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Abstract  8 

Pathological cardiac hypertrophy is associated with increased morbidity and mortality. Understanding the mechanisms 9 

whereby pathological cardiac growth can be reversed could be of therapeutic value. Here, we show that pathways leading 10 

to regression of pathological cardiac hypertrophy are strongly dependent on the hypertrophic trigger and are significantly 11 

modified by sex. Two pathological stimuli causing hypertrophy via distinct pathways were administered to male and female 12 

mice: Angiotensin II [Ang II] or Isoproterenol [Iso]. Stimuli were removed after 7 days of treatment, and left ventricles 13 

(LV) were studied at 1, 4, and 7 days. Ang II-treated Females did not show regression after stimulus removal. Iso treated 14 

males showed rapid LV hypertrophy regression. Somewhat surprisingly, RNAseq analysis at day 1 after removal of triggers 15 

revealed only 45 differentially regulated genes in common among all the groups, demonstrating distinct responses. Ingenuity 16 

Pathway Analysis predicted strong downregulation of the TGFβ1 pathway in all groups except for Ang II-treated females. 17 

Consistently, we found significant downregulation of Smad signaling after stimulus removal including in Ang II-treated 18 

females. Additionally, the ERK1/2 pathway was significantly reduced in the groups showing regression. Finally, protein 19 

degradation pathways were significantly activated only in Iso-treated males at 1 day after stimulus removal. Our data 20 

indicate that TGFβ1 downregulation may play a role in the regression of pathological cardiac hypertrophy via 21 

downregulation of the ERK1/2 pathway and activation of autophagy and proteasome activity in Iso-treated males. This 22 

work highlights that the reversal of pathological hypertrophy does not utilize universal signaling pathways and that sex 23 

potently modifies this process.  24 

 25 
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New & Noteworthy 26 

Pathological cardiac hypertrophy is a major risk factor for mortality and is thought to be largely irreversible in many 27 

individuals.  While cardiac hypertrophy itself has been studied extensively, very little is understood about its regression. It 28 

is important that we have a better understanding of mechanisms leading to regression, why this process is not reversible in 29 

some individuals and that sex differences need to be taken into account when contemplating therapies. 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 



 

3 
 

 55 

1. Introduction 56 

Cardiac hypertrophy is a major risk factor for mortality and can be caused by high blood pressure, diabetes, mutations in 57 

sarcomeric proteins, and aortic valve stenosis (1-4). In mammals, this hypertrophy is the result of increased cardiomyocyte 58 

size, leading to thickening of the left ventricular (LV) walls and a decrease in the volume of the LV chamber. If cardiac 59 

hypertrophy persists for an extended time, there can be many maladaptive changes to the myocardium including: cell death, 60 

fibrosis and lengthening and thinning of the cardiomyocytes, ultimately leading to cardiac dilation and potentially, heart 61 

failure (5). In early stages of cardiac hypertrophy, the increase in cardiomyocyte size is compensatory to normalize 62 

ventricular wall stress; with early treatment of the underlying cause, cardiac hypertrophy can be reversed. However, there 63 

are varying degrees of regression of LV hypertrophy in hypertensive patients based on the treatment they receive (6). 64 

Angiotensin II (Ang II) receptor antagonists, calcium channel antagonists and angiotensin converting enzyme inhibitors can 65 

significantly decreased LV mass index by: 13%, 11% and 10%, respectively (6). However, diuretics and β-adrenergic 66 

receptor blockers did not affect LV mass index (6). In addition, weight loss and decreased sodium intake led to similar 67 

decreases in LV mass index compared to patients that received anti-hypertensive drug treatments (7). Following aortic valve 68 

replacement for aortic stenosis, patients experienced LV mass reductions ranging from 17%-31%, and these changes were 69 

strongly associated with the severity of LV hypertrophy before surgery (4). Overall, the longer the heart experienced a 70 

pathological stress and the increased work load,, the more maladaptive changes occurred, and hypertrophy was less likely 71 

to be reversible (5, 8). There are notable cases in which regression of chronic pathological cardiac hypertrophy occurred 72 

more readily, including bariatric surgery in which significant decreases in LV mass ranged from 21%-30% (9-12) or a Left 73 

Ventricular Assist Device (LVAD) in which significant decreases in LV mass ranged from 28%-41% (13, 14). While many 74 

mechanisms that lead to cardiac hypertrophy are known, very little is understood about regression of cardiac hypertrophy. 75 

Models for regression of cardiac hypertrophy include a de-banding from transverse aortic constriction (TAC)(15-19), or the 76 

removal of a hypertrophic agonist such as Ang II or Iso (20-22). Each of these models demonstrated regression after 77 

approximately 7 days, and there was a return to baseline of pathologic gene expression markers such as atrial natriuretic 78 

factor (ANF)(18, 20, 22), brain natriuretic peptide (BNP)(17), collagen 1A(17) and a normalization of the functional 79 

response such as ejection fraction (17, 19) and cardiac output (19, 21). However, each of these studies only reported a single 80 

timepoint after which regression was already complete. In addition, while one group reported a possible state of irreversible 81 
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hypertrophy with one week of de-banding after chronic TAC (6 weeks), there was still a reversal of pathological gene 82 

expression including, Myh7 and Acta-1 (17).  However, the rate of regression, and the many molecular mechanisms that 83 

occur during the process of regression, are still unknown. A better understanding of the immediate responses and the 84 

progression of regression, along with a model of incomplete hypertrophy regression, will be important to understand why 85 

some patients experience regression and others do not. Finally, sex differences in regression have not been adequately 86 

addressed.  87 

Sex differences in cardiac diseases have been observed for many years now, with some differences observed in the rates 88 

and extent of hypertrophy and/or regression. For example, with aortic stenosis, although women experienced cardiac 89 

hypertrophy more often, and to a greater extent, they also regressed from hypertrophy faster than men (23). In addition, 90 

males had higher expression of collagen I & III and matrix metalloproteinase 2 genes due to aortic stenosis, which may be 91 

a factor contributing to the slower rates of regression in males (23, 24). In the studies of LVAD placement, while some of 92 

the patients receiving an LVAD were female, most were males (13, 14, 25). Although sex was accounted for in the 93 

demographics, sexes were combined when analyzing LV mass differences and molecular changes. Similarly, patients 94 

receiving bariatric surgery were primarily female, but sexes were combined when analyzing results. However, there was 95 

one study that showed male sex was independently associated with an increase in the 1-year mortality rate post-bariatric 96 

surgery (26). In  rodent models of regression of hypertrophy, de-banding from TAC or removal of the hypertrophic agonist 97 

(Ang II or Iso), were carried out with either only male rodents (16, 17, 20-22), the sex was not stated (18), or the results of 98 

the sexes were combined (15). We are just beginning to understand the many molecular mechanisms that underlie sex 99 

differences, even at baseline (27). Therefore, it is essential to define sexually dimorphic cardiac differences, both at baseline, 100 

and in response to stress.  101 

Here, we compare cardiac hypertrophy and regression induced by two different pathological hypertrophic stimuli, Ang II 102 

or Iso in male and female mice. In addition, we compare the sexes at baseline for many cardiac parameters and find 103 

significant differences. Although both agonists caused hypertrophy, the extent of regression of hypertrophy was distinct 104 

between the sexes and the agonists. There were differences in transcriptome, activation of signaling pathways, extracellular 105 

matrix composition, and protein degradation pathways depending on the hypertrophic stimulus and/or biological sex. 106 

Furthermore, there we very few genes regulated in common among the groups. 107 
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2. Methods 108 

2.1 Animals and treatments. All animal treatments were approved by the Institutional Animal Care and Use Committee 109 

at the University of Colorado Boulder (Protocol #2351) and are in accord with the NIH guidelines. Wild-type, 10-12-week-110 

old C57Bl/6 male and female mice (Jackson Laboratories) were fed ad libitum standard rodent chow and housed in a 12-111 

hour light/dark cycle. Mice were treated with Ang II (2.88mg/kg/day) or Iso (30mg/kg/day) for 7 days (Figure 1A). Ang II 112 

was diluted in sterile saline. Iso was prepared in 1µM Ascorbic Acid, diluted in sterile saline. Ang II and Iso were released 113 

through osmotic mini-pumps (Alzet model 2001). Mice were anaesthetized with Isoflurane (3%) via spontaneous inhalation. 114 

Surgical procedures were performed on a 37°C re-circulated heating pad. The analgesic buprenorphine was used at 1mg/kg. 115 

To study regression, the osmotic pumps were removed after 7 days of Ang II/Iso; the same surgical procedure was used as 116 

placement of the mini-pump. Mice were euthanized by first anaesthetizing with Isoflurane (3%) via spontaneous inhalation, 117 

then the heart was removed. Mice were sacrificed at either 7 days of Ang II/Iso, indicating peak hypertrophy, or at Post-118 

Stimulus Day 1, 4 & 7 (P1, P4 & P7 respectively) (Figure 1A). Hypertrophy was determined as the ratio of the mass of LV 119 

+ septum over tibia length (LV/TL). There were vehicle controls (1µM Ascorbic Acid in sterile saline for Iso or sterile 120 

saline alone for Ang II) at each timepoint. Hearts were dissected, and the left ventricle was weighed then flash frozen in 121 

liquid nitrogen. Tissue was placed at -80C until further analysis. 122 

2.2 Protein Isolation & Western Blots. LV tissue was homogenized in Urea Buffer (8M Urea, 2M Thiourea, 50mM Tris 123 

(pH 6.8), 75mM DTT, 3% SDS, 0.05% Bromophenol Blue). Protein concentration was determined using Pierce 600 Protein 124 

Assay Reagent (Thermo Scientific 22660) with the Pierce Ionic Detergent Compatibility Reagent (Thermo Scientific 125 

22663). Proteins were run on 4-12% Bis-Tris gels and transferred to Nitrocellulose membranes. Membranes were blocked 126 

with 5% BSA in TBST (TBS + 0.1% Tween) for 1 hour at room temperature. Primary antibodies were incubated O/N in 127 

5% BSA (TBST) at 4°C. Secondary antibodies were incubated for 1 hour at room temperature. Membranes were imaged 128 

using ECL reagent (Perkin-Elmer NEL104001EA). Quantification was determined using ImageQuant. All primary antibodies 129 

were purchased through Cell Signaling Technology and used at a 1:1000 dilution: p-SMAD2 (3108), p-Akt (4058), p-p38 130 

(4511), p-ERK1/2 (9101), LC3 (2775), except α-Vinculin, purchased from Sigma (V9131). Secondary antibodies HRP-131 

conjugated anti-mouse (Jackson ImmunoResearch) or anti-rabbit (Cell Signaling Technology) were used at 1:5000 132 

dilutions. 133 
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2.3 Proteasome Activity Assay. Left ventricle tissue was homogenized in Proteasome buffer (50mM HEPES; 20mM KCl; 134 

5mM MgCl2; 1mM DTT). Samples were centrifuge at 10,000xg for 30 minutes at 4°C. The supernatant was placed in a 135 

new tube and the protein concentration was determined using Pierce BCA Protein Assay (Thermo Scientific 23227). Each 136 

reaction contained 15µg protein in a final volume of 230µl Proteasome buffer. In addition, each sample had a complimentary 137 

reaction which contained the proteasome inhibitor MG132 (20nM). 230µl of the sample was prepared on a 96-well white 138 

flat bottom plate. 10µl of the fluorescent substrate was added; Suc-LLVY-AMC was used to measure chymotrypsin activity 139 

(18µM; Enzo Life Sciences BML-P802). The samples were kept on ice until this point. The reaction was started by placing 140 

the plate in the plate reader at 37°C and fluorescence was measured every 3 minutes for 60 minutes (excitation 360nm; 141 

emission 460nm). Proteasome activity was determined by calculating the change in fluorescence; this value was then 142 

subtracted from the change in fluorescence from the complimentary reaction containing MG132. Each sample was run in 143 

triplicates.  144 

2.4 RNA isolation. LV tissue was homogenized in Tri Reagent (Molecular Research Center, TR118). Chloroform was 145 

added and incubated at room temperature for 15 minutes, then centrifuged at 12,000xg for 15 minutes at 4°C. The aqueous 146 

layer was removed and placed in a new tube. Isopropanol was added and incubated at room temperature for 15 minutes, 147 

then centrifuged at 12,000xg for 15 minutes at 4°C. The supernatant was removed, and the pellet was washed with 70% 148 

ethanol, then centrifuged at 7,500xg for 5 minutes at 4°C. The supernatant was removed, and the RNA was resuspended in 149 

water.  150 

2.5 RNAseq preparation and analysis. 151 

RNA samples were submitted to Novogene for library preparation, by PolyA selection, and sequencing. All samples had a 152 

sequencing depth of at least 20 million 150 bp paired end reads. All differential expressed gene (DEG) analyses were carried 153 

out in R (version 3.5.0) with Bioconductor (3.10) package edgeR (3.10.2). Reads were removed from analysis if expression 154 

was less than 0.5 counts per million. Data was fit using glmRTFit function. P-values were adjusted by the Benjamini-155 

Hochberg method to control False Discovery Rate (FDR) at 0.05. Once exclusively DEGs were identified, we used 156 

QIAGEN Ingenuity Pathway Analysis (IPA) software for identifying predicted functional pathways and upstream 157 

regulators.  158 
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2.6 cDNA preparation and Quantitative Real-Time PCR. RNA was reverse transcribed using SuperScript III Reverse 159 

Transcriptase (Invitrogen 18080044) and the protocol was followed according to the manufacture. cDNA was diluted to 160 

1µg/ul in water. Each QPCR reaction contained, 4µg cDNA + SYBR Green PCR Master Mix (Invitrogen 4309155) + 161 

12.5µM primer set. Thermocycler settings were determined used SYBR Green PCR Master Mix Protocol. ΔΔCt was 162 

calculated using 18S as a normalizer. 163 

Primer Forward Reverse 

18S GCCGCTAGAGGTGAAATTCTTG CTTTCGCTCTGGTCCGTCTT 

Col1a1 TACCGCTGGAGAACCTGGAA GGGACCTTGTACACCACGTT 

Postn AAGTTTGTTCGTGGCAGCAC TGTTTCTCCACCTCCTGTGG 

 164 

2.7 Hydroxyproline Assay. A hydroxyproline assay kit was used (Sigma-Aldrich; MAK008) and followed according to 165 

the manufacturer’s instructions. Briefly, 10mg of tissue was homogenized, then hydrolyzed in 12M HCl. 30µl of each 166 

sample was transferred in duplicate to a 96 well plate and allowed to dry in a 60°C oven for 60 minutes. Chloramine 167 

T/Oxidation Buffer was added to each sample and standard well, followed by the diluted DMAB Reagent. Samples were 168 

incubated for 90 minutes at 60°C. Absorbance was measured at 560nm. 169 

2.8 Statistical Analysis. Statistical differences were determined between two groups using Student’s two-tailed T-test. 170 

Between multiple groups, one-way ANOVA was performed followed by Uncorrected Fisher’s LSD post-hoc test. Outliers 171 

were determined using the Grubbs test with an α<0.05. P-values of less than 0.05 were considered significant.  172 

3. Results 173 

3.1 Pathological cardiac hypertrophy and regression. In order to determine whether a pathological response to different 174 

stimuli would show similar patterns of hypertrophy and regression, we treated male and female C57/Bl6 mice with an 175 

activator of the Renin-Aldosterone-Angiotensin-System (RAAS), Ang II, or the β-adrenergic agonist, Iso, to induce a 176 

pathological cardiac remodeling and hypertrophy. After 7 days, treatments were removed and hearts were analyzed at 177 

different timepoints to investigate regression of cardiac hypertrophy (Figure 1A). Male mice treated with Ang II 178 

(2.88mg/kg/day) experienced an increase of 25.6% in LV/TL (Figure 1B, Supplemental Figure 1A), and female mice 179 
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experienced an increase of 32.7% in LV/TL (Figure 1B, Supplemental Figure 1B), but these sex differences were not 180 

statistically significant. Iso treatment (30mg/kg/day) induced a 33.8% increase in LV/TL in males (Figure 1B, Supplemental 181 

Figure 1A). Female mice showed a 28.5% increase in LV/TL (Figure 1B Supplemental Figure 1B). Although this male-182 

female difference was not statistically significant, it corroborates an earlier study that showed females have a more modest 183 

hypertrophic response to Iso treatment (28). 184 

After removal of hypertrophic stimuli, mice showed significantly different rates of regression. After Ang II was removed, 185 

neither males nor females showed any significant regression at P1 and, although male hearts regressed significantly at P4 186 

(Figure 1B, Supplement Figure 1A-B), the LV weights of both males and females, remained significantly larger 187 

(approximately 20%) than the vehicle controls at P7, demonstrating incomplete regression. Iso male mice regressed faster 188 

than all other groups (Figure 1A). Regression was significant already after 1 day (P1) of Iso removal in male mice and they 189 

showed complete regression after 4 days (P4) as compared to the vehicle control (Figure 1A). After Iso was removed, female 190 

mice showed significant, but incomplete regression immediately at P1, similar to males (Figure 1B). However, Iso females 191 

exhibited a slower regression and only showed complete regression at P7 (Fig 1B, Supplement Figure 1). This is the first 192 

report to investigate the immediate response, and the rates of regression with two different models, including one that is 193 

irreversible at the timepoints studied here, in addition to examining biological sex as a variable.  194 

3.2 RNAseq revealed sex- and trigger dependent gene expression responses to removal of the hypertrophic stimulus. 195 

Considering the slow and incomplete regression from Ang II, and the fast regression response of male and female mice after 196 

Iso treatment, we investigated the cardiac transcriptomes of all experimental groups after hypertrophy and at P1 of 197 

regression. We performed RNAseq and assessed gene expression differences elicited by removal of hypertrophic stimuli 198 

(Figure 1C). After Ang II removal, males showed 831 differentially expressed genes while females showed 2063 genes 199 

differentially regulated (Figure 1D). In Iso males, 1152 genes were differentially expressed when comparing P1 to 200 

Hypertrophy, while Iso females showed only 340 differentially expressed genes (Figure 1D). This result was unexpected 201 

considering that removal of Ang II induced little regression of cardiac hypertrophy in either male or female mice.  Moreover, 202 

these large responses of the transcriptome after removal of the hypertrophic trigger suggest that the heart is responding 203 

strongly in Ang II treated mice, although not culminating in regression.  204 

Of note, only 45 differentially expressed genes were in common among all regression groups (Figure 1D, Supplement Figure 205 

2), suggesting that the removal of hypertrophic stimulus triggers largely distinct responses IPA canonical pathways analysis 206 
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of the 45 common genes identified two enriched pathways both related to cell cycle control (Figure 1F). However, the vast 207 

majority of common genes did not cluster into enriched pathways. Thus, our data indicate distinct transcriptional profiles 208 

associated with removal of hypertrophic stimuli that depend on the nature of the hypertrophic trigger and biological sex.  209 

3.3 Fibrotic signaling is inactivated during regression of cardiac hypertrophy but fibrosis increases. 210 

For each group, we then performed IPA canonical pathways analysis on differentially expressed genes between P1 and 211 

Hypertrophy. Results of the analyses were compared among groups to identify shared and distinct signaling pathways 212 

(Figure 2A, Supplemental Figure 3). All groups exhibited similar downregulation of cell cycle and proliferation signaling 213 

at P1 with the exception of female Ang II. Male Iso also showed a higher degree of downregulation of fibrosis signaling 214 

(identified as hepatic fibrosis signaling) and cardiac hypertrophy signaling as compared to all the other groups. IPA 215 

prediction of upstream regulators identified TGF-β1 inhibition in male Iso at P1 as the most significant regulation among 216 

all groups (Figure 2B). In male Iso, 248 differentially-expressed genes were associated with inhibition of TGF-β1, including 217 

numerous fibrotic genes downregulated at P1 as compared to hypertrophy (Figure 2C). The formation of a fibrotic network 218 

in the myocardium may play a role in the ability to regress following a pathological stress. We therefore measured 219 

hydroxyproline content with the hypothesis that higher collagen levels would inhibit or reduce regression, especially in male 220 

male and female Ang II that showed the least regression (Figure 1B). Unexpectedly, collagen content was not increased in 221 

hypertrophy for any of the groups and showed a similar increasing trend after removal of the hypertrophic trigger in all of 222 

the groups. Hydroxyproline content was significantly increased by P4 in both Ang II and Iso males (Figure 2D) as compared 223 

to vehicle control mice, while in female Ang II, the increase was significant only at P7. Collagen content in female Iso did 224 

not reach statistical significance by 7 days after removal of the trigger even though regression was complete at that time 225 

point. We predicted that the (re)activation of fibrotic genes during regression was the cause of increased fibrosis, therefore 226 

we measured the expression of Collagen1 a1 (Col1a1) and Periostin (Postn), both of which are components of the 227 

extracellular space and contribute to fibrotic networks (29). Interestingly, both Col1a1 and Postn were increased in 228 

hypertrophy for all of the groups (Supplemental figure 4) and progressively reduced with removal of the hypertrophic 229 

trigger, with the exemption of female Ang II that maintained higher expression level of both genes at P1. Overall, female 230 

Iso showed the smallest increase in expression of Col1a1 and Postn in hypertrophy and a significant downregulation of both 231 

genes at P1. The same group showed only a mild non-significant increase of hydroxyproline content at P7. Of note, 232 
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hydroxyproline content and Col1a1 expression were higher at baseline in females as compared to males, with no difference 233 

in the expression of Postn (Supplemental figure 5A). These data together indicate that collagen content is sexually 234 

dysmorphic at baseline and that expression of fibrotic genes depends on the hypertrophic trigger although fibrosis can be 235 

manifested at later times even after the removal of the hypertrophic signal and during cardiac regression.  236 

3.3 TGF-β1 canonical and non-canonical pathways.  237 

TGF-β1 signals through Ser/Thr kinase receptors that activate a canonical pathway by phosphorylating Smad2/3 (small 238 

mother against decapentaplegic), and non-canonical pathways via PI3K/AKT, Ras/ERK, and MEKK/p38 (Figure 3A). 239 

Phosphorylated Smad2/3 forms homomeric and heteromeric SMAD complexes that translocate to the nucleus and induce a 240 

fibrotic gene program (30, 31). We first evaluated the baseline levels for SMAD signaling and the TGF-β1 non-canonical 241 

pathways between males and females (Supplementary figure 5B). Activation of p-SMAD2/3 was not different between 242 

males and females, suggesting that the higher levels of Col1a1 observed in females was not the result of a specific signaling 243 

but rather the healthy baseline levels associated with female biological sex. Conversely, Akt and ERK1/2 signaling were 244 

both higher in females as compared to males (Supplementary figure 5B). There was no sex difference in p-p38 at baseline 245 

(Supplementary figure 5B). Significant activation of p-Smad2/3 was observed in all groups in hypertrophy as compared to 246 

vehicle, in good agreement with gene expression levels of Col1a1 and Postn (Supplemental figure 4A-B). At P1, consistent 247 

with gene expression and RNAseq data showing downregulation of genes downstream of the TGF-β1/Smad pathway 248 

(Figure 2C), p-Smad2/3 was significantly decreased in Iso treated males and females. It was significantly decreased at P4 249 

in Ang II treated males, and remained elevated in Ang II treated females (Figure 3B), also in agreement with Col1a1 and 250 

Postn gene expression. Overall, Ang II infusion for 7 days resulted in longer activation of Smad2/3 as compared to Iso 251 

infusion, and extended beyond the removal of the hypertrophic trigger (Figure 3B). Akt phosphorylation (Ser473) was 252 

significantly inactivated only in Iso females at P1, although it was not increased with Iso treatment as compared to vehicle 253 

control (Figure 3C). p38 signaling (phosphorylation on Thr180 and Tyr182) was moderately but significantly reduced only 254 

in Ang II males at P1as compared to hypertrophy, although it was not significantly different in hypertrophy as compared to 255 

vehicle control (Figure 3D). Finally, ERK1/2 signaling (Thr202/Tyr204) was significantly activated in males treated with 256 

Ang II or Iso and significantly inactivated in both groups at P1 (Figure 3E). At P1, Iso females also showed significant 257 
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inactivation of ERK pathway, although they did not exhibit a significant activation of ERK in hypertrophy as compared to 258 

vehicle (Figure 3E).  259 

3.4 Protein degradation pathways are differentially regulated by sex and the hypertrophic trigger.  260 

Considering that during cardiac hypertrophy there is an increase in protein synthesis (32), we hypothesized that protein 261 

degradation pathways, namely the ubiquitin proteasome system and autophagy, would be regulated in order to promote 262 

regression and degrade proteins that accumulated during hypertrophy. Proteasome activity was determined by incubating  263 

lysates with the proteasome chymotrypsin-like substrate, Suc-LLVY-AMC (33). First, we observed that there were no 264 

differences in proteasome activity between males and females at baseline (Supplemental Figure 5C). We found that 265 

proteasome activity increased with both Ang II and Iso in male mice at hypertrophy; however, the increase was larger in 266 

Ang II treated mice (Figure 4A). While proteasome activity decreased immediately following the removal of Ang II, the 267 

removal of Iso resulted in a significant further increase, suggesting it may be involved in protein turnover in both 268 

hypertrophy and regression (Figure 4A). By P4, the time point of complete regression, male Iso proteasome activity returned 269 

to baseline. In female mice, proteasome activity remained unchanged throughout hypertrophy and regression for both Ang 270 

II and Iso treatments (Figure 4A). We measured autophagy by quantitation of the two forms of LC3. LC3 is a small protein 271 

that becomes lipidated in the growing autophagosome and we measured the amount of the lipidated form (LC3II) relative 272 

to the unlipidated form (LC3I). At baseline, females had 2-fold more LC3II/LC3I, compared to males, indicating they had 273 

higher autophagic activity (Supplemental Figure 5C). Autophagy did not appear to be activated by Ang II-induced 274 

hypertrophy or during regression in male or female mice. Autophagy increased in males and females at P1 following the 275 

removal of Iso. Iso females showed a significant reduction of autophagy during hypertrophy as compared to vehicle controls, 276 

possibly to promote accumulation of proteins. Additionally, removal of Iso activated autophagy in females at P1 and 277 

remained higher at P4 and P7 as compared to the hypertrophy time point (Figure 4B), but it was not different than baseline 278 

levels measured in vehicle controls. These results indicate that mice treated with Iso may regress at higher rates than Ang 279 

II treated groups via induction of autophagy.  280 

 281 

4. Discussion 282 
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Pathological cardiac hypertrophy is a risk factor for mortality and can be reversed with pharmacological treatment, weight 283 

loss or surgery in some patients; however, not all patients respond to treatment by regressing their hypertrophy (1, 4, 6-8). 284 

The primary aim of our study was to determine whether sex and/or the nature of the pathological trigger impact regression 285 

differently. We induced hypertrophy in male and female mice with two different pathological agonists, Ang II and Iso, and 286 

studied gene expression programs and signaling pathways following the removal of the agonists. We showed that early after 287 

removal of pathological triggers, distinct gene expression profiles were elicited and that regression was dependent both on 288 

sex and pathological trigger. 289 

Ang II and Iso are known to act through different pathways converging on cardiac hypertrophy. Ang II is the main effector 290 

in the RAAS, and binds to Ang II receptors (AT1R) (34). Ang II induces inflammation along with many pathological 291 

hypertrophic markers (NF-κB, TNFα, MAPK & Akt signaling), which ultimately leads to an increase in blood pressure (34) 292 

and  cardiac hypertrophy. Iso activates adrenergic receptors that are a class of G-protein coupled receptors on the cell surface 293 

that cause a canonical signaling cascade leading to increased concentration of Ca2+ in the cytosol (35). This increase 294 

ultimately results in faster contractions of the cardiomyocytes and mimics the increased work-load observed in the disease 295 

state. Increased adrenergic signaling via catecholamines can also lead to high blood pressure and hypertrophy. In fact, 296 

hypertensive patients can be  effectively treated with adrenergic receptor antagonists (36). While Iso induces cardiac 297 

hypertrophy in the mouse strain (C57Bl/6), there are reports of less pathology (37) and little evidence of fibrosis (38, 39) 298 

compared to other mouse strains. In contrast, with Ang II, there has been evidence for pathological signaling and significant 299 

cardiac fibrosis (34, 40) in the C57Bl/6 background. A previous study in FVB mice compared the different rates of 300 

regression of heart weights between Iso and Ang II and showed that regression occurred from both stimuli (20). However, 301 

the timing and dosage of these experiments differ from our current study (20). In that work, Ang II was used at 200 302 

ng/kg/min X 14 days; that is about 15 times less than our dosage for twice as long; and Iso was used at 15 mg/kg/day x 7 303 

days; half of our treatment. Regression was then observed at7 days after Iso treatment and at 14 days after Angiotensin II. 304 

Additionally, the authors only investigated hypertrophy and regression in male mice. Our work provides the first comparison 305 

between male and female regression from pathological hypertrophy in either of these models.  306 

In our work, hypertrophic responses were not significantly different between either agonist or sex (Figure 1B and 307 

Supplemental Figure 1A-B). However, regression showed both sex differences and agonist-specific differences (Figure 1B 308 



 

13 
 

and Supplemental Figure 1A-B). In response to Ang II withdrawal, males experienced a significant regression at P4 while 309 

female LV weights remained higher and did not regress within the experimental window of 7 days (Figure 1B and 310 

Supplemental Figure 1A-B). After withdrawal of Iso treatment, males completely regressed by 4 days, whereas it took 311 

females 7 days to completely regress (Figure 1B and Supplemental Figure 1A-B). A previous study showed that complete 312 

regression from Ang II-induced hypertrophy occurred after 7 days, but the mice were of different genetic background and 313 

the dose was lower than the one used in our study resulting in <20% of cardiac hypertrophy (20). Our work also shows 314 

significant differences in the rate of regression comparing males and females.  315 

Using RNAseq, we compared gene expression of LVs at the hypertrophy timepoint and at day 1 after removal of the trigger 316 

in Iso and Ang II males and females. The magnitude of total gene expression changes only 24 hours after stimulus removal 317 

was much higher than we expected: 3458 genes significantly regulated with very little commonality shared by all 4 groups. 318 

Only 45 differentially-expressed genes were shared by all 4 groups (Figure 2D) after removal of the hypertrophic trigger of 319 

which only 4 and 5 genes clustered in cell cycle controls and kinetochore metaphase signaling pathways, respectively 320 

(Figure 1E). Also somewhat surprisingly, more than 2000 genes were differentially expressed in females following the 321 

removal of Ang II (compared to Ang II hypertrophy) (Figure 1C-D) despite the fact that this group did not show significant 322 

regression (Figure 1B and Supplemental Figure 1A). Analyzing the entire transcriptome of each group after removal of the 323 

hypertrophic trigger, we observed that male Iso showed higher downregulation of cardiac hypertrophy and fibrosis pathways 324 

(Figure 2A), as well as the most significant downregulation of TGFβ1 (Figure 2B). While fibrosis was not previously 325 

associated with Iso-treatment in mice (38, 39), we found remarkable downregulation of numerous fibrotic genes in our male 326 

Iso group (Figure 2C). These results led us to conclude that less fibrotic gene signaling in male Iso was likely to contribute 327 

to the faster regression observed in this group compared to the others. Additionally, previous studies showed that Ang II 328 

induces significant fibrosis (34, 40, 41), which we predicted was the underlying cause of irreversible hypertrophy observed 329 

in the Ang II groups. However, collagen content increased over time during regression in all groups and was significant 7 330 

days after the removal of the trigger with the exception of female Iso. Gene expression of collagen (Col1a1) and periostin 331 

(Postn) was significantly decreased with removal of hypertrophic triggers in all groups except for female Ang II. These 332 

results showed a temporal disconnect between a fibrotic gene program and fibrosis that warrants further investigation. 333 

Recently, a study found that hypertrophy induced by Ang II was associated with increased TGFβ1, Postn, and Col1a1 gene 334 

expression in both male and female mice that resulted in increased tissue fibrosis (41). These different results could be 335 
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explained by the different experimental design as compared to our work. McLellal et al., used Ang II infusion (1.5 336 

mg/kg/day) for 14 days, while we administered Ang II (2.88mg/kg/day) for 7 days. Of note, female hearts showed 337 

significantly higher levels of collagen deposition and Col1a1 gene expression than males at baseline (Supplementary Figure 338 

5A). Although the role of biological sex on cardiac function is still understudied (42), strong evidence indicates that sex 339 

dimorphism extends from whole heart function to  myofibril mechanics (27) and exists in many if not all cardiac cell 340 

populations (43), including cardiac fibroblasts (44) that are largely responsible for collagen expression and deposition.  341 

We followed-up on the predicted TGFβ1 inhibition by assessing the activation status of both canonical and non-canonical 342 

TGFβ1 pathways (Figure 3A). In line with the RNAseq analysis showing reduced expression of genes targeted by the 343 

TGFβ1/Smad pathway, we found that the Smad2/3 signaling pathway was inactivated in male and female Iso at P1 and in 344 

male Ang II at P4. It remained significantly activated in female Ang II (Figure 3B). Non canonical TGFβ1 pathways showed 345 

different levels of (in)activation among groups. There were no significant changes in p-Akt levels during Iso or Ang II 346 

induced hypertrophy in males. Female mice showed a very minimal decreased p-Akt levels during hypertrophy, with only 347 

a significant decrease of p-Akt in response to Ang II and the removal of Ang II (Figure 3C). None of the groups showed 348 

activation of the p38 pathway but the removal of the hypertrophic trigger elicited a significant decrease in male Ang II only. 349 

Finally, there was a significant increase in p-ERK1/2 during Ang II or Iso induced hypertrophy in males (Figure 3D) and 350 

no significant changes in female mice due to Ang II or Iso. Immediately following the removal of the stimulus, all male 351 

mice, and female Iso mice, experienced significant decreases in p-ERK1/2 (Figure 3A). Activation of ERK1/2 has been 352 

observed in many pathological models (45) and inhibition of p-ERK1/2 has been shown to inhibit cardiac hypertrophy (46, 353 

47). Our work provides additional insights into the ERK pathway by demonstrating its rapid inactivation following the 354 

removal of a pathological stimulus, similarly to p-Smad2/3, in the groups that show hypertrophic regression.  355 

We hypothesized the involvement of protein degradation pathways to promote regression of cardiac hypertrophy. At 356 

baseline, proteasome activity was not different between males and females, while significantly higher autophagy was 357 

observed in female hearts as compared to males (Supplementary Figure 5C). This result is consistent with a previous report 358 

claiming 50% higher LC3II levels in females as compared to males in C57Bl/6 (although the results were unpublished in 359 

the publication) (48). In males, proteasome activity increased with Iso treatment and further increased immediately after 360 

removal of Iso (Figure 4A). In contrast, Ang II resulted in a greater increase in proteasome activity compared to Iso; 361 
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however, the activity level was significantly reduced immediately following the withdrawal of Ang II at P1. These results 362 

indicate the proteasome may have an active role in regression from Iso induced hypertrophy, but not following the removal 363 

of Ang II, in male mice. There were no notable changes in proteasome activity in female mice (Ang II or Iso) (Figure 4A). 364 

Regarding the autophagy response to pathological hypertrophy, reports vary with some showing autophagy was increased 365 

(49), while others reported autophagy was decreased during early hypertrophy (50, 51), and then increased in failing hearts 366 

(51). However, each of these studies only reported on male rodents, and because autophagy is an important target for many 367 

pharmaceutical treatments, it is important to understand how autophagy is differently regulated in males and females in 368 

response to cardiac stressors. In our study, Iso did not induce autophagy in male mice, nor did Ang II in either sex. Female 369 

Iso showed instead decreased autophagy in hypertrophy (Figure 4B). After removal of Iso, autophagy increased in both 370 

males and females at P1 compared to the Iso hypertrophic state (Figure 4B). Some reports indicate autophagy can be an 371 

indicator of health, as autophagy tends to decrease with age and poor health (52). Further, when autophagy was promoted 372 

by caloric restriction, diastolic dysfunction was delayed in an aging rodent (53) whereas when autophagy was inhibited, 373 

cardiac function and structure declined (52). This could explain the faster regression observed in male and female Iso treated 374 

mice after removal of the hypertrophic trigger as compared to Ang II groups. Male Iso showed increases of both autophagy 375 

and the proteasome activity, following stimulus removal, possibly resulting in the fastest regression rate among all groups. 376 

We posit protein degradation pathways could be a determining factor in regulating regression of cardiac hypertrophy. 377 

In conclusion, complete regression of pathological cardiac hypertrophy occurred in the Iso model in both sexes, but the rate 378 

of regression was slower in females. Incomplete regression occurred in the Ang II model in both biological sexes. These 379 

differences could be due to alterations in signaling pathways, fibrotic gene expression, or protein degradation pathways that 380 

appear to be influenced by the hypertrophic trigger and by the biological sex (Figure 5). Future studies will include probing 381 

more pathways to further understand regression, especially any sex differences that may affect how patients are treated and 382 

respond to anti-hypertensive treatments.  383 
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Figure Legends 529 

 530 

Figure 1: Pathological cardiac hypertrophy and regression depend on the hypertrophic trigger and are modulated 531 

by sex. A. Experimental set-up. Mice were treated with Vehicle control, Ang II or Iso for 7 days, administered through an 532 

osmotic pump. Pumps were removed and regression was studied at various time-points. B. LV/TL in males and females 533 

compared to vehicle control group. N=4-8/group. LV/TL Left Ventricle Weight/Tibia Length; P = Post Hypertrophy Day. 534 

Mean ± SEM. One-way ANOVA Post hoc-Uncorrected Fisher’s LSD. *p<0.05, *** p<0.0001 significance. C. Plots of gene 535 

expression measured by RNA sequencing comparing post-removal day 1 (P1) and hypertrophy in males and females treated 536 

with Ang II (above) and Iso (below). D. Venn diagram showing common differentially expressed genes among all groups. 537 

E. Biological functions identified using ingenuity pathway analysis (IPA) on the 45 genes differentially expressed genes in 538 

common to all groups.   539 

 540 

Figure 2: Fibrotic signaling involved upon removal of hypertrophic trigger. A. Heatmap showing the top canonical 541 

pathways identified by Ingenuity Pathway Analysis (IPA) that are enriched at post-removal day 1 (P1) in male and female 542 

mice treated for 7 days with Ang II or Iso. Complete list in Fig S3. TGFβ1 in Male Iso is the most significant upstream 543 

regulator predicted (p=4.99e-61) compared to any other regulator in all groups. IPA predicts the inhibition of TGFβ1 544 

regulator for Male Iso (z-score = -6.085). C. Selected differentially expressed genes regulated by TGFβ1 in male Iso at P1 545 

and normalized by hypertrophy. D. Hydroxyproline content measured in all groups. Seven 7 days of treatment with 546 

hypertrophic trigger did not induced increase of collagen deposition (Vehicle vs. Hypertrophy). Significant increase of 547 

collagen deposition was observed after removal of hypertrophic stimuli as compared to hypertrophy. Mean ± SEM. One-548 

way ANOVA Post hoc-Uncorrected Fisher’s LSD. *p<0.05, ** p<0.01, *** p<0.0001 significance N=4-8/group.  549 

 550 

Figure 3: TGFβ1 signaling. A. Scheme showing the TGFβ1 signaling pathways via SMAD, AKT, ERK, p38. B. Western 551 

blot of SMAD2/3 phosphorylation C. Western blot of Akt phosphorylation. There was little regulation of Akt in response 552 

to Ang II or Iso in males or females. Protein quantifications were normalized to Vinculin. D. Western blot of ERK1/2 was 553 

activated in male mice with Ang II or Iso, which decreased after stimulus removal. ERK1/2 was not activated in female 554 

mice with Ang II or Iso, but was decreased after the removal of Iso.  E. Western blot of p38 phosphorylation. Protein 555 

quantifications were normalized to Vinculin. Mean ± SEM. One-way ANOVA Post hoc-Uncorrected Fisher’s LSD. 556 

*p<0.05, ** p<0.01, *** p<0.0001 significance; N=4-8/group. Hypertrophy group compared to Vehicle control; P1, P4, 557 

and P7 compared to Hypertrophy.  558 

 559 

Figure 4: Protein degradation pathways. A. Measurements of proteasome. Proteasome increased in males in response to 560 

Ang II and Iso; then increased further in response to Iso removal but decreased after Ang II removal. Proteasome activity 561 

was unchanged in female mice. B. Autophagy activity did not significantly changed in male and female Ang II. Autophagy 562 

increased after the removal of Iso in male mice. In female mice, autophagy activity decreased with Iso; then increased after 563 
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Iso removal. Mean ± SEM. One-way ANOVA Post hoc-Uncorrected Fisher’s LSD. *p<0.05, ** p<0.01, *** p<0.0001 564 

significance; N=4-8/group. Hypertrophy group compared to Vehicle control; P1, P4, and P7 compared to hypertrophy.  565 

 566 

Figure 5: Summary table of significant results. Arrows indicate p<0.05. Red arrow indicates upregulation and green arrow 567 

downregulation. 568 

 569 
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