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Abstract

We previously reported on the development of left ventricular (LV) structural and functional
changes in an aged, female rat model where the effects of ovariectomy and excess weight
(stimulated by fructose in water) were also explored. Ovariectomy and/or excess weight led
to a prolongation of active relaxation, loss of cardiac output, and LV fibrosis in the setting of
preserved ejection fraction. In this follow-up study, we wished to characterize the possible
role of LV inflammation, oxidative stress (OS), and cell death in inducing such changes.
Four experimental groups were studied: young (3 months old), aged (18 months old),
aged + ovariectomy (OVX), and aged + ovariectomy + 10% fructose (OVF). Using conven-
tional histology and immunohistochemistry of myocardium as well as biochemical assays of

Impact statement

The incidence of HFpEF continues to
increase and ~2/3 of the patient population
are post-menopausal women.
Unfortunately, most studies focus on the
use of male animal models of remodeling.
In this study, however, using female rats to
set a model of pre-HFpEF, we provide
insights to possible mechanisms that con-
tribute to HFpEF development in humans
that will lead us to a better understanding
of the underlying pathophysiology of
HFpEF.

plasma samples, we document the presence of inflammatory cell aggregates in LV myocardium which are associated to high
levels of plasma inflammatory cytokines (IL-1p, TNF-«, IFN-y, TGF-f1) and OS (carbonyl proteins) in aged, OVX, and OVF vs.
young animals. In the inflammatory areas, normal cardiac tissue was substituted by replacement and interstitial fibrosis and M1
macrophages, (as per by CD68 immunostaining) as we all as by co-localization with TGF-$1. We also document increases in
plasma troponin | levels, loss of capillary density, cardiomyocyte hypertrophy, and death. Select changes were further aggravated
by ovariectomy and/or excess weight. In conclusion, aging in the female rat heart, when compounded with estrogen depletion
and excess weight promotes the development of greater levels inflammation, OS, fibrosis, capillary rarefaction, cardiomyocyte
hypertrophy, and injury/death. These factors likely play an important role in the development of LV remodeling that leads to the
development of a “pre-HFpEF” phenotype.
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Introduction

Heart failure (HF) is the most common cause for hospital-

ejection fraction or HFpEF. HFpEF is a poorly understood
disease with no effective therapies>* In HFpEF

ization in older patients and represents the greatest
Medicare cost in the US.** Up to 50% of HF patients are
now recognized to have what is termed HF with preserved
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patients, the preservation of left ventricular (LV) morphol-
ogy and ejection fraction (while at rest) in the setting of
diastolic dysfunction are recognized as common features.*

Experimental Biology and Medicine 2020; 245: 748-757


https://orcid.org/0000-0003-2255-1762
https://orcid.org/0000-0001-8581-2283
mailto:fvillarr@ucsd.edu

The insufficient delivery of cardiac output (CO) arises
during increased demand where the LV fails to accommo-
date greater filling volumes. To better understand its
pathophysiological underpinnings and explore potential
novel therapies, animal models of pre-HFpEF are needed.
HFpEF is most common in elderly, post-menopausal
female patients (2:1 vs. men).” In women, the disease is
frequently associated with the presence of hypertension
as well as excess weight/ obesity.”

While the biological processes related to the develop-
ment of HFpEF are poorly understood, inflammation is
recognized as a prominent suspect. We previously reported
on the development of LV structural and functional
changes in an aged, female rat model where the effects of
ovariectomy and excess weight were also explored us.®
Ovariectomy and/or excess weight led to a prolongation
of LV relaxation, a loss of CO as well as LV and papillary
muscle fibrosis in the setting of preserved EFE. On the basis
of these findings, we termed this aged, female rat model as
“pre-HFpEF”. The aim of the present study was to examine
in this model of pre-HFpEF the role that oxidative stress
(0S), inflammation, and cell death may play in the devel-
opment of morphological and fine structural changes,
which could determine the functional, macro-, and micro-
scopic heart derangements previously reported by us.

Methods

Study design

Three-month-old (young) and 18-month-old (aged) female
Fischer 344 rats were used. Animals were obtained from the
National Institutes of Health (NIH)/National Institutes of
Aging breeding colony. The NIH Guide for Care and Use of
Laboratory Animals was followed, and the Institutional
Animal Care and Use Committee of the University of
California San Diego approved the protocol. Animals
were housed two per cage with 12-h light-dark cycles.
Animal diet included regular rat chow and water ad libitum.
After a period of one week of conditioning, aged rats were
randomly allocated into three groups: aged (n=38), ovari-
ectomy (OVX, n=16), and ovariectomy +10% fructose in
drinking water (OVF, n=16). Under isoflurane anesthesia,
OVX and OVF groups underwent bilateral oophorectomy
via dorsal incision.® OVF animals started fructose-water
intake one week after surgery and continued for
three months. Young animals were used as controls. All ani-
mals were maintained under comparable conditions for
three months (i.e. until the age of 21 months).

Heart processing

At the end of the ex vivo study, hearts were perfused
through the aorta with ice-cold perfusion solution (0.05 M
KCI and 0.015M 2,3-butanedione monoxime) at a constant
pressure (10 mmHg) for 5min then perfusion and immer-
sion fixed with 10% neutral phosphate buffered saline
(PBS) buffered formalin.® After a 24-h fixation period,
hearts were weighed and trimmed before sectioning at
the mid-ventricular region, obtaining one LV base ring

Loredo-Mendoza et al. Inflammation in a pre-HFpEF model

(#1) and one apical ring (#2) from each heart (Figure 1).
Fixed rings were embedded in paraffin, then 5-pm thick
sections were obtained and mounted onto glass slides.

Conventional histology

To grossly evaluate the inflammatory infiltrate, four sections
per LV (2 from ring #1 and 2 from ring #2) were stained with
hematoxylin and eosin (HE). In Figure 2, whole ring of LV
sections were stained. HE stained sections were evaluated at
100, 200x, and 400x magnification with a Zeiss Axiophot 2
light microscope. Representative digital photomicrographs
(10/section) of each individual ring were randomly acquired
and analyzed for the presence of an inflammatory cell infil-
trate. Low magnification images were used to quantify
inflammatory cells in aggregates (nests) of >40cells.
Evaluation of HE stained slides was performed at 200x in
order to initially analyze LV inflammatory cell infiltration
and nest formation. A 400x was used to identify myocyte
injury and characterize the possible identity of small inflam-
matory nests. Quantification was done in seven animals/
group by a blind operator. Aggregates of inflammatory
cells in association with necrotic or degenerated cardiomyo-
cytes were duly noted. Picrosirius red staining and associat-
ed levels of LV and papillary fibrosis were previously
reported by us® and used in this study to correlate to inflam-
mation and cell death.

Immunofluorescence and immunohistochemistry

Immunolabeling was performed in LV sections after depar-
affinization. For M1 macrophage identification, slides were
incubated in 0.05% trypsin at pH 7.8 for 12 min at 37°C for
antigen retrieval. Then incubated overnight at 4°C with
anti-CD68 primary antibody (Abcam [ED1] ab31630) at
1:50 dilution, washed with PBS-Tween, and incubated for
60 min at room temperature (RT) with secondary antibody
(Goat anti-mouse IgG H+ L), FITC-conjugate (Invitrogen,
Life Tech, Cat. No. A16079) 1:100 dilution. For nuclear
staining propidium iodide was used. To evaluate LV
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Figure 1. Heart processing. Image of a fixed rat heart with midventricular lines
indicating where the cuts were done yielding two rings from each heart, one
basal and one apical. From each ring, two sections were mounted onto a slide. (A
color version of this figure is available in the online journal.)
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Figure 2. Inflammatory cell infiltration in left ventricle (LV). (a) Representative images of hematoxylin and eosin stained LV sections from each group, demonstrating
areas of myocyte loss substituted by nests or aggregates of inflammatory cells (arrows) of increasing size from (a) to (g) (left panel 200x magnification, scale
bar =100 mm). Right panel (400x, scale =50 mm) denotes the presence of degenerated and fragmented myocytes in vicinity of inflammatory aggregates. Note in
aged (d) and OVX (f) the eosinophilic cytoplasm of degenerated myocytes (*), and in OVX (h) their fragmentation (arrow). Red arrows in left panel shows areas
magnified in inserts. Inflammatory cells quantitation (i) in young, aged, OVX, and OVF. (j) Inflammatory nests (40+ cells) in the same groups. Values are mean + SEM,
n =7-8 animals/group, *P < 0.001 vs. young, *P < 0.05 vs. aged and vs. OVX by ANOVA. (A color version of this figure is available in the online journal.)

capillary density, antigen retrieval was achieved by a
40min exposure of sections in a boiling bath to a 0.5M
Tris base buffer at pH 10. Sections were immunolabeled
with a mouse anti-CD31 antibody (Abcam CD31 [P2B1]
ab24590), which labels endothelial cells and with anti-
mouse secondary antibody FITC-conjugated (Invitrogen,
Life Tech, Cat. No. A16079) 1:100 dilution. To enhance
immunofluorescence, all sections were subsequently
incubated with tyramide amplification System Plus
Fluorescein (Perkin Elmer, NEL 741001KT) and with 1:100
antifluorescein-peroxidase conjugated antibody (Perkin
Elmer, NEF71000) for 30 min, followed by the application
of the FITC tyramide amplifier (1:100) during 5min.
For transforming growth factor (TGF)-f$1 immunolabeling,
a boiled, citrate buffer at pH 6 was used for antigen retriev-
al. Slides were incubated overnight at 4°C with 1:100 dilu-
tion of the primary antibody (Abcam ab25121) followed by
incubation with HRP conjugated secondary antibody (Cell
Signaling 7074) for 1h at RT. Color development (brown)
was generated using diaminobenzidine as a substrate.
For the analysis of immunolabeling-based histology,
15 images were randomly obtained from each LV section
at 200x or 400x magnification (5 animals/group). For the
analysis of CD68 positive cells and TGF-f1 immunolabel-
ing, 10 images were obtained at 100x and 400x magnifica-
tion, respectively. Capillaries were quantified manually by
a blind operator, taking into account clear-lumen tubular
structures positive for CD31 staining. The number of
capillaries is expressed per mm?,

Myofiber cross-sectional area

To quantify myofiber (cardiomyocyte) cross-sectional area
(CSA), sections were stained with wheat germ agglutinin-
Alexa Fluor 633 conjugate (Invitrogen, W 21484). Using
400x magnification (n=>5 hearts/group), 15 digital photo-
micrographs from non-overlapping fields were taken. The
cardiomyocyte mean CSA from around 450 cardiomyo-
cytes was calculated using a semi-automatic computerized
image analysis software (Axiovision Rel 4.8.2 Zeiss). CSA is

expressed in pm?.

TUNEL staining

To detect apoptotic cell death, LV sections were subjected to
the DeadEnd™ Fluorometric TUNEL System (Promega,
G3250), according to manufacturer instructions. After label-
ing, for the quantification of apoptotic nuclei, slides (4 LV
sections from each animal) were visualized at 200x magni-
fication and positive TUNEL nuclei counted by a blind
operator in a total of 12 images captured. The number of
TUNEL stained nuclei is expressed per mm?®.

Plasma measurements

At the end of the study and before harvesting the hearts,
blood samples were collected from the right ventricle,
transferred to a Ethylenediaminetetraacetic acid (EDTA)-
coated vials and centrifuged at 252¢ for 10min.Plasma
was recovered and used for determination of troponin I
(MyBioSource Cat# MBS727624) and TGF-f1 (Invitrogen



Cat# 88-50680-22) by ELISA kits following manufacturer
instructions. Absorbance as optical density (OD) of the
samples was determined at a wavelength of 450nm in a
BioQuant spectrophotometer (BioTek, Inc.). Samples were
evaluated in duplicate, and concentration values were
obtained using a standard curve. For interleukin 1-beta
(IL-1p), tumor necrosis factor alpha (TNF-z), interferon
gamma (INF-y), and granulocyte-macrophage colony stim-
ulator factor (GM-CSF) plasma samples were analyzed by
the use of a Milliplex xMAP rat cytokine magnetic-bead
Luminex system (Millipore EMD Cat# RecytMAG-65K) fol-
lowing manufacturer instructions. Plasma protein carbon-
ylation content was used as an indirect indicator of OS, a
recognized trigger of inflammation. Carbonyl protein levels
were measured using a dinitrophenylhydrizine (DNPH)-
based colorimetric assay kit (Cayman Chemical
10005020). Absorbance as OD in samples was measured
in a pQuant spectrophotometer (BioTek Instruments, Inc.)
at a wavelength of 385 nm.

Statistical analysis

Data shown are presented as mean =+ standard error of the
mean (SEM). Statistical analyses used one-way ANOVA
with Tukey’s post hoc test or Student’s unpaired t-test
(when appropriate) using GraphPadPrism version 5.02
(GraphPad Software, 2008, San Diego, CA, USA). Results
were considered statistically significant at a value
of P <0.05.

Results

Table 1 summarizes the major cardiovascular endpoints
recorded in rats using a Millar catheter.

The analysis of LV inflammatory cell infiltrate identifies
increased cell aggregation in aged, OVX, and OVF groups
vs. young (Figure 2(a) to (h)). The inflammatory infiltrate
was distributed in cell aggregates or nests and it was
mainly localized in deeper layers of myocardium. Cell
aggregates ranged from small (~5 cells) to very large
(>80 cells) (Figure 2(c) to (h)). Cell aggregates appear sur-
rounded by necrotic cardiomyocytes, degenerated tissue,
or fibrotic areas. Injured muscle was identified by the
absence of sarcomeric structures and by the strong affinity
for eosin staining. Based on morphological and nuclear
characteristics, most of the cell infiltrates were pre-
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identified as macrophages. Fibro-inflammatory areas were
also identified closer to the subendocardial region.
The latter areas also included cells identified by shape as
fibroblasts (Figure 2(e) to (h)) surrounded by collagen.
Inflammatory cell numbers were greater in aged, OVX,
and OVF groups vs. young (P<0.05) (Figure 2(i).
Comparison of aged vs. OVX or OVF groups also showed
increased number of inflammatory cells in OVX and OVF
(P <0.05) (Figure 2(i)). No differences were found between
OXV vs. OVE. The amount of large inflammatory nests
(>40 cells) was higher in aged, OVX, and OVF groups vs.
young (P <0.05) (Figure 2(j). When comparing large nest
from aged vs. OVX or OVF there was also a statistical dif-
ference (P < 0.05) (Figure 2(j).

Figure 3 reports on the presence of CD68+ M1 macro-
phages. A large amount of CD68+ cells were detected in
aged, OVX, and OVF (Figure 3(a)). In agreement, plasma
levels of GM-CSF (Figure 3(b)) were increased in aged,
OVX, and OVF vs. young (P <0.05) and were higher in
OVF vs. aged which parallels with CD68 immunolabeling.
Representative images of LV section TUNEL+ nuclei are
shown in Figure 4(a) demonstrating higher levels in aged,
OVX, and OVF animals. As shown in Figure 4(b), the total
number of TUNEL+ nuclei were significantly higher in
aged, OVX, and OVF vs. young (P < 0.001). Plasma tropo-
nin I quantities (Figure 4(c)) demonstrate higher levels in
aged, OVX, and OVF groups vs. young (P < 0.001).

The subendocardium and papillary muscles deserved
special attention as fibrotic tissue was highly concentrated
in such areas.® The inflammatory cell infiltrate (by HE stain-
ing) in subendocardium appeared highly concentrated in
aged, OVX, and in particular, OVF animals (Figure 5(b)
to (d)) as compared to young animals (Figure 5(a)). Major
fibro-inflammatory areas in papillary muscles were also
detected in sections of aged, OVX, and OVF animals
(Figure 5(k) and Figure 5(1)) with no changes in young ani-
mals (Figure 5(i)). Localized fibrosis appeared mostly inter-
stitial in subendocardium of aged rats and reparative
(patch-like) in OVX and OVF groups (Figure 5(f) to (h)).
In papillary muscles of aged group, discrete foci of repara-
tive fibrosis and less inflammatory cells were observed
(Figure 5(n)), while papillary muscles OVX (Figure 5(0))
and OVF (Figure 5(p)) groups exhibited greater areas of
localized replacement fibrosis. The subendocardium and

Table 1. Major cardiovascular parameters recorded using a Millar catheter of young (Y), aged (A), ovariectomized (OVX), and ovariectomized + fructose

(OVF) Fischer 344 female rats.

Y (n =8) A (n=8) OVX (n = 16) OVF (n = 16) ANOVA P
Body weight (g) 178.0+2.1 238.3+8.6" 253.4 + 5.4* 290.8 +4.9"* <0.001
Heart rate 339.0+7.1 302.2+11.3 271.4+11.3* 287.9+ 9.9 0.002
Aortic diastolic pressure (mmHg) 99.9+3.3 115.3+5.6 112.2+3.8 111.6 £3.8 0.318
Aortic systolic pressure 122.1+6.9 180.5+9.2% 163.6 +7.4% 166.7 +11.6* 0.009
Mean aortic pressure 110.4+4A1 142.7+7.4 134.1+£5.0 134.1+£5.0 0.051
Tau (s) 10.0+£0.3 12.6 +0.9* 13.8 +£0.4* 13.4+0.5" <0.001
Ejection fraction (%) 55.1+4.1 61.44+7.0 53.2+2.6 56.3+5.7 0.747
Cardiac index (ml/min/m?) 0.212+0.010 0.169+0.017* 0.114 +0.006"* 0.108 £ 0.007%* <0.001

Values are mean + SEM. NA: subgroup analysis not applicable. Cardiac index normalized to estimated body surface area. *P< 0.05 vs. young, *P< 0.05 vs. aging.

Data retrieved from Bustamante et al.®
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Figure 3. Presence of CD68+ M1 macrophages in left ventricle (LV) and granulocyte-macrophage-colony stimulating factor (GM-CSF) plasma levels. (a) Images of
CD68+ cells in green (FITC in cytoplasm and nuclei stained in red with propidium iodide) in inflammatory infiltrates, locate magnified areas in squared inserts. Young
animals show very few CD68+ cells in myocardium. Aged animals depict polygonal and spindle-shaped M1 macrophages, isolated or in small aggregates. OVX and
OVF groups show many rounded and oval-shaped M1 macrophages constituting a large nest, some of the macrophages have yellow autofluorescent debri in their
cytoplasm (400x magnification, scale bar =20 pm). (b) GM-CSF plasma levels in young, aged, OVX, and OVF rats. Values are mean + SEM, n = 7-8/group, *P < 0.001
vs. young, P < 0.05 vs. aged by ANOVA. (A color version of this figure is available in the online journal.)
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Figure 4. TUNEL staining of left ventricle (LV) and plasma troponin | levels. (a) Representative images of TUNEL+ cardiomyocyte nuclei in light green (arrows). Image is
merged with the blue DAPI staining for nuclei. (b) Bar graph of TUNEL+ nuclei in young, aged, OVX, and OVF rats. Values are mean + SEM n = 7-8 animals/group of
four sections/heart (magnification 400, scale bar =20 um), *P < 0.0001 vs. young by ANOVA.(c) Plasma troponin | levels in the same groups. (A color version of this

figure is available in the online journal.)

papillary muscles of young rats showed no major structural
alterations (Figure 5(m)).

Analysis of protein carbonylation demonstrated higher
levels in aged (60.3nmol/ml+10 SEM with a P value
<0.05), OVX (74.8nmol/ml+121 SEM P <0.01), and
OVF (945nmol/ml+132 SEM P <0.001) vs. young
(25.9nmol/ml +9.3 SEM). Results from plasma levels of
IL-18, TNF-o, and IFN-y are shown in Figure 6(a) to (c).
Higher levels of all cytokines were detected in aged,
OVX, and OVF groups vs. young (P <0.001). TNF-« and
INF-y showed higher levels in OVX and OVF groups vs.
aged (P < 0.05). Plasma TGF-fi1 levels were higher in aged,
OVX, and OVF vs. young (P <0.001) (Figure 7(a)). Also,
aged vs. OVF were different (P < 0.05). A similar pattern
of gradual increases was observed in myocardial tissue
sections by immunohistochemistry, where TGF-f1 was

increased in aged, OVX, and OVF vs. young (Figure 7(b)).
As shown in Figure 8(a) and (b), significantly higher cardi-
omyocyte CSA was observed in aged, OVX, and OVF
groups vs. young group (P <0.001). The OVF group was
higher vs. aged (P < 0.001) as shown in Figure 9(a) and (b).
Capillary density (Figure 9(a)) results were expressed as the
number of endothelial tubular structures per mm? positive
for CD31 (Figure 9(b)). Capillary density was significantly
decreased in aged, OVX, and OVF groups vs. young
(P<0.0001). OVF animals evidenced greater decreases
(P <0.05) vs. aged.

Discussion

Using a female rat model of pre-HFpEF, we explored the
roles that OS, inflammation, and cell death may play in the
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Figure 5. Representative images of left ventricular subendocardium (100 x magnification) and papillary muscle. Hematoxylin and eosin (HE, left panels) and Picrosirius
red for collagen staining (right). HE images of subendocardium from young (a) animals without major alterations and (b) no fibrosis. Aged LV demonstrating modest
inflammatory cell infiltrates (c,d) mild interstitial fibrosis. OVX and OVF LV illustrates higher number of inflammatory cells (e,g), and interstitial and replacement type
fibrosis (f,h). Papillary muscle HE (200 x magnification) and Sirius red stained sections (50 x magnification), demonstrating no changes in the young group (i,j); the aged
animals depict a clear fibro-inflammatory area (k,l), OVX (m,n) and OVF (o,p) animals show larger similar areas with higher number of inflammatory cells. (A color version
of this figure is available in the online journal.)
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Figure 6. Proinflammatory cytokines levels in plasma. Quantification of IL-1 8 (a), TNF-« (b), and IFN-y (c) plasma levels in young, aged, OVX, and OVF animals. Values
are mean + SEM, n = 7-8 animals/group, *P < 0.001 vs. young, *P < 0.05 vs. aged by ANOVA.

development of structural and functional changes previ- increased TGF-f1 staining mainly, in deeper layers of the
ously reported by us. On the basis of histological results, heart, which was in general, further aggravated by the
aging appears sufficient to trigger the development of absence of ovarian hormones and excess weight.
inflammation that co-localized with areas of fibrosis and = Cardiomyocyte hypertrophy was detected as well as
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Figure 7. TGF-p immunohistochemistry in left ventricle (LV) and TGF-f plasma. (a) Representative images (400x magnification) of LV sections stained for TGF-j
demonstrating no positive labeling in young and positive (brown) in non-myocyte cells in aged, OVX, and OVF animals. (b) Plasma TGF-f levels in the same groups.
Values are mean + SEM, n=7-8 animals/group, *P < 0.001 vs. young, *P < 0.05 vs. aged by ANOVA. (A color version of this figure is available in the online journal.)
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Figure 8. Left ventricular (LV) cardiomyocyte size measurements. (a) Representative images of LV myocardium cross-section (400 x magnification). Cardiomyocyte
membrane stained with wheat germ agglutinin in red and nuclei in blue. (b) Bar graph of cross-sectional area in young, aged, OVX, and OVF rats. OVX and OVF rats.
Values are mean + SEM, n = 7-8 animals/group, *P < 0.001 vs. young by ANOVA, and *P < 0.05 vs. aged by unpaired t-test. (A color version of this figure is available in

the online journal.)
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Figure 9. Left ventricular (LV) capillary density measurements. (a) Representative images of LV sections immunolabeled with CD31-FITC in green (63 x magnification)
which demonstrate capillaries. Note the abundance of capillarity in young LV relative to the other groups. (b) Bar graph of capillary density in young, aged, OVX, and
OVF rats. Values are mean + SEM, n = 7-8 animals/group, *P < 0.001 vs. young by ANOVA, and #P < 0.05 vs. aged by unpaired t-test. (A color version of this figure is

available in the online journal.)

capillary rarefaction. Localized areas of myocyte necrosis
and/or apoptosis were also evident. In blood, there was
evidence for OS as well as muscle damage, which occurred
in the setting of increases in pro-inflammatory cytokines.
There are three major types of myocardial fibrosis. One
is replacement fibrosis which substitutes for areas of myo-
cyte death. Interstitial fibrosis is defined as increases in

collagen surrounding myocytes and finally, perivascular
fibrosis which arises around blood vessels. In humans,
there is evidence for increased levels of myocardial fibrosis
in the setting of normal aging, which can be further aggra-
vated by diseases such as atrial fibrillation and HE.”™ Tt is
believed that myocardial fibrosis increases chamber stiff-
ness leading to a loss in diastolic function. While diastolic



dysfunction is not universally present with HFpEEF, it is
believed that myocardial fibrosis is a key contributor to
the inability of the LV to accommodate higher filling vol-
umes in a large percentage of patients.® In rodents, multiple
studies have reported increased levels of cardiac collagens/
fibrosis with aging. However, the great majority of studies
rely on male animals. A review article by Biernacka and
Frangogiannis, provides a comprehensive summary of
reports in animals.'® Eghbali et al., demonstrated that col-
lagen content in the LV increased from 5.5% of total protein
in young Fischer 344 rats to ~12% in old animals."
Collagen content is also significantly increased in old rab-
bits'> and mice."® The relative proportion of types I and III
collagen can change with time. With aging, Mays et al.
reported on increases in type III collagen in myocardium
of Lewis rats.'* Studies in animals also provide strong evi-
dence for aging associated increases in cardiomyocyte
hypertrophy, damage, and fibrosis. In normal aged hearts,
there is progressive myocyte necrosis and apoptosis.'®
As myocytes have a limited capacity to divide, surviving
cells develop compensatory hypertrophy that is accompa-
nied by replacement fibrosis.'® Aged rodent models of
hypertension typically display enhanced levels of all
three types of fibrosis.'’

Multiple studies have reported on age-dependent loss of
mitochondrial function that links to increased reactive
oxygen species production.'® As myocardium has the high-
est density of mitochondria, it is also highly vulnerable to
reactive oxygen species damage leading to cardiomyocyte
death. High OS levels may also be secondary to a loss in the
capacity to buffer reactive oxygen species. We recently
reported that in the aging male mouse heart, well-
recognized factors (e.g. sirtuin 1) that regulate mitochon-
drial biogenesis and mitochondrial structure and/or
function-related endpoints (e.g. mitofilin and citrate
synthase) were significantly reduced vs. young.'” With
aging, high levels of myocardial protein carbonylation
were detected and were associated with depressed levels
of reactive oxygen species buffering system components
including superoxide dismutase, catalase, gluthathione
peroxidase, and thioredoxin. Decreases occurred in the
presence of reduced levels for the sirtuin 1, 3, and Nrf2,
which are known to positively regulate mitochondrial bio-
genesis and reactive oxygen species buffering systems.

High levels of reactive oxygen species and associated
tissue damage triggers an inflammatory response, which
importantly contributes to tissue remodeling and fibrosis.’
Although most inflammatory cells have demonstrated to
play important roles in myocardial remodeling, mono-
cytes/macrophages appear key as per their ability to
orchestrate a concerted set of events that can lead
to tissue remodeling, repair (e.g. as per phagocytosis of
dead cells), fibrosis, and angiogenesis. Macrophages can
be described as displaying two prominent “opposing”
polarities.” Activated (i.e. pro-inflammatory) types are
described as M1 and can be induced by cytokines such as
GM-CSF, TNF-o, IL-1f, and IFN-y. M1 macrophages can
produce pro-inflammatory and pro-fibrotic cytokines such
as TGF-f1 and fibroblast growth factors. In contrast, M2
macrophages express high levels of IL-10 and associate
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with the resolution of inflammation and tissue repair.
Of the pro-fibrotic cytokines, TGF-f1 appears central to
the development of fibrosis. Multiple studies have demon-
strated the upregulation of TGF-f1 in animal models of
adverse remodeling/fibrosis and in fibrotic human
hearts.”**'® The use of transgenic models of altered expres-
sion of TGF-f1 and associated receptors have also corrobo-
rated its central role in the development of fibrosis.’
Of interest is that aging-associated increases in pro-
inflammatory and pro-fibrogenic cytokines are also reported
to occur systemically as per their high blood levels leading to
the use of the term inflamm-aging which is suspected to
contribute to the development of tissue remodeling in
other organs."

With aging, capillary density has been reported in ani-
mals as decreased in tissues such as brain.*’ Myocardial
capillary rarefaction has been reported in HFpEF patients.®
It is believed that capillary rarefaction arises from aging
associated-induced endothelial dysfunction secondary to
reactive oxygen species-induced damage and inflammato-
ry processes.”’ Altogether, the results provided in this
study as per aging alone, align with those previously
reported for male rodent models of aging where there is
evidence for cardiomyocyte death, localized inflammation,
infiltration by M1 macrophages, compensatory hypertro-
phy, capillary rarefaction, enhanced levels of TGF-f1, and
myocardial fibrosis. These changes occur in the setting of a
systemic pro-inflammatory state that also documents an
active process of cardiomyocyte death as per increases in
troponin I levels.

The cardioprotective role of estrogen in women is well
recognized. However, ~2/3 of HFpEF patients are older
women suggesting that as estrogen levels decrease with
menopause, they allow for the development of the disease
in at-risk patients. Thus, the investigation of the role of
estrogens in HFpEF development would require the use
of aged female rodents. However, rats and mice do not
incur in menopause. Thus, ovariectomy has served as a
reliable means for depleting circulating levels of estradiol
and assessing its impact on multiple physiological systems.
Female HFpEF patients also commonly present with con-
ditions or comorbidities such as hypertension and excess
body weight.*"** In this regard, a very limited number of
pre-clinical studies have used such models to examine their
impact on cardiac fibrosis. In aged ovariectomized rats, we
reported on the presence of endocardial and papillary
fibrosis suggesting that low estrogen levels can facilitate a
greater degree of adverse microstructural remodeling
which contribute to the loss of chamber function.®

Boluyt et al. investigated how aging may affect cardiac
structure and function in female F344 rats.” Aging female
rats demonstrated mild LV dilatation between 13 and
22months of age. Aging was also associated with increases
in collagen content and cross-linking.** Fannin et al. found
that increased age in the female F344xBN rat (30 months vs.
6 month) was associated with increases in markers of OS and
apoptosis.*>?® In young rats, ovariectomy has been reported
to cause cardiac structural and functional that include car-
diac fibrosis and hypertrophy.>” Ovariectomized rats also
exhibit OS and cardiac apoptosis.”’ ! Increases in TNF-o
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and IL-1f are also reported following ovariectomy.?*

Estradiol supplementation of ovariectomized rats reverts
increases in apoptosis and cytokines.**>' As reported in
our study, ovariectomy allows for hypertension to develop
which can aggravate changes in LV structure.*® In hyperten-
sive female rats, ovariectomy can further aggravate myocar-
dial fibrosis and macrophage infiltration, which can be
reverted by estradiol treatment.®® Further evidence for a crit-
ical role of estrogens in cardio protection is derived from
studies where agonists for the estrogen GPR30 receptor are
used as a means to reverse increases in cardiac collagens
following ovariectomy.*** To our knowledge, no studies
using aged female rodents have reported on changes in cap-
illary density. However, a recent study of HFpEF patients
reported on the presence of LV hypertrophy, fibrosis accom-
panied by a 27% decreased microvascular density vs.
controls.®

It is thus, readily apparent that results generated from
the use of aged female models of chamber remodeling are
very limited with those using ovariectomy as an interven-
tion essentially focused on the use of young animals.
Therefore, this is the first study to document the impact
that aging-, ovariectomy-, and fructose-induced excess
body weight have on LV microstructure and systemic indi-
cators of muscle damage, OS, and inflammation. Pertaining
to localized myocardial inflammation (as per inflammatory
cell aggregates), aging can trigger notable increases which
were further enhanced by ovariectomy suggesting a reli-
ance on estrogen on limiting inflammation and corroborat-
ing the reports noted above in ovariectomized young
female rodents. The inflammatory infiltrate contained a
notable number of macrophages and such changes aligned
with increases in circulating levels of GM-CSEF, inflammatory
cytokines and OS. Of note is that fructose supplemented
animals demonstrated further increases in TNF-o and IFN-
7 vs. aging alone suggesting that weight gain may aggravate
the systemic pro-inflammatory milleu. Cardiomyocyte
damage was evident as per increases in blood troponin
levels and TUNEL staining. Such changes occurred in the
presence of increases in cardiomyocyte surface area and
decreases in capillary density. Ultimately, evidence for the
participation of the pro-inflammatory cytokine TGF-f1 in
mediating myocardial fibrosis was generated from localized
staining and circulating levels which were also further
enhanced in fructose-treated animals. It is worth noting
that the above describe changes in myocardial microstruc-
ture were more evident in endocardium.

In conclusion, we describe our model as pre-HFpEF
because in the setting of aging, ovarian hormone depletion
and excess body weight (as in the fructose groups) animals
demonstrate a significant decrease in CO (Table 1, ~30%)
while maintaining a normal EF in the presence of LV fibro-
sis. However, animals do not appear to demonstrate
observable traits of HF such as lack of mobility or feeding.
Using this female model of “pre-HFpEF”, notable changes
in recognized mediators of tissue remodeling and fibrosis
occur which can be aggravated by ovariectomy and excess
weight. It is reasonable to speculate that such changes can
be further aggravated with time and thus, set the stage for a
greater deterioration of LV function. To the extent that these

factors are confirmed in HFpEF patients, they will provide
a validation for the use of these animal models so as to
further understand underlying pathophysiological pro-
cesses and evaluate experimental therapies.
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