition. This study 

addresses the existing knowledge gap by showing that cardiac fibroblasts from rats 

transiently treated with an ACE inhibitor exhibit decreased heterogeneity, evidenced by a 

loss of precise cluster trajectories and blunted fibrogenic phenotypes compared to cells from 

untreated SHRs. The persistent impact of transient ACE inhibition, therefore, now includes 

cardioprotective alterations at the gene level to support the already known beneficial 

protection against pathological remodeling and cardiac dysfunction9.

Fibroblasts from ACE inhibitor treated SHRs also exhibit reduced ribosomal proteins 

(RPL26, RPL34, and RPL37) indicative of less ribosome biogenesis and protein 

translation47. Untreated SHRs had significantly higher LV mass than treated, and this 

correlated with the proportion of cells in proliferative cluster 2 and translationally active 
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cluster 4 with implications of increased fibroblast number and ECM production. Suppressed 

expression of ECM (ACTA2, FN1, COL1A1, COL3A1), matricellular proteins, and Wnt-

related CCN genes indicate lower fibroblast activation48,49. Members of the CCN group of 

proteins (CCN1–6) are involved mainly in fibrotic signaling32,50–52, which were also shown 

to be persistently altered by transient ACE inhibition. In addition to their role in promoting 

ECM production, activated fibroblasts perpetuate inflammation, which in turn exacerbates 

fibrosis in hypertensive hearts53,54. Reduced CCL2 and LGALS3 work to attenuate 

macrophage infiltration and reduce inflammation and fibrosis in the hypertensive heart55. 

The findings in the present paper support a fibroblast-driven mechanism to explain the 

reduced macrophage infiltration and fibrosis in response to NOS inhibition in SHRs 

transiently treated with an ACE inhibitor8–10.

This study analyzed passage 0 cardiac fibroblasts that were briefly cultured in serum on 

plastic after isolation, which allowed for expansion of the fibroblast pool for optimal 

scRNA-seq conditions while also maintaining individual biological replicates. We have 

previously demonstrated that fibroblasts isolated from control and ACE inhibitor treated 

hearts and cultured in this manner up to passage 1 maintain changes in cell physiology 

consistent with in vivo physiology8,10, similar to what others report29,43. Taken together, our 

current and previous findings demonstrate that the cells retain memory of their in vivo 

environment. Thus, any changes that occurred as a result of culture conditions were not 

sufficient to impact fibroblast phenotype.

Perspectives

Transient ACE inhibitor treatment reduces the heterogeneity of cardiac fibroblasts, 

diminishes the gateway to activation, and attenuates fibrogenic phenotypes to establish a 

neo-homeostatic pool of fibroblasts in the heart. Notably, following the withdrawal of 

treatment, we have previously shown that the cardiac components of the RAS are not 

different from untreated SHR10,56. Thus, the findings revealed herein are not due to 

sustained RAS inhibition and align with previously shown benefits of this treatment scheme 

on fibrosis, macrophage infiltration, cardiac function, and cardiac fibroblast phenotype 

following NOS inhibition8–11. Ang II is pro-fibrogenic57,58, which further supports the shift 

in cardiac fibroblast subpopulations with ACE inhibition. Collagen secretion by fibroblasts 

is contingent on Ang II binding to its AT1 receptor59, indicating that the effect of ACE 

inhibition is directly linked to reduced Ang II bioactivity. These data provide in-depth 

insight into the mechanism underlying cardioprotection by ACE inhibitors and move us 

closer to identifying novel targets of potential anti-fibrotic therapies. This is an important 

area of investigation given that no clinically available interventions can stop or reverse 

fibrotic remodeling of the heart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is New?

• Transient ACE inhibition in hypertensive rats yields a persistent 

downregulation of pro-fibrotic and pro-inflammatory gene expression in 

cardiac fibroblasts.

• Attenuation of fibrogenic gene expression is accompanied by the expansion of 

the least fibrogenic subpopulation of cardiac fibroblasts after ACE inhibition

What is Relevant?

• The reduction of fibrogenic and inflammatory capacity of cardiac fibroblasts 

following transient ACE inhibition may underlie previous reports of 

protection against post-injury cardiac dysfunction and associated macrophage 

infiltration.

• Genes, or more broadly, fibroblast subpopulations altered by transient 

treatment may reveal novel targets for anti-fibrotic therapies.
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Figure 1. 
Cardiac fibroblasts from the hypertensive heart cluster into nine distinct subpopulations 

(numbered 0–8). Transient angiotensin converting enzyme (ACE) inhibitor treatment results 

in significant downregulation of genes related to fibrosis (i.e., extracellular matrix (ECM) 

and inflammation). A) Uniform manifold approximation and projection (UMAP) analysis 

reveals the relative clustering of fibroblasts from untreated and ACE inhibitor-treated rats; 

n=7/group. B) Differential expression of select genes associated with fibrosis that are 

impacted by ACE inhibition. Percentages represent the proportion of all untreated and all 

ACE inhibitor cells in which these genes were detected. C) Related GoTerm biological 

processes involved in fibrosis that are impacted by transient ACE inhibition. Bubble size 

represents the number of affected genes in the pathway, and color represents the p-value.
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Figure 2. 
Differential gene expression between the cardiac fibroblasts in each cluster compared to all 

other clusters identified the unique gene profiles of each cluster. The majority (98%) of the 

fibroblasts clustered into subsets 0–6, and thus analyses focused on these clusters. A) 

Relative expression of select genes (all p-adjusted <0.05) and B) related GoTerm biological 

processes (all p<0.02) involved in fibrosis in clusters 0–6 reveals phenotypic signatures for 

each cluster.
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Figure 3. 
Differential gene expression between fibroblasts from the angiotensin converting enzyme 

(ACE) inhibitor-treated hearts vs. untreated within each cluster reveals variable responses to 

ACE inhibition among the clusters with clusters 0 and 6 representing the most highly 

responsive. The majority (98%) of the fibroblasts clustered into subsets 0–6, and thus 

analyses focused on these clusters. A) The number of significantly altered genes following 

ACE inhibition reveals the net downregulation of gene expression. B) Relative expression of 

select genes (all p-adjusted <0.05) and B) related GoTerm biological processes (all p<0.02) 

involved in fibrosis that are altered by ACE inhibitor treatment within each cluster.
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Figure 4. 
Cardiac fibroblast clusters were arranged by pseudotime analysis revealing reduced 

heterogeneity following angiotensin converting enzyme (ACE) inhibitor treatment. A) 

Cardiac fibroblasts colored by cluster and B) by treatment reveal altered heterogeneity and a 

distinct impact of treatment on cell fate trajectory. Clusters 1 and 3 are terminal phenotypes, 

while cluster 6 is a gateway to cluster 1. C) Comparison of clusters 3 and 6 reveals that few 

essential genes differentiate them, while D) comparison of clusters 1 and 3 reveals distinct 

lists of fibrogenic genes that differentiate them. The highlighted genes are those that relate to 

fibrotic processes.
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Figure 5. 
Angiotensin converting enzyme (ACE) inhibition results in the expansion of cluster 0 and 

depletion of cluster 6, reducing fibrogenic gene expression. A) Analysis of the proportion of 

cells from untreated and ACE inhibitor-treated hearts that group into each cluster reveals a 

significant reduction of cells from ACE inhibitor-treated hearts in cluster 6 and a significant 

increase in cluster 0. B) Differential gene expression between cardiac fibroblasts in cluster 0 

vs. cluster 6 reveals the downregulation of fibrosis-related genes in cluster 0 compared to 

cluster 6. Percentages represent the proportion of all cluster 0 and all cluster 6 cells in which 

these genes were detected (p<0.05). C) GoTerm biological processes downregulated in 

cluster 0 compared to cluster 6 (p<0.02). D) Pearson correlation coefficients of left 

ventricular mass/body weight (LV/BW) vs. the proportion of cells reveals correlations 

between hypertrophy and clusters 0, 2, 3, and 4.
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Table 1.

Top five highest and lowest expressed genes by fold change in clusters 0–6.

Cluster 0: Least fibrogenic, Homeostatic

Highest

Gene

Fold chg

Adj P-Val

Lowest

Gene CCN5 S100a10 Ccl2 CCN3 Ccl7

Fold chg −1.5 −1.6 −1.7 −1.8 −2.0

Adj P-Val 3.5E-130 1.3E-274 5.4E-182 7.2E-195 3.5E-225

Cluster 1: Pro-inflammatory, Activated

Highest

Gene Ccl7 Ccl2 Akap12 Tnc Ckb

Fold chg 5.1 3.1 2.2 2.2 2.2

Adj P-Val 0.0E+00 0.0E+00 8.8E-237 7.7E-124 1.1E-218

Lowest

Gene Cdk1 Stmn1 RRM2 Hmgb2l1 Ube2c

Fold chg −2.6 −2.6 −2.9 −3.0 −3.6

Adj P-Val 2.9E-88 6.0E-256 9.3E-211 4.3E-123 4.2E-170

Cluster 2: Proliferative

Highest

Gene Ube2c Arl6ip1 Plk1 Cenpf Top2a

Fold chg 3.7 3.0 2.6 2.5 2.5

Adj P-Val 0.0E+00 0.0E+00 1.5E-279 0.0E+00 5.4E-161

Lowest

Gene Ankrd1 Apoe Ccl2 CCN1 Ccl7

Fold chg −1.4 −1.5 −1.5 −1.5 −1.7

Adj P-Val 2.7E-23 7.6E-67 5.7E-25 4.3E-60 1.2E-05

Cluster 3: Moderately fibrogenic, Inflammation 
Suppressing

Highest

Gene CCN3 Cyp1a1 Car3 Scx Fibin

Fold chg 4.6 3.1 2.7 2.6 2.4

Adj P-Val 1.3E-166 5.2E-145 5.6E-36 7.2E-56 1.7E-80

Lowest

Gene S100a6 Adam19 Ccl7 Gpx3 Akap12

Fold chg −1.7 −1.8 −1.9 −2.1 −2.1

Adj P-Val 0.0E+00 2.3E-60 1.3E-132 6.9E-235 2.5E-241

Cluster 4: Translationally active

Highest

Gene Crip1 RPL37l Rps29 Snrpf Rps21

Fold chg 1.5 1.4 1.4 1.4 1.4

Adj P-Val 1.2E-224 4.6E-201 6.3E-175 7.4E-154 8.5E-192

Lowest

Gene Gapdh Apoe Tubb4b Rpl37 Eef1a1

Fold chg −1.5 −1.5 −1.6 −1.7 −1.8

Adj P-Val 4.4E-50 8.5E-22 9.0E-91 8.9E-59 2.0E-66

Cluster 5: Low Inflammation

Highest

Gene Rpl37 Rpl32 FTL Eef1a1 Rps10

Fold chg 2.1 1.9 1.8 1.8 1.7

Adj P-Val 0.0E+00 0.0E+00 3.4E-274 3.9E-228 1.0E-109

Lowest

Gene Ube2c Apoe Rps29 Ccl2 Ccl7

Fold chg −1.6 −1.6 −1.6 −1.6 −2.2

Adj P-Val 3.9E-22 3.0E-14 2.2E-97 9.5E-16 1.5E-44

Cluster 6: Mildly fibrogenic, “Gateway” Highest
Gene Cdkn3 Hmgn2 Fen1 Spp1 Rpl22l1

Fold chg 1.4 1.3 1.3 1.3 1.3
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Adj P-Val 9.9E-190 2.9E-41 2.9E-171 1.7E-37 5.5E-38

Lowest

Gene Arl6ip1 Rpl39 Rpl38 CCN5 CCN3

Fold chg −1.4 −1.5 −1.5 −1.6 −1.7

Adj P-Val 4.0E-70 6.2E-30 1.2E-43 1.3E-114 1.0E-243
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