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Enhanced central sympathetic
tone induces heart failure with
preserved ejection fraction
(HFpEF) in rats

Shyam S. Nandi1, Kenichi Katsurada2, Michael J. Moulton3,
Hong Zheng4 and Kaushik P. Patel1*
1Department of Cellular and Integrative Physiology, University of Nebraska Medical Center, Omaha, NE,
United States, 2Division of Cardiovascular Medicine, Department of Internal Medicine, Jichi Medical
University School of Medicine, Shimotsuke, Tochigi, Japan, 3Department of Surgery, University of
Nebraska Medical Center, Omaha, NE, United States, 4Basic Biomedical Sciences, Sanford School of
Medicine, University of South Dakota, Vermillion, SD, United States

Heart failure with preserved ejection fraction (HFpEF) is a heterogenous clinical
syndrome characterized by diastolic dysfunction, concentric cardiac left
ventricular (LV) hypertrophy, and myocardial fibrosis with preserved systolic
function. However, the underlying mechanisms of HFpEF are not clear. We
hypothesize that an enhanced central sympathetic drive is sufficient to induce
LV dysfunction and HFpEF in rats. Male Sprague–Dawley rats were subjected to
central infusion of either saline controls (saline) or angiotensin II (Ang II, 20 ng/min,
i.c.v) via osmotic mini-pumps for 14 days to elicit enhanced sympathetic drive.
Echocardiography and invasive cardiac catheterization were used to measure
systolic and diastolic functions. Mean arterial pressure, heart rate, left ventricular
end-diastolic pressure (LVEDP), and ± dP/dt changes in responses to
isoproterenol (0.5 μg/kg, iv) were measured. Central infusion of Ang II resulted
in increased sympatho-excitation with a consequent increase in blood pressure.
Although the ejection fraction was comparable between the groups, there was a
decrease in the E/A ratio (saline: 1.5 ± 0.2 vs Ang II: 1.2 ± 0.1). LVEDP was
significantly increased in the Ang II-treated group (saline: 1.8 ± 0.2 vs Ang II:
4.6 ± 0.5). The increase in +dP/dt to isoproterenol was not significantly different
between the groups, but the response in -dP/dt was significantly lower in Ang II-
infused rats (saline: 11,765 ± 708 mmHg/s vs Ang II: 8,581 ± 661). Ang II-infused
rats demonstrated an increased heart to body weight ratio, cardiomyocyte
hypertrophy, and fibrosis. There were elevated levels of atrial natriuretic
peptide and interleukin-6 in the Ang II-infused group. In conclusion, central
infusion of Ang II in rats induces sympatho-excitation with concurrent diastolic
dysfunction, pathological cardiac concentric hypertrophy, and cardiac fibrosis.
This novel model of centrally mediated sympatho-excitation demonstrates
characteristic diastolic dysfunction in rats, representing a potentially useful
preclinical murine model of HFpEF to investigate various altered underlying
mechanisms during HFpEF in future studies.
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Introduction

Heart failure with preserved systolic function (HFpEF) is a
complex, heterogenous cardio-metabolic syndrome where multi-
organ comorbidities create hemodynamic alterations such as
hypertension with a systemic inflammatory state (Paulus and
Tschope, 2013; Pitt et al., 2014). Systemic inflammation leads to
downstream effects on the heart and blood vessels and that leads to
hypertension, which in turn leads to diastolic dysfunction,
concentric or eccentric cardiac hypertrophy, myocardial
extracellular matrix expansion/fibrosis, exercise intolerance, and
pulmonary congestion, with a preserved systolic function
(Upadhya et al., 2015; Gori et al., 2016; Hanff et al., 2021; Yoon
et al., 2021). Common comorbidities in HFpEF patients include
hypertension, obesity, type 2 diabetes, and renal dysfunction (Altara
et al., 2017; Olver et al., 2019; Schiattarella et al., 2019; Nguyen et al.,
2020). Of note, it is challenging to model a preclinical animal model
that mimics all these basic clinical features of HFpEF. Recent
developments of several “multiple hits” models of HFpEF
incorporate these comorbidity factors to mimic the clinical
condition (Schiattarella et al., 2019; Deng et al., 2021; Sharp
et al., 2021). However, the advantage of developing a model
independent of these comorbidities but having enhanced
sympatho-excitation allows one to also elucidate the possible
contributions of other factors, such as renal dysfunction and
baroreceptor dysfunction, in the development of HFpEF.

We have chosen to identify one common characteristic which is
prevalent among the majority of these comorbidities that may be an
all-encompassing abnormality and may be the critical feature for the
development of HFpEF; the increased sympathetic nervous
activation is the factor which is being observed in chronic heart
failure with reduced systolic function (HFrEF), hypertension,
obesity, type 2 diabetes, aging, renal dysfunctions, and systemic
inflammation (Kaye et al., 1994; Kaye and Esler, 2005; Kalil and
Haynes, 2012; Patel et al., 2016; Zheng et al., 2016; Fonkoue et al.,
2019; Sharma et al., 2021). Considering the treatment of HFrEF,
several clinical trial studies suggest that reduction of sympathetic
hyperactivity using pharmacological beta blockers is beneficial
(Camara and Osborn, 1999; Barki-Harrington et al., 2004; Little,
2008). We posit that increased sympathetic hyperactivity, perhaps
not as massive as that observed in the HFrEF condition, may be the
critical factor for the development of HFpEF, gradually over time.
Impaired myocardial sympathetic innervation has been reported to
be associated with diastolic dysfunction in HFpEF (Aikawa et al.,
2017).

We have recently demonstrated that central administration of
angiotensin II (Ang II) elicits a sympatho-excitatory state, resulting
in hypertension and activation of the sympathetic tone to the heart
(Sharma et al., 2021). Recent literature suggests that central
regulation of sympathetic outflow may be mediated by the brain
renin–angiotensin system (RAS), an imbalanced redox stress axis,
and pro-inflammatory cytokines/chemokine dysregulations
(Dikalov and Nazarewicz, 2013; Loredo-Mendoza et al., 2020;
Sava et al., 2020). These central RAS mechanisms have also been
implicated in the development and progression of heart failure in
general. The present study proposes to examine the hypothesis that
specific activation of central sympatho-excitatory pathways by the
administration of Ang II centrally elicits a sympatho-excitatory

state, resulting in hypertension, and mimics several phenotypic
abnormalities, which is unique to the pre-clinical experimental
rat model of HFpEF.

Materials and methods

Animals and treatments

Sprague–Dawley rats (male rats: 250–300 g, ~12 weeks old) from
the SASCO Laboratory were housed in the central BSL3 animal
facility. Rats were housed in a hygienic BSL3 room maintained at
30%–40% humidity, 22°C–24°C air temperature, with 12 h of diurnal
cycles, and on normal rat chow and water provided ad libitum. All
experimental protocols, methods, and handling of animals in this
study were approved by the University of Nebraska Medical Center
Institutional Animal Care and Use Committee (IACUC).

Rats were randomly assigned to either of two groups:
intracerebroventricular (ICV) infusion of isotonic saline (saline
group) or the Ang II group with ICV infusion of Ang II via
osmotic mini-pumps for 14 days to induce continuous
sympatho-excitation and hypertension, as shown previously
(Supplementary Figures S1A–D, Sharma et al., 2021; Becker
et al., 2017; Sharma et al., 2021). For ICV cannulation and mini-
pump placement surgery, rats were anesthetized with a mixture of
ketamine (87 mg/kg) and xylazine (10 mg/kg), i.p. injection. The
bregma was exposed with a small skin incision on the head, and a
small hole was made in the skull bone to access the dura. ICV
cannula (ALZET Brain Infusion Kit 1) was secured and cemented on
the skull, and directed to the third ventricle using the stereotaxic
coordinates of Paxinos and Watson atlas (Paxinos et al., 1980)
(1.5 mm lateral to the midline, 4.0 mm ventral to the cranium, and
0.8 mm caudal to the bregma), as described previously (Sharma
et al., 2021). The brain cannula was connected for ICV infusion from
the osmotic minipump (ALZET, model 2002) for Ang II (20 ng/
min) or sterile isotonic saline as vehicle control for 14 continuous
days, as described previously (Becker et al., 2017; Sharma et al.,
2021). Rat groups were blinded for physiological recording and
echocardiographic evaluations as well as invasive cardiac pressure
measurements at the end of the infusion period. Ang II-infused rats
that demonstrated a dipsogenic response were included in the study.
Ang II-infused rats which did not demonstrate a dipsogenic
response were considered not to have viable Ang II infusion and,
therefore, were excluded from the study (n = 1). Inclusion and
exclusion criteria were set before the study. At the end of the
experiment, the brains were serially sectioned and the placement
of the cannula in the brain was identified. One animal excluded with
no dipsogenic response was identified to have the brain cannula in
the parenchyma of brain tissue and not in the third ventricular
space. Statistical methods are described in the main text.

M-mode echocardiography and Doppler
imaging

Before the start of the experiment on day −2 and at the end of
12 days of ICV treatment, cardiac hemodynamic parameters were
accessed using M-mode echocardiography (using Vevo
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3100 Imaging System, VisualSonics) with a transducer
(Supplementary Figure S1). In brief, anesthesia was induced by a
2% isoflurane chamber and confirmed by no hind limbmuscle reflex
response. During echocardiography acquisition, isoflurane was
maintained at 2%. B-mode echo images were captured in the
parasternal long-axis plane, and M-mode images were captured
at the level of the papillary muscles of the left ventricle (LV)
represented as the mid-ventricular position. The LV end-systolic
diameter (LVESd), LV end-diastolic diameter (LVEDd), LV ejection
fraction (LVEF%), fractional shortening (FS), and LV volumes were
measured and calculated using standard formulas from the Vevo
LAB software, VisualSonics. The peak Doppler blood flow velocities
across the mitral valve during early and late diastole were also
captured. LV mitral filing parameters (E/A) were measured and
compared with the respective baseline for the assessment of diastolic
dysfunction in both groups of rats. The person performing the
echocardiography acquisition and analyses was blinded to all animal
groups.

Direct in vivo hemodynamic measurements

At the end of 14 days of ICV treatments, hemodynamic
parameters were accessed using a Mikro-Tip catheter (SPR-407,
Millar Instruments; Houston, TX) introduced into the LV in an
anesthetized non-survival terminal procedure in an experimenter-
blinded fashion. In brief, animals were anesthetized using a single
injection of urethane (0.75 g/kg i.p.) and chloralose (60 mg/kg i.p.).
The catheter was inserted into the LV chamber via the right carotid
artery, as described previously (Nandi et al., 2016). The
hemodynamic parameters, mean arterial pressure (MAP), and
heart rate (HR) were simultaneously recorded on the PowerLab
Data Acquisition System (8SP, ADInstruments) and analyzed as
reported previously (Nandi et al., 2016; Patel et al., 2016). The
cardiac contractile responsiveness (change in ±dP/dt) to
adrenergic agonist was evaluated by intravenous infusion of two
doses of isoproterenol (β-adrenoreceptor agonist, 0.1 and
0.5 μg/kg). At the end of the experiment, rats were euthanized
using Fatal Plus euthanasia solution (120 mg/kg
pentobarbital, i.p.).

Wheat germ agglutinin staining

Wheat germ agglutinin (WGA) staining of 5 µm transverse
sections was performed on cryosections of the heart using a
CryoStar NX50 (Thermo Fisher Scientific). Sections were fixed in
4% paraformaldehyde solution for 20–30 min. Sections were
washed twice in TBS, 5 min each after post-fixation, and
incubated in the dark with WGA staining solution (5 mg/mL,
Thermo Fisher Scientific) for 15 min at room temperature.
Following incubation of the sections, they were washed thrice
in TBS and mounted with a coverslip. WGA fluorescence images
were captured using a fluorescence microscope (Olympus
IX71 Imaging Systems). The cardiomyocyte diameter was
determined by measuring 50 cells per LV section, and three
LV sections were evaluated for each heart. A total of 150 cells
were measured per heart. The cardiomyocyte diameter and

numbers per unit area from the WGA-stained images were
evaluated in an observer-blinded fashion.

Masson’s trichrome staining

To determine cardiac perivascular and interstitial fibrosis, we
performedMasson’s trichrome staining, where blue staining denotes
collagen fibers. Masson’s Trichrome Kit (Thermo Fisher Scientific)
was used to stain 5 µm paraffin longitudinal sections of the heart.
Perivascular fibrosis and interstitial fibrosis were determined by
evaluating 20 fields per LV section, and three LV sections were
evaluated for each heart. We calculated perivascular and interstitial
fibrosis by quantifying the % blue pixel intensity normalized to the
total area pixel intensity using the color deconvolution tool of Fiji
ImageJ software, NIH. The Tissue Core Facility service of the
University of Nebraska Medical Center was used for the
Masson’s trichrome staining procedure. Quantification of the
slides was performed in an experimenter-blinded fashion.

Picrosirius red staining

Masson’s trichrome staining results were corroborated with those
of Picrosirius red staining. In brief, 10% formalin-fixed LV paraffin
sections (5 µm) were processed for Picrosirius red staining. The
reagents were Direct Red 80, picric acid, and glacial acetic acid. The
Tissue Core Facility service of the University of Nebraska Medical
Center was used for the Picrosirius red staining procedure.
Quantifications were performed in an experimenter-blinded fashion.

Western blot analysis

Western blot analyses were performed to measure the level of
proteins from heart tissues following our previously published
protocols (Nandi et al., 2020; Nandi et al., 2021). In brief, heart
tissues were homogenized in RIPA buffer and whole tissue protein
extracts were prepared by centrifugation at 4°C. The protein
concentration was measured by the BCA method of protein assay
(Thermo Fisher Scientific). Denatured protein samples were loaded
on SDS-PAGE, and resolved protein gels were transferred onto a
PVDF (polyvinylidene fluoride) membrane. The transferred PVDF
membranes were blocked in 5% milk (non-fat dried milk, Bio-Rad)
in TBS for 60 min at room temperature and washed thrice in TBS
wash buffer for 15 min. Membranes were then incubated overnight
at 4°C with 1:1000 diluted primary antibodies using TBS as a dilution
buffer. The primary antibodies used were atrial natriuretic peptide
(ANP, cat# GTX109255, GeneTex) and interleukin-6 (IL-6, cat#
AB9324, Abcam). HRP-mouse or HRP-rabbit secondary antibodies
were diluted at 1:4000 in TBS as a diluent buffer and incubated for
2 h at ambient temperature. A SuperSignal® West Femto stable
peroxidase buffer chemiluminescent kit (cat# 1859023, Thermo
Scientific) was used for Western blot band detections using the
ChemiDoc™ XRS Molecular Imager (Bio-Rad Laboratories). The
images were captured using the Image Lab software version 6, and
quantified and normalized from respective loading controls (Bio-
Rad Laboratories).
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Statistical analysis

Data are expressed as mean ± SE. Differences between the
groups were assessed by t-test analysis of significance (Prism 7;
GraphPad Software) as appropriate. A p-value <0.05 was considered
indicative of statistical significance.

Results

General morphological and hemodynamic
characteristics in ICV Ang II-infused rats

The general morphological and hemodynamic characteristics at
baseline of the two groups of rats used in this study are summarized
in Table 1. As expected, Ang II infusion resulted in increased mean
arterial pressure in anesthetized conditions, which is consistent with

our previous report of an increase in arterial blood pressure and
enhanced cardiac and renal sympathetic tone (Sharma et al., 2021).
The heart weight and heart weight/body weight ratio were
significantly higher in the Ang II-infused group than in the
saline-infused group. The Ang II group also demonstrated
elevated lung weight indicative of pulmonary congestion.

Diastolic dysfunction assessed using
echocardiography

To monitor the changes in cardiac systolic and diastolic
functions, we performed noninvasive echocardiographic
evaluation with Doppler imaging before (baseline) and after ICV
infusion of either saline or Ang II for 14 days (Figure 1; Figure 2) in
lightly anesthetized rats. The long-axis echocardiographic
evaluation revealed a persistent preservation of the percentage LV

TABLE 1 General characteristics of rats treated with saline (i.c.v) or Ang II (i.c.v).

Parameters Saline (i.c.v) (n = 6) Ang II (i.c.v) (n = 6)

Gravimetric measurements

BW (g) 341 ± 11 260 ± 07*

HW (mg) 936 ± 10 1117 ± 49*

HW/BW (g/mg) 2.86 ± 0.03 3.98 ± 0.18*

TL (cm) 4.90 ± 0.19 4.91 ± 0.22

HW/TL (mg/cm) 186 ± 4 248 ± 12*

LW(g) 1.53 ± 0.04 1.75 ± 0.05*

LW(g)/TL (cm) 0.34 ± 0.01 0.40 ± 0.01*

Invasive hemodynamic measurements (baseline values under anesthesia)

HR (bpm) 375 ± 11 380 ± 63

MAP 83 ± 3 123 ± 8*

+dP/dt (mmHg/s) 8,236 ± 801 7,631 ± 897

-dP/dt (mmHg/s) 7,689 ± 501 7,179 ± 730

LVEDP (mmHg) 1.8 ± 0.2 4.6 ± 0.5*

Echocardiographic measurements

HR (bpm) 348 ± 19 346 ± 14

LVESd (mm) 3.85 ± 0.51 4.13 ± 0.48

LVEDd (mm) 7.33 ± 0.54 7.63 ± 0.57

LVPW,d (mm) 1.64 ± 0.29 1.97 ± 0.21

LV mass (mg) 742.7 ± 81.7 1008.2 ± 81.9*

%LVEF 77.4 ± 4.2 75.7 ± 3.1

%LVFS 48.7 ± 4.7 46.4 ± 2.7

E/A 1.47 ± 0.10 1.21 ± 0.06*

E/e’ 14.32 ± 0.58 12.91 ± 0.62

BW, body weight; HW, heart weight; TL, tibia length; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LW, lung weight; LVEDP, left ventricular end-diastolic

pressure; MAP, mean arterial pressure; HR, heart rate; LVID, left ventricular internal dimension; LVPW, left ventricular posterior wall; E/A, transmitral flow peak velocities; E/e’, transmitral

tissue Doppler flow peak velocities; i.c.v, intracerebroventricular. Data are represented as mean ± SE of six rats in each group. *p < 0.05 sham vs HFpEF. *p < 0.05 sham vs. HFpEF, Student’s

t-test.
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FIGURE 1
Ang II heart showed increased left ventricular wall remodeling with preserved ejection fraction. (A) Representative left ventricular (LV) M-mode
echocardiographic tracings. (B) Measurements of LV percentage ejection fraction (%EF). (C) Measurement of LV mass. Values are presented as mean ±
SEM, n = 6. *p < 0.05 vs saline, Student’s t-test.

FIGURE 2
Ang II heart showed reduced early-to-late diastolic transmitral flow velocity (E/A) ratio. (A) Representative pulsed-wave Doppler imaging showed E
and A tracings. (B) Measurement of E/A. (C) Tissue Doppler image tracings showing E′ and A’. (D) Measurement of E/e’. Values are presented as mean ±
SEM, n = 6. *p < 0.05 vs saline, Student’s t-test.
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ejection fraction (%EF) in both groups of rats (Figure 1B). Rats
continuously exposed to ICV Ang II for 14 days manifested
increased LV mass (Figure 1C). Furthermore, mitral inflow
patterns demonstrated diastolic dysfunction in the Ang II-infused
group (E/A, saline: 1.47 ± 0.10 vs Ang II: 1.21 ± 0.06) (Figure 2). This
was due to a combination of a reduced E and a slight increase in A,
perhaps related to enhanced flow from the atria to fill the ventricle.
As we had echography measurements before and after central
infusions in each group, we also performed the paired
comparisons within each group, and the results showed that
there was a significant reduction in the Ang II group but not in
the saline group. The heart rates were similar in the two groups.
Overall, our echocardiography analyses showed that there was
significant LV diastolic dysfunction in the Ang II-infused group,
as evidenced by reductions in the E/A ratio of mitral filings; however,
LV ejection fraction was preserved (Table 1).

Diastolic dysfunction assessed using left
ventricular catheterization

To further validate cardiac diastolic dysfunction, we catheterized
the LV and monitored LV pressure, which is considered the gold
standard for monitoring HFpEF. On day 14, terminal
hemodynamics measurements using a Millar catheter placed in
the LV showed early signs of increased LV filling pressure in the
Ang II group (saline: 1.83 ± 0.21 vs Ang II: 4.61 ± 0.47) (Table 1).

Furthermore, we examined relaxation indices by measuring the
magnitude of active relaxation, change in cardiac negative
(diastolic preserve) at the baseline with no perturbation and in
the presence of a challenge with isoproterenol, and a β-
adrenoreceptor agonist, at two doses (0.1 and 0.5 ug/kg) to
induce acute cardiac stress in a subset of the rats (Figure 3;
Figure 4). Hemodynamic data monitoring cardiac ± dP/dt
demonstrated that cardiac systolic contraction (positive dP/dt)
was similar to a normal heart at rest in response to acute stress
with isoproterenol, suggesting slight systolic dysfunction in response
to acute cardiac stress (Figures 3A, B). However, there is a striking
lack of responsiveness in the magnitude of negative dP/dt (-dP/dt),
demonstrating a significant reduction in normal cardiac relaxation
in response to isoproterenol as an acute cardiac stress inducer
(Figures 4A, B).

Cardiac hypertrophy in ICV Ang II-infused
rats

Consistent with the observed elevation in arterial pressures in
Ang II-infused rats, they also exhibited an increase in the heart to
body weight ratio (Figure 5), indicating hypertrophic cardiac
remodeling possibly due to the increased arterial pressure. To
characterize the morphological features of cardiac hypertrophic
remodeling, we measured the cardiac morphometry of the heart.
Morphometric comparison of whole hearts revealed a gross increase

FIGURE 3
Ang II heart showed reduced diastolic relaxation. Representative dP/dt recordings in hearts from ICV saline- (A) and Ang II-treated (B) rats before
(baseline) and after administration of adrenergic agonist isoproterenol (0.5 μg/kg iv). Isoproterenol-induced diastolic relaxation response is highlighted
with boxes.

Frontiers in Physiology frontiersin.org06

Nandi et al. 10.3389/fphys.2023.1277065

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1277065


in the overall cardiac size in rats in the Ang II group (Figure 5A). To
get corroborating cardiac hypertrophy data at the histological level,
we performed H&E staining of whole heart sections to visualize the
histology of atrial and ventricular chambers. Our results
corroborated an increase in the gross heart size and thickening of
the LV wall in rats infused with Ang II (Figure 5B). We further
evaluated cardiac hypertrophy at the level of cellular
cardiomyocytes. Although we observed a reduction in the
cardiomyocyte number per unit area, there was an increase in
cardiomyocyte diameter per unit area in rats infused with Ang II.
This is a further indication of cellular hypertrophy in the hearts of
rats infused with Ang II (Figures 5C–E). Overall, these data indicate
cardiac hypertrophy with remodeling in rats with Ang II infusion.

Cardiac fibrosis in ICV Ang II-infused rats

To monitor cardiac fibrosis, we performed Masson’s trichrome
and Picrosirius staining of longitudinal cardiac sections, where
Masson’s trichrome stained the collagen fiber as blue and
Picrosirius stained the fiber as red in hearts of control and Ang
II-infused rats (Figure 6A). Hearts from centrally Ang II-infused rats
displayed an increase in both perivascular and interstitial fibrosis
stained with either Masson’s trichrome or Picrosirius staining
(Figures 6B–D). Together, these cardiac histological data indicate
a progressive cardiac extracellular fibrosis and remodeling in rats
infused with Ang II. Masson’s trichrome and Picrosirius red staining
further confirmed that there was an enlargement of the left atrium;

however, it should be noted that the overall atrial and right ventricle
fibrosis staining was similar between the groups.

Cardiac hypertrophy and inflammation

To further characterize cardiac hypertrophy and inflammation,
we determined ventricular levels of ANP and IL6 as markers for
these conditions, respectively. Hearts from Ang II-infused rats
demonstrated increased ANP and IL-6 levels in the LV tissues
(Figure 7). These data indicate that there were increased markers
for both cardiac hypertrophy and inflammation in rats infused with
Ang II centrally.

Morphological and functional aspects of
HFpEF in Ang II-infused rats

Morphological aspects and functional aspects are used clinically
to diagnose HFpEF (Reddy et al., 2018; Pfeffer et al., 2019; Pieske
et al., 2019). The concept of a diagnostic algorithm that incorporates
imaging and biomarkers (NPs) was advocated by the HFA (Williams
et al., 2018) and adapted by other research workers (Reddy et al.,
2018; Pfeffer et al., 2019; Pieske et al., 2019; Lam et al., 2020). Table 2
provides a list of morphological and functional aspects that are
present in rats centrally infused with Ang II. Pieske et al. (2019) have
used the “HFA-PEFF diagnostic algorithm” in the diagnostic process
of HFpEF, where they have assigned major (2 points) and minor

FIGURE 4
Cumulative quantifications of cardiac hemodynamic recordings using a Millar catheter. (A) Mean values for ± dP/dt under basal conditions and
during two doses of isoproterenol (0.1 and 0.5 μg/kg iv) in ICV saline- and Ang II-treated rats. (B) Percentage change of ±dP/dt to baseline after two doses
of isoproterenol (0.1 and 0.5 μg/kg iv) in ICV saline and Ang II-treated rats. Values are presented as mean ± SEM, n = 4–5. *p < 0.05 vs saline.
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FIGURE 5
Ang II-infused heart showed cardiac hypertrophy. (A)Whole heart morphology of saline- and Ang II-treated rat hearts. (B). H&E stains of whole heart
longitudinal sections from saline- and Ang II-treated rats. (C) WGA-488 fluorescence images of heart sections from saline- and Ang-treated rat hearts;
green fluorescence represents cardiomyocyte boundaries stained with WGA. (D)Quantifications of WGA-stained cardiomyocyte numbers per unit area.
Each dot represents the average number of cardiomyocytes counted per unit area image of the LV section. (E) Quantifications of WGA-stained
cardiomyocyte diameter. Each dot represents an average of 150 cardiomyocyte cross-sectional diameters per heart. Values are presented as mean ±
SEM, n = 6. *p < 0.05 vs saline, Student’s t-test.

FIGURE 6
Ang II heart showed cardiac fibrosis. (A) Whole heart Masson’s trichrome (left) and Sirius red (right) staining of saline- and Ang II-treated rat hearts.
(B) Representative Masson’s trichrome (blue) staining of heart longitudinal sections from saline- and Ang II-treated rats. (C) Quantifications of
Masson’s trichrome perivascular blue intensity in saline- and Ang II-treated rat hearts. Each dot represents the mean collagen intensity from the
left ventricular heart section (20 fields per fixed heart section; three sections/rat). (D)Quantifications of Masson’s trichrome interstitial blue intensity
in saline- and Ang II-treated hearts. Each dot represents the mean collagen intensity from the left ventricular heart section (20 fields per fixed
heart section; three sections/rat). Values are presented as mean ± SEM, n = 6. *p < 0.05 vs saline, Student’s t-test.
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(1 point) criteria for each of the measures. In our study, we have
conservatively assigned minor (1 point) for each of the features that
were monitored and reported positive in this study, with a total
HFA-PEFF score of 16. According to Pieske et al. (2019), a score
of ≥5 points is considered to be diagnostic of HFpEF.

Discussion

Central infusion of Ang II resulted in neurogenic hypertension in
rats that demonstrated elevated blood pressure, concentric LV
hypertrophy, and increased LV fibrosis. These rats also
demonstrated functionally preserved fractional shortening, with
preserved ejection fraction but reduced diastolic function depicted
by a reduced E/A ratio, increased LV filling pressure (LVEDP), and
reduced relaxation of LV to an adrenergic challenge. These rats also
exhibited left atrial enlargement, pulmonary congestion, and elevated
levels of atrial natriuretic peptide and inflammatorymarker IL6. Thus,
neurogenic hypertension in these centrally Ang II-infused ratsmimics
the phenotype of HFpEF, independent of obesity, diabetes, or age. All
these markers/measures which are characteristic hallmarks of clinical
HFpEF (Table 2) (Reddy et al., 2018; Pfeffer et al., 2019; Pieske et al.,
2019) are recapitulated in this model of neurogenic hypertension in
rats (Nandi et al., 2021; Sharma et al., 2021).

Previously, we have shown that central infusion of Ang II for
14 days resulted in an increase in sympatho-excitation, leading to
hypertension in this model of neurogenic hypertension in rats
(Nandi et al., 2021; Sharma et al., 2021). In previous studies, we
have demonstrated that Ang II-infused rats had a specifically higher
cardiac sympathetic tone accompanied by a reduced
parasympathetic drive than saline-infused rats. The balance
between cardiac sympathetic and parasympathetic tones,

evaluated by the ratio between these variables, was almost
2.5 times higher in Ang II-infused rats, showing that Ang II
infusion leads to an overwhelming cardiac autonomic imbalance
favoring sympatho-excitation and consequent tachycardia. It has
been suggested that centrally induced sympatho-excitation that
elicits a cardiac sympatho-excitation with concomitant
hypertension leads to associated cardiac and metabolic alterations
(Kline et al., 1983; Schohn et al., 1985; Patel et al., 2016; Borovac
et al., 2020). This model of centrally mediated sympatho-excitation
by central infusion of Ang II leading to hypertension recapitulates
most features of clinical HFpEF as hypertension has been observed
in more than three quartiles of human HFpEF patients (He et al.,
2021; Pagel et al., 2021). It should be noted that we used a very low
dose of Ang II infusion given ICV to elicit activation of central
sympatho-excitatory mechanisms within the brain that is sufficient
to result in neurogenic systemic hypertension (Sharma et al., 2021).
Furthermore, this dose of Ang II when given systemically (in the
general circulation, IV) would be insufficient to elicit a pressor
response. The present model, therefore, differs from prior models
that used intravenous ANG II infusion by the absence of direct effects
of ANG II on the vasculature (vasocontraction and subsequent
hypertension), as well as the heart itself (hypertrophy), or
metabolic abnormalities, and as such, it is likely to provide
information that is not available from the other models, yet it is
complementary to the already available models. We posit that we
avoided mimicking systemic hypertension that would be elicited by
direct actions of peripheral administration of Ang II or direct effects of
Ang II on the heart (Regan et al., 2015), as targeting this form of
systemic hypertension has failed in clinical trials (Pitt et al., 2014). Our
current model takes advantage of the fact that such a specific central
manipulation using central Ang II mechanisms results in cardiac
sympatho-excitation with concomitant hypertension that is often

FIGURE 7
Western blot analysis of (A) atrial natriuretic factor (ANP) and (B) interleukin-6 (IL-6) in left ventricular tissues from saline- and Ang II-infused rats. The
top panels show raw gel images of the proteins in ventricular tissues. The bottom panels show the composite data from each group. Values are presented
as mean ± SEM, n = 6. *p < 0.05 vs saline, Student’s t-test.
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observed in HFpEF with local cardiac remodeling (Sone et al., 1984;
Hoenig et al., 2008). We are presuming that we have a neurogenic
form of hypertension caused by an enhanced sympathetic drive
(which may or may not include volume expansion).

Clinically, heart failure with preserved ejection fraction (HFpEF)
is a complex syndrome with multifactorial disease heterogeneity, and
there is a lack of a suitable preclinical murinemodel for HFpEF, as it is
practically impossible to introduce all associated comorbidities in a
single model to mimic an advanced clinical HFpEF. In this study, we
attempted to describe the phenotype of HFpEF in a model of centrally
induced neurogenic sympatho-excitation, independent of obesity,
diabetes, or age. This model of neurogenic hypertension would
assist in elucidating the possible contributions of other factors,
such as renal dysfunction due to hyperfiltration or baroreceptor
dysfunction independent of sympatho-excitation.

Our current model takes advantage of the fact that such a specific
central manipulation results in cardiac sympatho-excitation with
concomitant hypertension that is often mimicked in HFpEF with
local cardiac remodeling (Sone et al., 1984; Hoenig et al., 2008). Using
noninvasive pulse-wave Doppler and M-mode echocardiography, we
observed that Ang II-infused rats demonstrated a decrease in E/A with
preserved ejection fraction. Furthermore, using invasive hemodynamic
measurements, we observed an elevated LVEDP which is considered
the gold standard to monitor diastolic dysfunction indicative of
HFpEF. Although E/e’ was not significantly increased in this study,

it should be noted that the E/e’ ratio is typically only observed to be
elevated when the LVEDP is substantially increased (>20 mmHg) in
patients with HFpEF (Oh et al., 2011). Because the increase in LVEDP
in our study was in the range of 5 mmHg, it was perhaps not high
enough to elicit a significant increase in E/e’. In addition, although
there was a normal contractile response to isoproterenol, the relaxation
response to isoproterenol was significantly blunted in rats infused with
Ang II, suggesting diastolic dysfunction. Taken together, these results
suggest that the Ang II-infused rats have impaired diastolic function
similar to commonly observed diastolic dysfunction in clinical HFpEF.

Cardiac fibrosis is often observed in patients with HFpEF as a
primary event to supplement cardiac hypertrophic expansion (Hahn
et al., 2021). Further examination of the fibrosis in the hearts of
patients with HFpEF has revealed that collagen fibers are deposited
in cardiac perivascular and interstitial spaces, often termed as
perivascular or interstitial fibrosis. Using anatomical and
histological approaches, we observed similar cardiac LV
hypertrophy, left atrial enlargement, and LV cardiac fibrosis, both
in the perivascular and interstitial spaces, which is indicative of a
myriad of cardiac remodeling in rats infused with Ang II. It is of
importance to note that increased left atrial size is a common clinical
feature of HFpEF patients and partially contributes to increased
atrial fibrillation incidence.

The presence of enhanced sympatho-excitation in this model
appears to be a fundamental component for the genesis of cardiac

TABLE 2 Comparison of morphological and functional aspects of HFpEF model with HFA-PEFF score (Pieske et al., 2019).

Features of the model Present HFA-PEFF score points

Morphological aspects

Left ventricular mass + 1

Left atrial enlargement + 1

Wall thickness + 1

Concentric hypertrophy + 1

Cardiac myocyte number + 1

Cardiac myocyte diameter + 1

Perivascular fibrosis + 1

Interstitial fibrosis + 1

Functional aspects

Diastolic function + 1

Reduced E/A + 1

Reduced diastolic relaxation after isoproterenol administration + 1

Increased LVEDP + 1

Increased arterial blood pressure + 1

Increased lung weight congestion + 1

Functional markers

Atrial natriuretic factor (ANP) + 1

Interleukin-6 (IL-6) + 1

≥5 point = HFpEF 16
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pathophysiology, which is similar to that observed in patients with
HFpEF. Therefore, in this unique model, we observed LV diastolic
dysfunction, as evidenced by a significant decrease in diastolic early
to late transmittal filling velocities, an elevated LVEDP, and a lack of
appropriate relaxation during an isoproterenol challenge. This was
linked with intense myocardial hypertrophy and fibrosis, yet a
preserved cardiac ejection fraction. Our results provide a unique
murine model that exhibits many of the features of HFpEF in rats
which can be utilized for testing therapeutic strategies in future
translational studies. Therefore, strategies for reducing the
activation of sympathetic outflow either centrally or peripherally
in the appropriate amount, specifically, may provide novel
approaches for the development of future therapeutic agents for
HFpEF (Schohn et al., 1985; Nikami et al., 2005). Of note, HFpEF is a
complex syndrome with multifactorial disease heterogeneity, and
currently, there is a lack of a suitable preclinical rat model of HFpEF,
as it is practically impossible to introduce all associated
comorbidities in a single model to mimic advanced clinical HFpEF.

It should be noted that although several other complex cardiac
and non-cardiac or vascular issues are commonly observed in
clinical setting, including atrial fibrillation, arterial stiffness,
enlarged left atrium, increased LV mass, altered atrial–ventricular
coupling, skeletal muscle dysfunction, decreased intra-myocardial
capillary density, impaired active vasoconstriction, and cardiac
relaxation problems that are frequently observed in patients with
HFpEF (Volpe et al., 2016; Messerli et al., 2017; Davila et al., 2019;
Bode et al., 2020; Schauer et al., 2020), our unique model mirrors a
majority of these abnormalities. It should also be noted that some of
these abnormalities are in the slight to moderate level, indicative of
either a beginning stage or a milder form of the disease.

We acknowledge that the pathophysiology of diastolic
dysfunction in HFpEF is complex to understand entirely at this
point; however, we believe that identifying a viable murine model for
this condition will enable future studies to elucidate the underlying
mechanisms for HFpEF as well as explore effective treatment for
HFpEF patients. Albeit this is a very compelling model of HFpEF, we
acknowledge some potential limitations of our study: first, it is
challenging to model a preclinical animal model that mimics all
basic clinical features of HFpEF in a single pathophysiology model.
However, we explored a possible contribution of a central
mechanism (enhanced cardiac sympatho-excitation) that may be
responsible for HFpEF cardiac phenotypic changes at the cell, tissue,
and anatomical levels. Second, exercise intolerance: a reduction in
the ability to endure maximum exercise workload during the
exercise period is one of the hallmark features of clinical HFpEF
that were not tested in this study. We believe that although exercise
tolerance parameters are useful functional endpoints, the lack of
exercise intolerance data does not exclude or diminish the
importance of all the key aspects of HFpEF examined in this
study. We did observe indices of pulmonary congestion, which
were thought to be in part responsible for exercise intolerance. We
also observed reduced relaxation response to an acute challenge with
isoproterenol. Third, although patients with HFpEF often present
clinically with comorbidities like central obesity and metabolic
disorders, these disorders are also invariably accompanied by
sympatho-excitation, as presented in the current study. Fourth, in
patients with HFpEF, the LVEDP is typically significantly higher
than our observations in this study. However, it should be noted that

in our model, LVEDP was typically measured under anesthetized
conditions, acutely with a 14-day infusion of ICV Ang II. This may
perhaps be due to the shorter duration of treatment. Therefore, a
longer period of sympatho-excitation with a longer period of Ang II
infusion would be expected to increase LVEDP similar to that
observed in clinical HFpEF.

Perspectives

This study demonstrates that specific central activation of the
sympathetic nervous system recapitulates a majority of the features of
HFpEF, namely, elevated LVEDP, impaired LV relaxation,
pathological cardiac concentric hypertrophy, cardiac fibrosis, and
elevated levels of ANP and IL-6 in the absence of LV systolic
dysfunction, and may, therefore, be considered as a novel tool for
use in mechanistic preclinical studies in HFpEF. This novel rat model
of neurogenic sympathetic overactivation appears to be fundamentally
involved in the genesis and the progression of HFpEF. This model may
be important to study HFpEF as a preclinical research tool with the
potential inclusion of multi-organ failure and metabolic insult
incorporation as additional factors that can be examined to identify
key molecular mechanisms to elucidate potential therapeutic strategies
for the treatment of HFpEF.
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