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ORIGINAL RESEARCH

Cardiac Fibroblasts Mediate a Sexually 
Dimorphic Fibrotic Response to   
β-Adrenergic Stimulation
Angela K. Peter, PhD*; Cierra J. Walker, MS*; Tova Ceccato , PhD; Christa L. Trexler, PhD;  
Christopher D. Ozeroff, BS; Kimberly R. Lugo, BA; Amy R. Perry, BS; Kristi S. Anseth , PhD;  
Leslie A. Leinwand , PhD

BACKGROUND: Biological sex is an important modifier of cardiovascular disease and women generally have better outcomes 
compared with men. However, the contribution of cardiac fibroblasts (CFs) to this sexual dimorphism is relatively unexplored.

METHODS AND RESULTS: Isoproterenol (ISO) was administered to rats as a model for chronic β-adrenergic receptor (β-AR)-
mediated cardiovascular disease. ISO-treated males had higher mortality than females and also developed fibrosis whereas 
females did not. Gonadectomy did not abrogate this sex difference. To determine the cellular contribution to this phenotype, 
CFs were studied. CFs from both sexes had increased proliferation in vivo in response to ISO, but CFs from female hearts pro-
liferated more than male cells. In addition, male CFs were significantly more activated to myofibroblasts by ISO. To investigate 
potential regulatory mechanisms for the sexually dimorphic fibrotic response, β-AR mRNA and PKA (protein kinase A) activity 
were measured. In response to ISO treatment, male CFs increased expression of β1- and β2-ARs, whereas expression of 
both receptors decreased in female CFs. Moreover, ISO-treated male CFs had higher PKA activity relative to vehicle controls, 
whereas ISO did not activate PKA in female CFs.

CONCLUSIONS: Chronic in vivo β-AR stimulation causes fibrosis in male but not female rat hearts. Male CFs are more activated 
than female CFs, consistent with elevated fibrosis in male rat hearts and may be caused by higher β-AR expression and PKA 
activation in male CFs. Taken together, our data suggest that CFs play a substantial role in mediating sex differences observed 
after cardiac injury.
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Heart failure (HF) is the clinical outcome of nu-
merous cardiovascular diseases and affects 6.2 
million individuals in the United States.1 As car-

diac output declines during HF, compensatory neu-
rohormonal mechanisms are engaged in an effort to 
maintain cardiac function.2 Among these mechanisms, 
stimulation of β-ARs by catecholamines plays a major 
role in regulating cardiovascular performance.3–5 In 
the short term, catecholamines preserve heart func-
tion, but chronic β-AR activation results in cardiac 

dysfunction including elevated apoptosis, hypertrophy, 
and fibrosis.6

There are sex differences in β-AR signaling that 
are associated with improved outcomes of women 
compared with men. Animal studies show that fe-
males have reduced contractile response to β-AR 
stimulation compared with males.7,8 Interestingly, 
this reduced response in female animals could not 
be explained by reduced expression levels of β-ARs 
in the ventricle but could be abated when females 
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were ovariectomized.7 The sex difference in cardiac 
contractility upon β-AR stimulation also transcends 
to the cellular level. Cardiomyocytes from male rats 
have enhanced contraction in response to β-AR stim-
ulation compared with female cells, likely caused by 
increased β-adrenergic cAMP signaling.9 In addition 
to affecting cardiac contractile function, chronic β-AR 
stimulation also causes myocardial fibrosis, which 
is known to be sexually dimorphic.10,11 In response 
to β-AR stimulation, hearts from male mice develop 
significant fibrosis, which does not occur in female 
mice.10 The cellular mediators of heart fibrosis, car-
diac fibroblasts (CFs), have not yet been investigated 
for sex differences in response to β-AR stimulation.

Cardiac injury, including chronic β-AR stimulation, 
results in myocardial fibrosis that decreases cardiac 

compliance and accelerates the progression of HF.4 
Fibrosis is caused by overactivation of the remodel-
ing process after injury is sustained, resulting in ac-
cumulation of fibrous connective tissue composed 
of extracellular matrix components, including col-
lagen.12 Hearts from male rats treated with a β-AR 
agonist showed elevated levels of collagen I and col-
lagen III deposition compared with control groups.13 
Resident fibroblasts are largely responsible for this 
excessive deposition of extracellular matrix compo-
nents through their activation to myofibroblasts.14 
In response to β-AR stimulation, CFs proliferate 
and activate to myofibroblasts to increase contrac-
tile forces and express high levels of collagens.15–17 
CFs respond to catecholamines through direct β-AR 
activation18 and through paracrine signals from my-
ocytes.16,19 Interestingly, once CFs activate to myo-
fibroblasts, they can promote cardiac hypertrophy 
through secretion of paracrine factors,20 suggesting 
that CFs may play a major role not only in fibrosis 
but also in cardiac hypertrophy. The specific roles of 
CFs in sexually dimorphic fibrotic and hypertrophic 
responses to β-AR stimulation remain unknown.

Cellular sexual dimorphisms, either intrinsically en-
coded via sex chromosomes21 or acquired via sex 
hormones,22,23 have been linked to numerous dis-
ease phenotypes.24,25 In general, female cells appear 
to have higher stress tolerance compared with male 
cells.26–28 Although limited, data suggest that male and 
female CFs may respond differently to injury cues.29 
Here, we investigate the cellular basis for the sexually 
dimorphic, fibrotic response to β-AR activation by ISO. 
To directly study the effect of ISO on CFs, adult male 
and female rats were treated with ISO and vehicle and 
CFs were analyzed in vivo for proliferation. We also an-
alyzed CFs isolated from ISO and vehicle-treated male 
and female hearts for myofibroblast activation and 
gene expression, including β1- and β2-ARs and for a 
major downstream signaling pathway, PKA (protein ki-
nase A) activity.

METHODS
The raw data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Animals
All animal work was approved by the Institutional 
Animal Care and Use Committee at the University of 
Colorado at Boulder (Protocol #2351) and are in ac-
cordance with the National Institutes of Health (NIH) 
guidelines. Male and Female (250–300 g) Sprague-
Dawley, CD, rats were purchased from Charles River 
Laboratory and allowed to acclimate in the Jennie 

CLINICAL PERSPECTIVE

What Is New?
•	 There are significant differences in fibrosis be-

tween male and female rats in response to adr-
energic stimulation that were not abolished by 
gonadectomy.

•	 Male and female cardiac fibroblasts make sig-
nificant contributions to sex differences in the 
response of the heart to adrenergic stimulation.

What Are the Clinical Implications?
•	 Precision medicine approaches to heart dis-

ease need to take cellular sex into consideration 
during diagnosis and treatment.

•	 Cardiac cell types other than cardiomyo-
cytes need to be considered in therapeutic 
approaches.

Nonstandard Abbreviations and Acronyms

ADRB1	 adrenergic receptor β1
ADRB2	 adrenergic receptor β2
αSMA	 αsmooth muscle actin
β-AR	 β-adrenergic receptor
CAS	 castrated
CF	 cardiac fibroblast
Col1a1	 collagen 1
EdU	 5-ethynyl-2’-deoxyuridine
ISO	 isoproterenol
OVX	 ovariectomized
PKA	 protein kinase A
TBP	 TATA binding protein
Tcf21	 transcription factor 21
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Smoly Caruthers Biotechnology Building’s vivarium 
for 1 week before surgery. Rats were fed ad libitum 
standard rodent chow and housed in a facility with 
a 12-hours light, 12-hours dark cycle. Female  ova-
riectomized (OVX) rats and male castrated (CAS) rats 
were purchased from Charles River. Both OVX and 
CAS animals underwent surgery and recovery at 
Charles River before delivery. Because there could 
be a weight match issue because of gonadectomy, 
rats were age matched to gonad-intact studies. For 
these studies, males were 9  weeks of age and fe-
males were 13 weeks of age.

β-adrenergic Stimulation In Vivo
For all studies, ISO was dissolved in 1 μM ascor-
bic acid. For chronic administration of ISO, subcu-
taneous administration was achieved by osmotic 
mini-pumps implantation. For mini-pump implanta-
tion, rats were anesthetized with isoflurane (5%) via 
spontaneous inhalation and then placed on a 37°C 
recirculated heating pad. For the remainder of the 
procedure, animals were maintained on 2% isoflu-
rane via spontaneous inhalation. All surgical proce-
dures were performed under aseptic conditions with 
sterile surgical instruments and on a sterile field. Fur 
was removed from the surgical site by shaving. The 
operating field was disinfected with Nolvasan surgi-
cal scrub and 70% ethanol twice in alternate. Rats 
received a single injection of sustained-release bu-
prenorphine (1.0  mg/kg, subcutaneous) before be-
ginning the procedure. An incision was made slightly 
caudal to the scapulae with scissors. The skin and 
the muscle layers were separated with curved hemo-
stats. ISO treatment concentration was determined 
by a titration curve in male rats for 7 days. A treat-
ment of 4 mg/kg/day was found to have the strong-
est effect on cardiac hypertrophy and heart rate 
(Figure S1). The sterile mini-pumps containing either 
ISO (4  mg/kg/day) or vehicle (1 μM ascorbic acid) 
were placed under the skin. The incision was closed 
with a surgical stapler. Animals were observed for 
any signs of distress and returned to the vivarium 
where they were observed daily for the duration of 
the experiment. Any animals showing visible signs 
of distress were removed from the study and eutha-
nized. PASS2020 software was used to determine 
group sample sizes for the Gehan-Wilcoxon 2-group 
hazard comparison test via simulation (n=10  000 
simulations). Using this method, and assuming a 
median survival time of 3 days for male rats treated 
with ISO (4 mg/kg/day) and based upon a 7-day ob-
servation period, sample sizes of 90 male rats and 
60 female rats achieved 80% power to detect a haz-
ard ratio of 0.55 at a 5% significance level using a 2-
sided Gehan-Breslow-Wilcoxon test. For mini-pump 

implantation, the experimenter was unblinded for 
surgery due to primary end point (death), but subse-
quent measurements and analyses were performed 
by a blinded individual. Animals used for the survival 
studies were also used for other analyses.

Echocardiography
Echocardiography analysis was performed as previ-
ously described. Briefly, echocardiographic images 
were taken, and measurements were made using a 
Phillips Sonos 5500 system. Anesthetized rats were 
placed on a recirculating heating pad maintained at 
37°C. Hair was removed from the chest using depila-
tory cream before the image potentiating gel applica-
tion. M-mode images were captured for each animal 
at the level of the papillary muscle (A2 view). Left ven-
tricular dimensions, including functional analysis, were 
measured using the leading edge convention.

Necropsy
Total body weight was collected for each rat just be-
fore echocardiography and euthanasia. Cardiac tis-
sue, including all major vessels, was removed in fully 
anesthetized rat. Connective tissue was removed, the 
heart was cannulated through the aorta with sterile sa-
line, and the cleared heart was blotted. The total heart 
was weighed, the atria were removed and weighed, 
the right ventricle was separated from the entire left 
ventricle, and both ventricles were weighed separately. 
The tibia was isolated from each rat and measured in 
order to normalize tissue weights.

Histological Quantification of Collagen 
Content.
Whole heart tissue embedded in O.C.T. Compound 
(Sakura Finetek USA, Inc., Torrance, CA) and im-
mediately frozen in liquid nitrogen immediately after 
necropsy. Tissue was stored at -80°C until used and 
transferred to −20°C an hour before sectioning. For 
histological analysis, midline sections were cut using 
a Leica CM1850 cryostat (Leica Biosystems Inc., 
Buffalo Grove, IL). Three sections from each tissue 
section were placed on the plus side of a Fisherbrand 
ColorFrost Plus Microscope Slide (Fisher Scientific, 
Pittsburgh, PA). Frozen slides were then sent to Premier 
Laboratories (Longmont, CO) to be stained with 
Picrosirus red. Images were captured using a Nikon 
Te-2000 Widefield Microscope with a 4x objective. The 
entire cross-sectioned heart image was generated via 
image stitching. For all the samples the green chan-
nel was used for automated analysis of % fibrotic area 
using a custom MATLAB script (Data S1). Briefly, the 
total area of each heart cross-section was determined 
using the Image Processing Toolbox. The fibrotic area 
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was determined by identifying and summing the pixel 
area in which the intensity was above 95% of the total 
intensity distribution. The % fibrotic area was calculated 
by dividing the measured fibrotic area by the total area.

Hydroxyproline Measurements for 
Collagen Content
Hydroxyproline content in the left ventricle of vehicle 
and ISO-treated rats was determined by a colormetric 
Hydroxyproline Assay Kit (Sigma MAK008) according 
to the manufacturer’s instruction.

Rheology
The shear elastic moduli of rat left ventricles were 
measured using a rheometer (ARES; TA Instruments, 
New Castle, DE). Hearts were excised from ISO or 
vehicle-treated animals, whereby an 8  mm punch 
was used to remove a disk-like portion of the tissue 
that was approximately 1 mm thick. The left ventricle 
tissue was characterized within 2  hours of isolation. 
Tissue was trimmed to yield a sample with a thick-
ness of <1 mm. The shear elastic modulus (G’) of the 
left ventricle tissue was measured using parallel plates 
modified with sandpaper to prevent tissue slippage.

In Vivo 5-ethynyl-2’-deoxyuridine Labeling 
of Proliferating Cells
5-ethynyl-2’-deoxyuridine (EdU) labeling is a common, 
proven, and effective protocol for labeling proliferating 
cells in vivo.30 In vivo EdU labeling in rats is performed 
through intraperitoneal injection of 50 µg/g in PBS. Rats 
were weighed before EdU injection to determine to ap-
propriate dose. EdU injection was performed 24  hours 
before sacking animals. Vehicle animals were injected with 
PBS with dimethyl sulfoxide. After sacking, the apex of left 
ventricle was removed and placed in O.C.T. and frozen in 
liquid nitrogen until sectioning was performed. Tissue was 
cryosectioned with 10 µm thick sections. Sections were 
stained for total nuclei using 4′,6-diamidino-2-phenylindole 
(Life Technologies D1306, Carlsbad, CA) and cells in the 
S-phase were stained for EdU (Thermo Fisher Scientific 
C10337, Waltham, MA). Sections were imaged on a Nikon 
spinning disc confocal microscope. The total number of 
EdU positive and vimentin positive nuclei per image (re-
gion of interest) were counted using ImageJ. At least 8 im-
ages were quantified per rat. EdU+/vimentin+ nuclei were 
determined manually by identifying nuclei that overlapped 
in both EdU and vimentin channels.

Adult Rat Ventricular Fibroblast (CF) 
Isolation
Rats were injected with Fatal Plus and the heart 
removed, the left ventricle was isolated, and the 

remainder of the heart discarded. The left ventricle 
was then washed with DMEM/F12 (#1103907, Thermo 
Fisher Scientific) with Pen/Strep (#15070063, Thermo 
Fisher Scientific) and Fungizone (#15290-018, Gibco, 
Gaithersburg, MD) and minced in 1  mg/mL colla-
genase type II (#LS004177, Worthington Biochemical, 
Lakewood, NJ) dissolved in Earle’s Balanced Salt 
Solution (Sigma-Aldrich E2888-6X500ML, St. Louis, 
MO) on a rocker in the 37 degree 5% CO2 incuba-
tor for 90 min. This solution was passed through a 
100  µm filter to remove large pieces of tissue and 
the flow through was centrifuged at 600 xg for 5 min. 
The supernatant was aspirated, and the pellet was 
resuspended in red blood cell lysis buffer (4.15  g 
NH4Cl, 0.5 g KHCO3, 0.018 g Na2EDTA, in 500 mL 
pH to 7.2) for 5 min on ice and centrifuged again 
for 600 xg for 5  min. The cell pellet was collected 
and resuspended in growth media (DMEM/F12 with 
10% FBS (Thermo Fisher Scientific 16000069), Pen/
Strep, Fungizone, and 1 mM L-Ascorbic acid (Sigma-
Aldrich A4403-100MG) and plated for 3 hours on tis-
sue culture polystyrene. After 3 hours, nonadherent 
cells were removed by washing the plate 2 times with 
warm PBS before adding growth media. CFs were 
grown on tissue culture polystyrene 24 hours be-
fore trypsinizing and plating for imaging or lysing for 
RNA extraction. Cells tested negative for endothelial 
marker vascular endothelial-cadherin and positive for 
vimentin.

CF Culturing Procedure With α Smooth 
Muscle Actin Staining
CFs were trypsinized from tissue culture polystyrene 
and counted using a coulter counter. Cells from each 
rat were counted and seeded onto gelatin coated 
coverslips at a density of 10,000 cells/cm2. CFs were 
cultured on coverslips 24  hours before fixing with 
4% PFA in PBS for 30 minutes. Cells were permea-
bilized with 0.1% TritonX100 for 1 hour and blocked 
with 5% BSA in PBS for 1  hour. Cells were incu-
bated with primary antibodies alpha smooth mus-
cle actin (αSMA) (AbCam ab7817, Cambridge, UK) 
and vimentin (Thermo Fisher Scientific PA1-10003) 
overnight at 4  C. The next day, cells were washed 
with PBS and stained with secondary antibody Goat 
anti Mouse Alexa 488 (AbCam ab150117) 1:500, 
Goat anti Chicken Alexa 546 (AbCam A-11040), and 
4′,6-diamidino-2-phenylindole (Life Technologies 
D1306) 1:500. Immunostained samples were imaged 
with high content confocal microscope using 20x ob-
jective (Operetta, PerkinElmer). Myofibroblasts were 
defined as cells with αSMA staining organized into 
stress fibers, and the percentage of myofibroblasts 
was calculated based on (the number of myofibro-
blasts/total number of cells) × 100%. Quantification 
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of cell area was performed using Harmony Software 
(PerkinElmer) using vimentin as the cell border 
indicator.

CF Gene Expression Quantification
Freshly isolated CFs were cultured 24  hours follow-
ing the isolation, plated CFs were washed with PBS 
and Trizol reagent was added directly to the plate. 
The RNA extraction was performed using a phenol 
chloroform extraction and RNA was quantified using 
the Nanodrop. The cDNA was synthesized using 
the Biorad cDNA iScript™ Reverse Transcription 
Supermix (1708841) with combined oligo(dT) and ran-
dom primers. Reverse transcriptase–quantitative pol-
ymerase chain reaction was performed using Biorad 
Sybergreen Supermix (1708884). Values were quanti-
fied using the ΔΔ Cq method and normalized to TBP 
(TATA binding protein) or GAPDH. Primers are listed 
in Table 1.

CF PKA Activity
CFs from ISO or vehicle-treated animals were isolated 
as described. After 24 hours postisolation and culture, 
cells were trypsinized and resuspended in 100 µL of 
lysis buffer. A micro BCA assay (Thermo Fisher 23235) 
was used to quantify protein concentrations in the 
lysed samples. PKA activity was determined using 
assay kit (Abcam ab139435). Relative PKA activity was 
calculated by normalizing PKA activity to total protein 
concentration.

Statistical Analysis
GraphPad Prism 7.0 was used to perform all sta-
tistical analysis. Unless otherwise stated, all data 
are represented as standard error from the mean 
(±SEM). Statistical analysis was performed using 
2-tailed Student’s t test, 1-way, or 2-way ANOVA with 
Bonferroni correction post hoc where appropriate. A P 
value ≤0.05 was considered to be statistically signifi-
cant. After primary analysis, if outliers were obvious, a 

Table.  Primers for RT-qPCR

Primer/Gene Name Sequence

TBP Forward tgcacaggagccaagagtgaa

TBP Reverse cacatcacagctccccacca

GAPDH Forward aggtcggtgtgaacggatttg

GAPDH Reverse tgtagaccatgtagttgaggtca

ACTA2 Forward gatcaccatcgggaatgaacgc

ACTA2 Reverse ctgttataggtggtttcgtggatgc

POSTN Forward tcgtggaaccaaaaattaaagtc

POSTN Reverse cttcgtcattgcaggtcct

TCF21 Forward cattcacccagtcaacctg

TCF21 Reverse ccacttcctttaggtcactctca

COL1A1 Forward cagtcgattcacctacagcacg

COL1A1 Reverse gggatggagggagtttacacg

ADRB1 Forward ctacaacgaccccaagtgct

ADRB1 Reverse acgtagaaggagacgacgga

ADRB2 Forward ccttggcgtgtgctgatcta

ADRB2 Reverse gtccagaactcgcaccagaa

ACTA2 indicates actin alpha 2; ADRB1, adrenergic receptor β1; ADRB2, 
adrenergic receptor β2; COL1A1, collagen 1; POSTN, periostin; RT-qPCR, 
reverse transcriptase–polymerase chain reaction; TBP, TATA binding protein; 
and TCF21 transcription factor 21.

Figure 1.  Male rats increased cardiac hypertrophy and 
fibrosis in response to ISO treatment compared with female 
rats.
(A) Illustration of experimental design testing ISO treatment on 
male and female rats. (B) Cardiac hypertrophy measured by left 
ventricle weight to tibia length (LV/TL). Male vehicle n=4, Male ISO 
n=5, Female vehicle n=6, Female ISO n=8. (C) Representative 
images of picrosirius red staining of hearts from male and female 
rats treated with vehicle or ISO for 7 days. Scale bar = 4 mm. (D) 
Quantification of picrosirius red staining at 7 days. Male vehicle 
n=3, Male ISO n=8, Female vehicle n=8, Female ISO n=6. (E) 
Hydroxyproline biochemical assay on male and female rat hearts 
treated with vehicle or ISO for 7 days. Male vehicle n=11, Male 
ISO n=8, Female vehicle n=6, Female ISO n=9. (F) Shear elastic 
modulus of left ventricle from male and female rat hearts treated 
with vehicle or ISO for 7 days. Male vehicle n=6, Male ISO n=8, 
Female vehicle n=8, Female ISO n=7. Two-way ANOVA with 
Bonferroni post hoc applied. *P<0.05, **P<0.01, ***P<0.001. All 
data reported as ±SEM. ISO indicates isoproterenol; and KPa, 
kilopascal.
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robust regression and outlier removal outlier test was 
performed and then statistical outliers were removed.

RESULTS
Male Rats Have More Cardiac 
Hypertrophy, Fibrosis, and Mortality in 
Response to ISO Treatment
To induce chronic β-adrenergic signaling in adult male 
and female rats, the β-AR agonist, ISO, was delivered 
for 7 days at 4 mg/kg/day (Figure 1A). ISO treatment 
caused cardiac hypertrophy in both male (~42%) and 
female (~28%) rats (Figure 1B); however, ISO-treated 
male rat hearts were significantly more hypertrophic 
than ISO-treated female rat hearts. Over the course 
of 7 days of vehicle or ISO treatment, the survival of 
male rats was significantly lower compared with ISO-
treated female rats, but ISO caused significant mortal-
ity in both sexes (Figure S2). Using echocardiography, 
the hearts of vehicle and ISO-treated rats were evalu-
ated for functional output after 7 days. ISO treatment 
caused increased fractional shortening and heart rate 
in both male (P = 0.000179, P = 0.000147) and female 
(P = 0.0000343, P = 0.0013) rats compared with vehi-
cle treatment (Table S1).

 To investigate sex differences in the fibrotic re-
sponse to ISO treatment, hearts from male and female 
rats were treated with vehicle or ISO for 7 days and 
evaluated for collagen deposition using picrosirius 
red staining and hydroxyproline assays. ISO-treated 
male rat hearts had significantly more picrosirius red 
staining compared with vehicle-treated male rats, 
whereas staining of ISO-treated female rats was not 
different from vehicle-treated females (Figure 1C and 

1D). Hydroxyproline assays revealed similar findings 
as picrosirius red staining in that ISO-treated male 
rat hearts revealed significantly more collagen com-
pared with vehicle-treated male rat hearts (Figure 1E). 
Conversely, the collagen content of ISO-treated female 
rat hearts was not significantly different from vehicle-
treated female rat hearts. Taken together, these data 
show that ISO treatment causes a significant fibrotic 
response only in male rat hearts.

Increased collagen content can lead to increased 
tissue stiffness,31 so the shear elastic modulus of left 
ventricular tissue was measured to evaluate whether 
ISO treatment had an effect on tissue stiffness in 
male and female hearts. Left ventricles were isolated 
from animals treated with ISO or vehicle for 7 days 
and the shear elastic modulus was measured using 
rheology (Figure 1F). At baseline, male left ventricles 
were stiffer than female left ventricles, which could 
potentially affect the development of cardiovascular 
disease. However, for both male and female tissues, 
there were no significant differences in the stiffness 
between vehicle and ISO-treated samples, which 
may indicate that the collagen deposited in response 
to ISO treatment has not been crosslinked into the 
tissue by 7 days to cause an increase in bulk tissue 
stiffness.

Gonadectomy Does Not Ameliorate Sex 
Differences in the Fibrotic Response to 
ISO
To investigate the role of sex hormones in the sexu-
ally dimorphic response to ISO, rats were gona-
dectomized and treated with vehicle or ISO for 7 
days (Figure 2A). ISO treatment caused significant 

Figure 2.  ISO-induced fibrosis is independent of sex hormones.
(A) Illustration of experimental design testing ISO treatment on CAS and OVX rats. (B) Cardiac hypertrophy 
measured by left ventricle weight to tibia length (LV/TL). CAS male vehicle n=8. CAS male ISO n=9. 
OVX female vehicle n=7. OVX female ISO n=7. (C) Hydroxyproline biochemical assay on CAS male and 
OVX female rat hearts treated with vehicle or ISO for 7 days. CAS male vehicle n=6. CAS male ISO 
n=6. OVX female vehicle n=6. OVX female ISO n=6. Two-way ANOVA with Bonferroni post hoc applied. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. All data reported as ±SEM. CAS indicates castrated; ISO, 
isoproterenol; and OVX, ovariectomized.
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cardiac hypertrophy in both CAS male and OVX 
females (Figure 2B). Castration did not affect sur-
vival in ISO-treated males, but ovariectomy in ISO-
treated females reduced survival compared with 
gonadally intact animals (Figure S3A,B). ISO treat-
ment caused an increase in heart rate in OVX fe-
males (P  =  0.0054) and an increase in fractional 
shortening in CAS males (P  =  0.000454) (Table 
S2). Similar to gonadally intact animals, ISO treat-
ment caused an increase in collagen content only 
in CAS males but not in OVX females (Figure 2C). 
These results suggest that sex hormones alone do 
not control the fibrotic response to ISO treatment. 
Further, the decreased survival of OVX females 
suggests a protective effect of estrogen, consist-
ent with earlier studies.32,33

Female CFs are More Proliferative than 
Male CFs in Response to ISO Treatment
The primary cells responsible for the fibrotic re-
sponse to cardiac injury are CFs, and their prolifer-
ation in the heart contributes to the repair process 
because an increased population of fibroblasts 
may lead to increases in collagen deposition. To 
examine changes in proliferation in the heart in re-
sponse to ISO treatment, proliferating CFs were la-
beled with EdU by intraperitoneal injection 24 hours 
before euthanizing the animals and then counter-
staining for vimentin. Proliferation was examined at 
2 time points, days 3 and 7, to determine whether 
ISO treatment caused an early, acute (3 day) or late 
(7 day) response in CFs (Figure 3A). In both sexes, 
ISO treatment led to increased proliferation after 
3 days; however, females showed higher prolifera-
tion rates compared with males (Figure 3B). By 7 
days, proliferation rates were decreased in both 
sexes with ISO treatment but remained higher in 
ISO-treated animals compared with vehicle-treated 
animals, regardless of sex (Figure 3C). These re-
sults point to a short, proliferative phase after ISO 
treatment that is sexually dimorphic in which fe-
male CFs are more proliferative compared with 
male CFs.

Male CFs Are More Activated to 
Myofibroblasts at Baseline and Activate 
Early in Response to ISO Treatment But 
Deactivate Later
The fibrotic response is associated with CF prolifera-
tion but also with myofibroblast activation and the sub-
sequent activation of profibrotic signaling. Because 
ISO induces CF proliferation at both early and late time 
points, we isolated CFs at both 3 and 7 days after ve-
hicle or ISO treatment and evaluated myofibroblast 

activation (Figure 4A). Isolated CFs were cultured for 2 
days in vitro and then stained for αSMA, a commonly 
used myofibroblast marker. Because activated myofi-
broblasts are larger than quiescent fibroblasts,34 cell 
area was also measured. Interestingly, vehicle-treated 

Figure 3.  Female CFs are more proliferative than male CFs 
in response to ISO treatment.
(A) Illustration of experimental design testing ISO treatment on 
CF proliferation in male and female rats during the early (3 day) 
or late (7 day) response. (B) Proliferation of CFs after 3 days of 
ISO treatment measured by EdU staining. Representative images 
and quantification. White arrows indicate cells shown in insets. 
DAPI = blue, EdU positive cells = Green, vimentin = pink. Large 
image scale bar = 100 µm, inset scale bar = 10 µm. Male vehicle 
n=7, Male ISO n=9, Female vehicle n=8, Female ISO n=7. Two-
way ANOVA with Bonferroni post hoc applied. (C) Proliferation 
of CFs after 7 days of ISO treatment measured by EdU staining. 
Representative images and quantification. White arrows indicate 
cells shown in insets. DAPI = blue, EdU positive cells = Green, 
vimentin = pink. Large image scale bar = 100  µm, inset scale 
bar = 10 µm. Male vehicle n=6, Male ISO n=6, Female vehicle 
n=8, Female ISO n=7. Two-way ANOVA with Bonferroni post 
hoc applied. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. All 
data reported as ±SEM. CF indicates cardiac fibroblasts; DAPI, 
4′,6-diamidino-2-phenylindole; EdU, 5-ethynyl-2’-deoxyuridine; 
ISO, isoproterenol; and ROI, region of interest.
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male CFs were more activated than female CFs, as as-
sessed by αSMA and cell area (Figure 4B). After 3 days 
of ISO treatment, both male and female CFs expressed 
more αSMA fibers compared with vehicle controls; 
similarly, both male and female CFs from ISO-treated 
animals were larger than CFs from vehicle-treated 
animals.

By 7 days, only ISO-treated female CFs were larger 
and expressed more αSMA fibers compared with 

vehicle-treated female CFs, whereas male vehicle-
treated and ISO-treated CFs were not significantly dif-
ferent (Figure 4C). These data indicate that male CFs 
maintain higher levels of myofibroblast activation, even 
without ISO stimulation in vivo. Moreover, male CFs 
activate to myofibroblasts early, but then deactivate 
over 7 days of ISO treatment. Conversely, female CFs 
activate to myofibroblasts early and late with ISO stim-
ulation in vivo.

Figure 4.  Male CFs are larger and express more αSMA than females at baseline and with ISO 
treatment.
(A) Illustration of experimental design testing ISO treatment on CF activation in male and female rats 
during the early (3 day) or late (7 day) response. (B) Myofibroblast activation and cell size of CFs after 3 
days of ISO treatment measured by αSMA immunostaining. Representative images and quantification. 
DAPI = blue, αSMA = Green. Scale bar = 100 µm. Male vehicle n=6, Male ISO n=6, Female vehicle n=6, 
Female ISO n=10. Two-ANOVA with Bonferroni post hoc applied. (C) Myofibroblast activation and cell size 
of CFs after 7 days of ISO treatment measured by αSMA immunostaining. Representative images and 
quantification. DAPI = blue, αSMA = Green. Scale bar = 100 µm. Male vehicle n=6, Male ISO n=8, Female 
vehicle n=6, Female ISO n=8. Two-way ANOVA with Bonferroni post hoc applied. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. All data reported as ±SEM. αSMA indicates α smooth muscle actin; CF, cardiac 
fibroblasts; DAPI, 4′,6-diamidino-2-phenylindole; and ISO, isoproterenol.
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Male CFs Express Higher Levels of 
Profibrotic Markers Than Female CFs in 
Response to ISO Treatment In Vivo

Next, the profibrotic response of CFs from vehicle and 
ISO-treated rats was measured by gene expression of 
αSMA, Col1a1 (collagen 1), Postn (periostin), and Tcf21 
(transcription factor 21). In CFs isolated from vehicle-
treated animals, sex differences in expression of Col1a1 
and Tcf21 were observed with males expressing higher 
levels of Col1a1 and females expressing higher levels 
of Tcf21 (Figure 5A). This result suggests that male CFs 
may have higher levels of myofibroblast activation than 
females at baseline, because Col1a1 is a marker of 
myofibroblast activation and Tcf21 is a marker of qui-
escent or unactivated fibroblasts. After 3 days of ISO 
treatment, both sexes increased expression of Postn 
(a marker of activated myofibroblasts) and decreased 

expression of Tcf21 compared with vehicle-treated 
samples (Figure S4A). However, only male CFs upregu-
lated αSMA expression in response to ISO treatment 
compared with vehicle. Next, the ISO-treated samples 
were normalized to vehicle-treated controls to evaluate 
sex differences in response to ISO (Figure 5B). Male 
CFs expressed significantly more αSMA and Col1a1 
and less Tcf21 in response to 3 days of ISO treatment 
compared with female CFs.

Although these changes in gene expression of 
fibrotic markers were observed with 3 days of ISO 
treatment, by 7 days of treatment, the differences be-
tween the vehicle and ISO-treated rats were damp-
ened in both sexes (Figure S4B). After 7 days, only 
male CFs had an increase in expression of αSMA 
and a decrease in expression of Tcf21 with ISO treat-
ment compared with vehicle-treated CFs. There were 
no significant differences at 7 days between female 

Figure 5.  ISO causes myofibroblast activation in both male and female CFs but more dramatic 
response in males.
(A) mRNA expression levels of myofibroblast and fibroblast genes in male and female CFs from vehicle-
treated rats. αSMA, Col1a1, and Postn, and Tcf21 gene expression (normalized to TBP) was measured 
by RT-qPCR. Male n=6, Female n=6. Unpaired student’s t-test applied. (B) mRNA expression levels of 
myofibroblast and fibroblast genes in male and female CFs from 3-day ISO-treated rats. αSMA, Col1a1, 
and Postn, and Tcf21 gene expression (normalized to TBP) was measured by RT-qPCR. Values were 
normalized to vehicle-treated samples. ISO Male n=6, ISO Female n=10. Unpaired Student’s t test 
applied. (C) mRNA expression levels of myofibroblast and fibroblast genes in male and female CFs from 
7-day ISO-treated rats. αSMA, Col1a1, and Postn, and Tcf21 gene expression (normalized to TBP) was 
measured by RT-qPCR. Values were normalized to vehicle-treated samples. ISO Male n=8, ISO Female 
n=7 (expect Col1a1 n=5). Unpaired Student’s t test applied. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. All 
data reported as ±SEM. αSMA indicates α smooth muscle actin; CF, cardiac fibroblasts; Col1a1, collagen 
1; ISO, isoproterenol; Postn, periostin; RT-qPCR, reverse transcriptase–polymerase chain reaction; TBP, 
TATA binding protein; and Tcf21 transcription factor 21.
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ISO-treated and vehicle-treated samples. Moreover, 
in response to 7 days of ISO treatment, male CFs 
expressed significantly more Postn compared with 
female CFs (Figure 5C).

Taken together, these data show that there is an 
acute, early phase of myofibroblast activation in re-
sponse to ISO that occurs within 3 days and is dimin-
ished by 7 days. In the early phase, CFs from male 
ISO hearts express increased levels of αSMA and 
Col1a and decreased levels of Tcf21 compared with 
CFs from female ISO hearts, indicating higher myofi-
broblast activation of male CFs. These data correlate 
with αSMA staining, where male CFs are more acti-
vated than female CFs. Interestingly, CFs from hearts 
of female ISO treated animals show higher proliferation 
rates, whereas the CFs from male ISO treated animals 
show higher expression of myofibroblast markers.

CFs Regulate β-AR mRNAs and Activate 
PKA in Response to ISO Treatment
ISO-mediated cardiac fibrosis is linked to increased 
β-AR signaling in CFs,20,35 so we hypothesized that 
the sexually dimorphic CF response to ISO was regu-
lated by the β-AR expression profile. To determine 
if the prominent fibrotic response in male CFs was 
caused by increased β-AR signaling, gene expres-
sion of the adrenergic receptor β1 (ADRB1) and 
adrenergic receptor β2 (ADRB2) was measured. 
While radioligand binding assays are a more direct 
measure of receptor functionality, gene expression 
has been shown to correlate with binding and down-
stream β-AR signaling.36–38 At baseline, sex differ-
ences in expression of ADRB1 and ADRB2 were 
observed, with male CFs expressing higher levels of 
both ADRB1 and ADRB2 compared with female CFs 
(Figure 6A). This result suggested to us that males 
may be more responsive to ISO treatment than fe-
males, and we found that after 3 days of ISO treat-
ment, male CFs expressed significantly more ADRB1 
and ADRB2 than female CFs (Figure 6B). Moreover, 
only in male CFs was ADRB2 expression upregu-
lated with ISO treatment compared with vehicle, 
whereas female CFs downregulated expression with 
ISO treatment compared with vehicle. Similarly, with 
7 days of ISO treatment, male CFs from ISO-treated 
rats expressed more ADRB1 and ADRB2 than fe-
male CFs (Figure 6C). Male CFs from ISO-treated rats 
also downregulated ADRB1 compared with vehicle-
treated CFs, whereas females did not. Collectively, 
these results highlight the role of sex in the regulation 
of β-AR signaling in response to stimulation in CFs.
β-AR signaling results in activation of PKA in cardiac 
myofibroblasts and plays a substantial role in ISO-
induced cardiac hypertrophy.20 To determine if PKA 
activity is sexually dimorphic in CFs in response to 

ISO treatment, PKA activity was measured in isolated 
CFs from ISO- or vehicle-treated rats. ISO-treated 
male CFs had significantly higher PKA activity com-
pared with vehicle-treated male CFs (Figure 6D). 
Conversely, PKA activity in female ISO- and vehicle-
treated CFs was not significantly different. These 
results suggest that the elevated profibrotic genetic 
programming observed in male CFs could be a result 
of elevated PKA activity.

DISCUSSION
Cardiovascular disease is the largest cause of mor-
tality worldwide and biological sex is an important 
risk factor.39,40 Many cardiovascular diseases involve 
elevated β-adrenergic signaling by catecholamines 
that lead to HF and are associated with pathological 
cardiac hypertrophy and myocardial fibrosis, but the 
influence of sex is not well understood and is un-
derstudied.41,42 Here, we investigated sex differences 
in the fibrotic response of rats upon ISO treatment 
(Figure 7). We found that male rats experienced in-
creased cardiac hypertrophy, fibrosis, and death in 
response to ISO treatment compared with female 
animals. In addition, when the response of CFs, the 
primary cellular mediators of fibrosis, was meas-
ured, we found that male CFs were less proliferative 
but more activated than their female counterparts. 
A recent report suggested that in response to ISO 
treatment, CFs may secrete factors that promote 
cardiac myocyte hypertrophy by activation of PKA.20 
Interestingly, our data suggest that differential ex-
pression and regulation of β-ARs and activation of 
PKA in male and female CFs might be responsible 
for this sexually dimorphic fibrotic response. These 
results point to the fact that CFs modulate their re-
sponse to ISO differently in males and females, and 
this may contribute to the higher survival in younger 
women with cardiovascular disease compared with 
men.

Sex differences in β-adrenergic responsiveness 
in the heart have been associated with cardio-
protection in females. For example, cardiomyo-
cytes respond in a sexually dimorphic manner in 
response to ISO treatment. Cardiomyocytes from 
male hearts show enhanced contractile respon-
siveness to β-adrenergic stimulation compared with 
female hearts,9,43,44 which can lead to maladaptive 
cardiac hypertrophy. Besides hypertrophy, treatment 
with ISO also causes interstitial fibrosis. Interestingly, 
women show less inflammation, fibrosis, and apop-
tosis in HF compared with men.45 Similarly, results 
herein show that ISO treatment causes less fibrosis 
in female rats compared with male rats, suggesting 
rats recapitulate some of the findings in humans. 
Others have observed a similar response in mice, 
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Figure 6.  Male CFs express more adrenergic receptor β1 and β2 at baseline and with ISO treatment than 
females.
(A) mRNA expression levels of adrenergic receptor β1 (ADRB1) and adrenergic receptor β2 (ADRB2) in male and 
female CFs from vehicle-treated rats. ADRB1 and ADRB2 gene expression (normalized to GAPDH) was measured 
by RT-qPCR. Male n=12, Female n=10. Unpaired Student’s t test applied. (B & C) mRNA expression levels of ADRB1 
and ADRB2 in male and female CFs from vehicle and ISO-treated rats at early (B) or late (C) time points. ADRB1 and 
ADRB2 gene expression (normalized to GAPDH) was measured by RT-qPCR. ADRB1 Early: Male vehicle n=6, Male 
ISO n=6, Female vehicle n=6, Female ISO n=9. Two statistical outliers were detected but were not removed as this 
did not affect statistical significance. ADRB2 Early: Male vehicle n=6, Male ISO n=6, Female vehicle n=6, Female 
ISO n=9. ADRB1 Late: Male vehicle n=6, Male ISO n=7, Female vehicle n=4, Female ISO n=7. A statistical outlier 
was removed in the ADRB1 late data set because it was far outside of expected values and we suspect due to error 
(Male ISO: 3.326). If the outlier is not removed, the results indicate that male ISO and male vehicle are significantly 
different. ADRB2 Late: Male vehicle n=6, Male ISO n=8, Female vehicle n=4, Female ISO n=7. Two-way ANOVA 
with Bonferroni post hoc applied. (D) PKA activity in CFs from vehicle or ISO-treated male and female rats after 3 
days of treatment. Male vehicle n=6, Male ISO n=6, Female vehicle n=4, Female ISO n=10. Two-way ANOVA with 
Bonferroni post hoc applied. **P<0.01, ****P<0.0001. All data reported as ± SEM. CF indicates cardiac fibroblasts; 
ISO, isoproterenol; PKA, protein kinase A; and RT-qPCR, reverse transcriptase–polymerase chain reaction.
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where males, but not females, develop significant 
fibrosis in response to ISO treatment.10 It remains un-
clear why this sexually dimorphic fibrotic response to 
β-adrenergic stimulation exists, and whether it may 
be a result of differential response by CFs. Excessive 
β-adrenergic stimulation in the heart has been linked 
to increased CF proliferation and collagen synthe-
sis;18,46,47 however, this current study is the first to 
investigate sex as a modifier of these phenotypes.

Sex hormones, in particular estrogen, have been 
investigated as a potential mediator of sexually dimor-
phic responses to cardiac injury. Reports show that 
premenopausal women have a lower cardiovascular 
risk compared with age-matched men, whereas post-
menopausal women do not retain this protection.48 
Moreover, cardiac pathologies are exacerbated in OVX 
animals in experimental studies. For instance, infarct 
size is significantly larger during ischemic insult in OVX 
animals compared with either sham or OVX animals 
treated with estrogen.49 The data presented here show 
that removal of sex hormone signaling via gonadec-
tomy eliminated the sex differences in survival in re-
sponse to ISO treatment, suggesting that estrogen 
likely plays a protective role in the survival of animals 
with ISO treatment. However, removal of testosterone 
did not improve survival of the males. Interestingly, our 
data show that gonadectomy does not ameliorate the 
differences in the fibrotic response in male and female 
hearts to ISO, which may indicate that the sexually 
dimorphic fibrotic response does not depend on es-
trogen or androgen signaling. Although estrogen treat-
ment has been shown to influence CF proliferation,50 

collagen expression,51 and matrix metalloprotease 
expression,52 estrogen does not appear to affect my-
ofibroblast activation.52 Taken together, these data 
suggest that although sex hormones play a role in the 
immediate survival response to β-adrenergic stimula-
tion, they do not appear to influence the resulting fi-
brotic response. These findings may explain, in part, 
why even after menopause, women still retain pro-
tection to developing cardiac fibrosis compared with 
men.53,54 Interestingly, sex differences in cellular phe-
notypes may reflect intrinsic differences between male 
and female cells driven by chromosomes.21 For exam-
ple, proteomic analysis of endothelial cells revealed 
enrichment of X-chromosome encoded proteins in 
female cells compared with male cells after wound-
ing, which suggests that cellular sexual dimorphisms 
could be a result of expression of genes that escape 
X-chromosome inactivation.55 Perhaps the sex differ-
ences in CF response to ISO are driven by X- or Y-
linked genes.

CFs promote wound healing after cardiac injury 
(eg, as caused by chronic β-adrenergic stimulation) by 
proliferating and activating to a myofibroblast pheno-
type.56 It is becoming increasingly evident that these 2 
common outputs, activation and proliferation, are not 
always interconnected responses that contribute to fi-
brosis. For instance, a recent study analyzed CFs from 
several genetic mouse lines treated with ISO and found 
that each mouse line demonstrated varying levels of 
fibrosis, and when CFs were isolated, they demon-
strated different levels of myofibroblast activation.15 
Interestingly, these CFs isolated from ISO-treated mice 

Figure 7.  Summary of study results and implications.
Here, ISO was used as a mimic for chronic stimulation of β-adrenergic receptors (β-ARs) in male and female rats. Results indicate 
a cellular sexually dimorphic response of cardiac fibroblasts to ISO. Male cardiac fibroblasts express more β-ARs than females, 
leading to increased activation of PKA, and positively correlates with increased myofibroblast activation. We posit that increased 
myofibroblast activation of male cardiac fibroblasts from ISO treatment leads to increased collagen deposition and fibrosis in male 
hearts, while females are protected. Cardiac fibrosis negatively correlates with survival in patients with cardiovascular disease. ISO 
indicates isoproterenol; and PKA, protein kinase A.
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all showed similar levels of proliferation regardless of 
the genetic background. This finding suggests that 
myofibroblast activation, rather than proliferation, cor-
relates with the severity of cardiac fibrosis whereas 
proliferation may be less correlated. Indeed, we show 
that male rats treated with ISO display increased 
markers of myofibroblast activation that correlates 
with increased cardiac fibrosis, whereas conversely, 
ISO-treated females showed increased levels of pro-
liferation but no cardiac fibrosis. This sex difference in 
the CF activation versus proliferation response could 
be potentiating the differences in cardiac fibrosis and 
perhaps indicates differential intracellular signaling be-
tween the sexes. Further investigations are needed to 
decipher the interconnection between fibrosis severity, 
myofibroblast activation, and proliferation.

β-ARs mediate the response to ISO in the heart. 
Although the mammalian heart generally expresses 
predominantly β1-AR (75%–85%), a substantial amount 
of β2-AR is detected as well.57 CFs, on the other hand, 
express mostly β2-AR.58 In vitro stimulation of these re-
ceptors by agonists promotes fibroblast proliferation,18,59 
collagen synthesis,16 and autophagy.46 Although reports 
are controversial, β2-AR appears to be the functional 
receptor controlling the agonist-induced fibroblast re-
sponse.17,46,60,61 Here, we demonstrate that male CFs 
express more ADRB2 than females, which suggests 
that male CFs are more sensitive to ISO treatment than 
females. Of note, sex differences have been observed in 
β-AR expression and function in male and female blood 
vessels.62 Sex differences in drug metabolism often 
lead to different drug efficacy in men and women,63 
which implies that higher doses of ISO could be used 
to achieve the same levels of hypertrophy and fibrosis 
in females as compared with males. In designing these 
experiments, we were very reluctant to give different 
doses to male and female rats. We made the decision to 
use the maximum level in males and females that did not 
result in 100% lethality in males. The goal of the exper-
iment was to determine the difference in response with 
the same stimuli, not to try to replicate the same injury. 
Pharmacokinetic studies also suggest that β1-AR bind-
ing affinity is not different between males and females,64 
so the differential effects of ISO on males and females 
likely is caused by other factors, like receptor expression 
levels. Moreover, it is well accepted that in response to 
chronic β-AR stimulation, the heart downregulates β-AR 
expression in an attempt to limit detrimental effects.65 
Interestingly, in response to ISO treatment, males in-
crease their expression of ADRB2 whereas females de-
crease their expression, which may explain why male 
CFs have a more exaggerated myofibroblast response 
to ISO than females. Perhaps females are capable of 
reducing the impact of ISO on the CFs by downregu-
lating expression of the key receptors for its effect, and 
consequentially show reduced myofibroblast activation 

and subsequent fibrosis. These findings support clini-
cal findings that suggest that women are generally less 
sensitive to β-receptor agonists66 and less predisposed 
to fibrosis after cardiac injury.67

Besides affecting collagen deposition and fibrosis, 
CFs can influence cardiac hypertrophy.68 The fibro-
blast secretome can be amplified by cardiomyocyte-
fibroblast crosstalk.68 Interestingly, ISO can further 
influence this crosstalk, in which β2-AR stimulation via 
ISO activates PKA signaling in CFs, which influences 
secretion of prohypertrophic factors by CFs that can 
ultimately induce cardiac hypertrophy by signaling 
to cardiomyocytes.20 A recent study from our group 
showed that activated myofibroblasts can secrete in-
sulinlike growth factor 1 to promote cardiomyocyte hy-
pertrophy.69 Here, we show that CFs from male rats 
increase PKA activation in response to ISO treatment, 
whereas CFs from females do not, which suggests 
that ISO treatment in male rats may results in cardiac 
hypertrophy, in part, through increased PKA signaling 
in CFs.

CONCLUSIONS
In conclusion, this research reveals sex differences in 
the establishment of cardiac fibrosis owing to chronic 
β-adrenergic stimulation. Upon ISO treatment, male 
rats are more susceptible to cardiac fibrosis compared 
with female rats, likely because of the higher activation 
of male CFs to myofibroblasts. Our data also indicate 
that sex hormones do not influence this sexually di-
morphic difference in cardiac fibrosis. Ultimately, our 
findings highlight that CFs play a major role in mediat-
ing the sexually dimorphic response to cardiac injury 
with β-adrenergic stimulation.
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SUPPLEMENTAL MATERIAL 



Data S1. 

 

Supplemental Methods 

 

MATLAB script for automatic fibrotic area detection in picrosirius red staining 

 

  

clear %clear workspace 

clc %clear command window 

  

% Directory for the picrosirius red images (green channel) 

filenames = dir('*.tif'); 

  

Resultlist = {'Filename','Area [pix]','Area fibrotic','% Fibrotic [%]'}; 

hl = 1; %headerlines in results list for output 

  

for q = 1:numel(filenames) 

    % Load image 

    I = imread(filenames(q).name); 

    Resultlist{q+hl,1} = filenames(q,1).name; 

  

    if size(I,3) == 3 %Check if RGB image 

        % If RGB image, take blue "3" channel. Change to "1" for red or "2" 

        % for green. 

        I = I(:,:,2); 

    end 

     

    % Takes the image complement 

    I = imcomplement(I); 

     

    % Remove background and fill in holes. May need to modify background 

    % threshold number for imaging experiment (i.e., 55000, and 60) 

    imgOrginal = I; 

    img2 = I > 55000;  

    deletesize = 300; 

    img3 = bwareaopen(img2, deletesize); 

    se = strel('disk',60); 

    img3 = imclose(img3,se);  

    [i,j] = size(img3); 

     

    % Total cross-sectional area of heart 

    sTotal = sum(sum(img3)); 

    Resultlist{q+hl,2} = sTotal; 

  

    % Set background into original image 

    for a = 1:i; 

        for b = 1:j; 

            if img3(a,b) == 0; 

                I(a,b) = 0; 

            end 

        end 

    end 

  

    %Image average smoothening by (i)th times. Set to 4 to smoothen out 

    %noise. 

    I2 = I; 



    for i = 1:4 

        h = fspecial('average'); 

        I2 = imfilter(I2,h); 

    end 

  

    %Hole-filling algorithm to fill in any hole (below threshold)regions in 

    %nucleus 

    I4 = imfill(I2,'holes'); 

     

    % Extract the nucleus from the original image to a black background 

    [I5] = ExtractImage(I,I4); 

    I5 = uint16(I5); 

  

    %Intensity redistribution for I5 

    A = max(max(I5)); 

    B = double(I5); 

    C = double(A); 

    I5 = (B/C)*65535; 

    I5 = uint16(I5); 

     

    % Set threshold for fibrotic area determination 

    fibrotic = 1.05;  

    thresh = max(max(I5))/fibrotic; 

    bg = bwperim(img3); 

    se2 = strel('disk',4); 

    bg = imdilate(bg,se2); 

    colI = I5 > thresh; 

    colI = colI - bg; 

    colI(colI < 0) = 0; 

    imshow(colI) 

    pTotal = sum(sum(colI)); 

    Resultlist{q+hl,3} = pTotal; 

    PerFibrotic = (pTotal/sTotal)*100 

     

    Resultlist{q+hl,4} = PerFibrotic; 

     

end 

 

 

 

 

 



Table S1. Echocardiographic Data for Male and Female, Vehicle and ISO-treated. 

Vehicle ISO Vehicle ISO (1 mg/kg) ISO (2 mg/kg) ISO (4 mg/kg)

n=6 n=10 n=8 n=7 n=3 n=3

LVAW; d (cm) 0.11 0.169 0.128 0.16 0.141 0.147

SD 0.008 0.015 0.014 0.017 0.01 0.02

P 6.30E-07 0.00042 0.05144 0.03455

LVID; d (cm) 0.726 0.675 0.798 0.713 0.711 0.652

SD 0.058 0.031 0.022 0.061 0.059 0.056

P 0.023 0.0042 0.0132 0.0007

LVPW; d (cm) 0.125 0.166 0.134 0.166 0.159 0.15

SD 0.011 0.017 0.006 0.012 0.022 0.015

P 0.00012 6.25E-06 0.0046 0.0108

LVAW; s (cm) 0.183 0.264 0.204 0.276 0.274 0.267

SD 0.021 0.034 0.019 0.038 0.051 0.038

P 9.60E-05 0.0004 0.00583 0.00514

LVID; s (cm) 0.418 0.246 0.447 0.211 0.254 0.169

SD 0.052 0.06 0.066 0.054 0.118 0.085

P 3.80E-05 2.40E-06 0.00324 0.00013

LVPW; s (cm) 0.237 0.327 0.254 0.332 0.289 0.333

SD 0.029 0.038 0.036 0.032 0.044 0.043

P 0.00013 0.00029 0.095 0.00533

LV Vol; d (μl) 278.87 235.957 343.96 268.184 266.089 218.751

SD 50.467 24.85 21.462 53.434 49.585 42.591

P 0.0229 0.0047 0.014821 0.000983

LV Vol; s  (μl) 79.025 23.492 93.799 16.078 29.074 10.955

SD 22.81 12.926 33.627 9.922 31.829 13.028

P 2.00E-05 2.40E-05 0.00858 0.00133

EF (%) 72.028 90.159 72.896 94.113 89.994 95.529

SD 4.442 4.991 8.776 3.5 9.5 4.649

P 3.54E-06 1.90E-05 0.009164 0.001074

FS (%) 42.58 63.571 44.006 70.49 64.773 74.616

SD 3.643 8.369 7.33 6.75 13.744 10.688

P 3.43E-05 3.10E-06 0.00415 0.000179

HR (bpm) 365.78 425.104 355.481 427.112 440.773 462.35

SD 44.889 15.05 25.286 26.856 46.88 23.741

P 0.0013 0.0001296 0.0023 0.00014758

Females Males

 

Unpaired student’s t-test applied comparing variable with vehicle in all cases. 

 

  



Table S2. Echocardiographic Data for OVX females and CAS males. 

OVX Females CAS Males

Vehicle ISO (4 mg/kg) Vehicle ISO (4 mg/kg)

n=7 n=6 n=8 n=9

LVAW; d (cm) 0.119 0.175 0.12 0.161

SD 0.001 0.015 0.002 0.015

P 4.80E-07 9.40E-07

LVID; d (cm) 0.72 0.691 0.744 0.705

SD 0.033 0.044 0.053 0.06

P 0.1001 0.09266

LVPW; d (cm) 0.12 0.161 0.12 0.159

SD 0.002 0.007 0.001 0.014

P 8.52E-09 5.72E-07

LVAW; s (cm) 0.186 0.249 0.188 0.266

SD 0.018 0.041 0.012 0.023

P 0.00179 1.60E-07

LVID; s (cm) 0.393 0.319 0.381 0.262

SD 0.062 0.088 0.082 0.056

P 0.05228 0.0015

LVPW; s (cm) 0.193 0.244 0.193 0.269

SD 0.01 0.026 0.013 0.034

P 0.00023 1.40E-05

LV Vol; d (μl) 273.022 249.297 294.352 262.029

SD 28.801 35.704 47.105 51.403

P 0.1056 0.0992

LV Vol; s  (μl) 69.144 44.884 66.141 26.798

SD 23.521 29.366 30.568 13.202

P 0.06302 0.00155

EF (%) 74.597 82.631 78.275 90.218

SD 9.005 9.56 7.685 3.337

P 0.0736 0.000351

FS (%) 45.457 54.097 49.141 63.139

SD 8.517 10.771 8.521 5.303

P 0.0671 0.000454

HR (bpm) 315.954 376.961 367.162 411.5

SD 29.694 42.042 34.237 46.746

P 0.0054 0.027  

Unpaired student’s t-test applied comparing variable with vehicle in all cases. 

 

 

  



Figure S1. Titration for ISO treatment to determine appropriate dose. 

 
 

 

A) Cardiac hypertrophy measured by left ventricle to tibia length (LV/TL) in male rats treated with 

vehicle (n=4), 1 mg/kg/day ISO (n=4), 2 mg/kg/day ISO (n=4), 4 mg/kg/day ISO (n=4). B) Heart 

rate measured by echocardiography in male rats treated with vehicle (n=4), 1 mg/kg/day ISO (n=2), 

2 mg/kg/day ISO (n=3), 4 mg/kg/day ISO (n=4). Kruskal-Wallis non-parametric test with Dunn’s 

multiple comparison test applied. * p<0.05, ** p<0.01. All data reported as ± SEM. 



Figure S2. Percent survival of all male and female rats treated with ISO (4 mg/kg/day).  

 

 

 

 

Male vehicle n=29, Male ISO n=93, Female vehicle n=33, Female ISO n=60. Gehan-Breslow-

Wilcoxon method applied. * p<0.05, **** p<0.0001.  



Figure S3. A) Percent survival OVX and CAS animals treated with ISO (4 mg/kg/day). CAS 

vehicle n=8, CAS ISO n=22, OVX vehicle n=8, OVX ISO n=22. Gehan-Breslow-Wilcoxon method 

applied. B) Percent survival male and female animals treated with ISO (4 mg/kg/day) that were 

either intact or gonadectimized. Intact male n=34, CAS male n=22, intact female n=35, OVX female 

n=22. Gehan-Breslow-Wilcoxon method applied. * p<0.05, ** p<0.01.  

 

 

 

 

 



Figure S4. Gene expression of fibroblast and myofibroblast markers in CFs treated with 

vehicle or ISO.  

 

 

A) CFs from 3-day ISO-treated or vehicle-treated male (blue) or female (red) rats. αSMA, Col1a1, 

and Postn, and Tcf21 gene expression (normalized to TBP) was measured by qRT-PCR. Male 

Vehicle n = 6, Male ISO = 6. Female Vehicle n = 6, Female ISO n = 10. Unpaired student’s t-test 

applied. B) CFs from 7-day ISO-treated or vehicle-treated male (blue) or female (red) rats. αSMA, 

Col1a1, and Postn, and Tcf21 gene expression (normalized to TBP) was measured by qRT- PCR. 

Male Vehicle n = 6, Male ISO = 8. Female Vehicle n = 3, Female ISO n = 7 (except Col1a1 n = 5). 

Unpaired student’s t-test applied. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. All data 

reported as ± SEM. 

  


