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HIGHLIGHTS

� To better define HFpEF clinically, patients are nowadays often clustered into phenogroups, based on their comorbidities

and symptoms

� Many animal models claim to mimic HFpEF, but phenogroups are not yet regularly used to cluster them

� HFpEF animals models often lack reports of clinical symptoms of HF, therefore mainly presenting as extended models of

LVDD, clinically seen as a prestate of HFpEF

� We investigated if clinically relevant phenogroups can guide selection of animal models aiming at better defined animal

research
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At least one-half of the growing heart failure population consists of heart failure with preserved ejection fraction (HFpEF).

The limited therapeutic options, the complexity of the syndrome, and many related comorbidities emphasize the need for

adequate experimental animal models to study the etiology of HFpEF, as well as its comorbidities and pathophysiological

changes. The strengths and weaknesses of available animal models have been reviewed extensively with the general

consensus that a “1-size-fits-all” model does not exist, because no uniform HFpEF patient exists. In fact, HFpEF patients

have been categorized into HFpEF phenogroups based on comorbidities and symptoms. In this review, we therefore study

which animal model is best suited to study the different phenogroups—to improve model selection and refinement of

animal research. Based on the published data, we extrapolated human HFpEF phenogroups into 3 animal phenogroups

(containing small and large animals) based on reports and definitions of the authors: animal models with high (cardiac) age

(phenogroup aging); animal models focusing on hypertension and kidney dysfunction (phenogroup hypertension/kidney

failure); and models with hypertension, obesity, and type 2 diabetes mellitus (phenogroup cardiometabolic syndrome). We

subsequently evaluated characteristics of HFpEF, such as left ventricular diastolic dysfunction parameters, systemic

inflammation, cardiac fibrosis, and sex-specificity in the different models. Finally, we scored these parameters concluded

how to best apply these models. Based on our findings, we propose an easy-to-use classification for future animal research

based on clinical phenogroups of interest. (J Am Coll Cardiol Basic Trans Science 2022;7:844–857) © 2022 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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AB BR E V I A T I O N S

AND ACRONYM S

ANGII = angiotensin II

BNP = brain natriuretic peptide

DahlSS = Dahl salt sensitive

DOCA = deoxycorticosterone

acetate

HF = heart failure

HFD = high-fat diet

HFHS = high fat, high sugar

HFpEF = heart failure with

preserved ejection fraction

HHR = hypertrophic heart rat

IVRT = isovolumetric

relaxation time

L-NAME = Nu-nitrol-arginine

methyl ester

LV = left ventricle/ventricular

LVDD = left ventricular

diastolic dysfunction

LVEDP = left ventricular end-

diastolic pressure

LVEF = left ventricular

ejection fraction

PO = pressure overload

T2DM = type 2 diabetes

mellitus

ZSF1 = Zucker fatty and

spontaneously hypertensive
A pproximately 50% of the heart failure popu-
lation is experiencing heart failure with pre-
served ejection fraction (HFpEF).1,2 HFpEF

is characterized by heart failure (HF) symptoms in
addition to structural and functional alterations and
a preserved left ventricular ejection fraction (LVEF)
(>50%).3-9 Clinically, patients are often women pre-
senting with congestion, increased levels of natri-
uretic peptides, and left ventricular diastolic
dysfunction (LVDD).10 Comorbidities like hyperten-
sion, obesity, type 2 diabetes mellitus (T2DM), and
kidney dysfunction increase morbidity and
mortality,3,6,8,11 which have been associated with sys-
temic inflammation affecting cardiac and vascular
structure and function.9,12,13 This phenotypical het-
erogeneity hampers finding suitable therapeutical ap-
proaches; therefore, diagnostic criteria scores have
been developed, such as the H2FPEF14 and HFA-
PEFF,15 which can be used to identify HFpEF. Besides
that, HFpEF patients are nowadays often further
defined into so-called phenogroups16-19 based on
severity of LVDD, presence of single or multiple
comorbidities, and age to reduce heterogeneity in
clinical trials.

To investigate the pathophysiology of HFpEF, an-
imal models are widely used.20,21 However, the
phenotypical heterogeneity within the human patient
population cannot be translated to a “1-size-fits-all”
animal model. Currently, clinical phenogroups or
scores are not regularly used for clustering of animal
models, as Withaar et al22 were the first to attempt
this in mice. Their conclusion was that the complex
HFpEF pathophysiology in humans has to be taken
into account when creating and validating HFpEF
animal models.22 However, several parameters
cannot be directly translated from humans to (small)
animals, and by defining more suitable phenogroups
in animal models, these models can be further refined
allowing more precise comparisons between animals
and specific phenotypically different patient pop-
ulations.23 Therefore, adapted phenoclustering to
animal models might improve both fundamental and
preclinical research, thereby aiding to better under-
standing of this complex syndrome.

In this review, we therefore classified animal
models to clinical phenogroups of HFpEF to facilitate
investigation of pathological mechanisms of LVDD in
animal models.
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CRITERIA AND REQUIREMENTS FOR

PRECLINICAL HFpEF MODELS

We classified preclinical models based on the
requirements of clinical HFpEF, as defined by
inclusion and exclusion criteria depicted in
Figure 1 and in the following text. A full
overview of all characteristics measured in
animal models are summarized in
Supplemental Table 1 for small animals and
Supplemental Table 2 for large animals. In-
clusion criteria were HF symptoms, presen-
tation with parameters of LVDD, and
structural and functional alterations (such as
chronic systemic inflammation and fibrosis)
accompanying the development of the syn-
drome in humans. Exclusion criteria were
systolic dysfunction and a reduced ejection
fraction (EF). Based on the lack of HF symp-
toms, one might conclude that most HFpEF
animal models are rather extended LVDD
models.
INCLUSION CRITERIA. Lef t ventr i cu lar
d iastol i c dysfunct ion . Even though
currently no guidelines exist to define LVDD
for animal models, we think all animals
should present with characteristics of LVDD
and a clear definition of LVDD should be used
to evaluate animal models.
In general, parameters to measure left ventricular
(LV) diastolic function in humans and animals are the
ratio between mitral peak velocity of early filling to
early diastolic mitral annular velocity (E/e’ ratio), and
the ratio between mitral peak velocity of early filling
to mitral peak velocity of late filling (E/A ratio).24-26

As both can be measured using Doppler ultrasound,
this is implemented in many animal studies. Normal
values of E/e’ and E/A range from 10-16 and 1-2.5 in
different animals (Supplemental Tables 1 and 2).21,27

Elevated E/e’ and diminished E/A ratios can depict
worsened LV diastolic function. LV active relaxation
time (isovolumetric relaxation time [IVRT]), or its
constant s (tau), are indicators for LVDD, but are
generally only used in animals.28 Normally, s ranges
from 20-30 milliseconds in large animals, and from 4-
7 and 8-12 milliseconds in mice and rats, respectively
(Supplemental Tables 1 and 2).21 Alternatively, dP/
dtmin can be determined as a parameter for active
es and animal welfare regulations of the authors’
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FIGURE 1 Inclusion and Exclusion Criteria to Define Preclinical Animal Models for HFpEF

Inclusion criteria are heart failure symptoms, presentation with parameters of LVDD, and inflammation/fibrosis. Exclusion criteria were systolic

dysfunction and a reduced ejection fraction. Because most studies do not report symptoms of heart failure, most animal models are extended

LVDD models. HFpEF ¼ heart failure with preserved ejection fraction; LVDD ¼ left ventricular diastolic dysfunction.
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relaxation. Increased s, IVRT, or dP/dtmin corresponds
to a slower LV cardiomyocyte relaxation and there-
fore increased LV filling time.26 Recently, LV peak
untwist velocity was proposed as an early detectable
LVDD parameter in large animals.29

In clinical practice, LV hypertrophy is validated by
echocardiography and electrocardiography, eg, LV
heart weight, LV posterior wall (LVPWd) thickness,
and diameter of the interventricular septum (IVSd).
In animals, individual cardiomyocyte size and LV
weight are often additive measures (ex vivo).25

Although brain natriuretic peptide (BNP) values are
not always increased, they sometimes are used as a
hypertrophy blood biomarker.30 Elevated left ven-
tricular end-diastolic pressure (LVEDP) is a sign of
compensation to preserve LVEF,24 and in most
healthy animals, LVEDP is <12 mm Hg. A more recent
parameter for LVDD in patients is a decreased left
atrial strain, which can also be used to indicate
severity of LVDD.31 Although left atrial volume is
sometimes also assessed in animals, changes occur
often only after longer periods of remodeling.
Chron ic systemic inflammat ion and fibros is
format ion . LVDD and HFpEF patients often experi-
ence chronic systemic inflammation, at least partially
caused by comorbidities.9,12,32 Especially in elderly
obese women, systemic inflammation is prominent.33

Both in clinical studies and animal models, inflam-
matory cells (CD3þ, CD45þ, and CD68þ-positive
cells),34 circulation of inflammatory cytokines (eg,
tumor necrosis factor alpha, interleukin-1 and -6), and
production of monocyte chemoattractant protein 1
(MCP1) have been measured (Supplemental Tables 1
and 2). Although C-reactive protein values can also
be measured as they are generally upregulated in the
pro-inflammatory state, it should be noted that 40%
of HFpEF patients have normal C-reactive protein
values.35

Consequential to the active inflammatory state, eg,
increased fibroblast activity caused by MCP-1,9 LVDD
and HFpEF patients experience increased myocardial
fibrosis.36,37 In humans, fibrosis is measured by car-
diac cardiac magnetic resonance, specifically T1

mapping.38 In animal models, it can be measured by
increased levels of transforming growth factor beta,
collagen I and III, and elevated matrix metal-
loproteinases (MMPs).36,39-42 Fibrosis formation can
also be detected by postmortem tissue stainings, such
as Masson’s trichrome or Picro Sirius Red. In patients
and animals, both protein and mRNA levels of the
inflammatory and fibrotic markers are highly up-
regulated.40,43 In general, most models included in
the proposed compass have a reasonable assessment
of systemic inflammation and myocardial fibrosis.
SYMPTOMS OF HF. Diagnosing HF in animals is
hampered by the cumbersome detection of symptoms
and signs, but attempts are made, eg, measuring pul-
monary edema/congestion (increased lung weight),
presence of cachexia, and exercise tolerance or fatigue
(based on treadmill or swimming experiments). How-
ever, in larger animals this can be more complex,
because extensive equipment is needed.44 Exercise
intolerance is considered the best way to detect HF in
animal models of HFpEF. Although it is difficult to
standardize exercise experiments in animals and to
extrapolate these interventions to humans, several
models have already evaluated exercise intolerance
successfully (reviewed by Valero-Muñoz et al45).
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FIGURE 2 Classification and Scoring of Animal Models of Heart Failure With Preserved Ejection Fraction

Schematic overview of small and large animal models, visualizing the presence or absence of comorbidities, systemic inflammation, cardiac fibrosis, and left ventricular

diastolic dysfunction (LVDD) parameters, using color coding. Phenogroup aging contains the senescence-accelerated mouse prone 8 mouse (SAMP8), as well as the

Fischer 344 rat, the hypertrophic heart rat (HHR), and the old hypertensive dog (OHT). Phenogroup hypertension/kidney dysfunction consists of the left ventricular

pressure overload pig (LVPO), the pressure overload cat (PO), the angiotensin II mouse (ANGII), the Dahl salt-sensitive rat (DahlSS), the Nu-nitrol-arginine methyl ester

mouse (L-NAME), the subtotal nephrectomy rat (SNX), and the deoxycorticosterone acetate rat (DOCA). Phenogroup cardiometabolic syndrome consists of the Zucker

diabetic fatty rat (ZDF), the obese mouse (ob/ob), the diabetic mouse (db/db), the high-fat-high-sugar mouse (HFHS), the old high-fat diet þ angiotensin II mouse (Old

HFDþANGII), the high-fat-high-sugar pig (HFHS), the Dahl salt sensitive/obese rat (DahlSS/obese), the Zucker fatty and spontaneously hypertensive rat (ZSF1/obese),

the Nu-nitrol-arginine methyl ester þ high fat diet mouse (L-NAMEþHFD), the deoxycorticosterone acetate/angiotensin II/Western diet pig (DOCA/ANGII/WD), the

hypertensive, hypercholesterolemia, diabetes mellitus pig (HT/HC/DM), the Western diet/aortic block pig (WD/AB), the diabetic þ angiotensin II mouse (db/

dbþANGII), and the deoxycorticosterone acetate/Western diet pig (DOCA/WD). Color coding shows whether certain parameters are present and used to score: dark

green 2 points, light green 1 point, yellow 0 points, light green �1 point, and dark red �2 points. Sex differences were not included in scoring. EDPVR ¼ end-diastolic

pressure volume relationship; IVRT ¼ isovolumetric relaxation time; LVEDP ¼ left ventricular end-diastolic pressure; LVEF ¼ left ventricular ejection fraction;

Ms ¼ mouse; P ¼ pig; PUV ¼ peak untwist velocity; T2DM ¼ type 2 diabetes mellitus (T2DM).
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As many animal models are still missing consistent
evaluation of clinical symptoms of HF (Figure 1), we
concluded that most animal models are rather
extended LVDD models than HFpEF models, and
therefore mainly focused on the development of
LVDD and comorbidities.

CRITERIA TO EXTRAPOLATE CLINICAL

PHENOGROUPS INTO PRECLINICAL RESEARCH

Lately, to better define the human HFpEF population,
disease patterns like clinical, echocardiographic, and
laboratory variables, as well as treatment history and
mortality, were used to cluster patients into 2-6
separate phenogroups.16-19,46-50 Although phe-
nogroups might differ between clinical cohorts, often
age, hypertension, kidney dysfunction, and meta-
bolic comorbidities, such as obesity and T2DM, are
used to cluster patients, as well as the presence of
LVDD.

Based on important characteristics in small and
large animal models, we defined 3 phenogroups
best reflecting the human phenogroups, based on
reports and definitions of parameters by the authors
of the original publications: animal models with
high age or age-related characteristics (phenogroup
aging); animal models focusing on hypertension and
kidney dysfunction (phenogroup hypertension/
kidney failure); and models with hypertension,
obesity, and T2DM (phenogroup cardiometabolic
syndrome).

PHENOGROUP AGING. In the clinical setting, age is
an important factor, because HFpEF patients are
relatively old with minor differences between the
human phenogroups. In animal models, aging alone
is almost never an independently investigated char-
acteristic, but mainly together with comorbidities.51-54

(Cardiac) aging characteristics could without a doubt
lead to development of LVDD symptoms, as also seen
in the hypertrophic heart rat (HHR) model (55).
Including older animals with or without additional
comorbidities, or using young animals with a longer
follow-up should be considered to further refine the
LVDD and HFpEF models.

PHENOGROUP HYPERTENSION/KIDNEY DYSFUNCTION.

Hypertens ion . Hypertension is present in most
HFpEF patients (91% in women and 85% in
men),23,56-59 and was therefore required to be pre-
sent or at least minimally developing in all 3 phe-
nogroups. Hypertension leads to angiotensin II
(ANGII)-induced inflammation of the cardiac mus-
cle,60 and therefore an increased LVEDP, microvas-
cular dysfunction, and increased reactive oxygen
species (ROS) production. This is followed by a
decrease in nitric oxide (NO), resulting in a less
compliant LV and its microvessels,32,61,62 which can
in turn trigger myocardial fibrosis and stiffening.12

Hypertension can be triggered in animals, just like
in humans, by various factors, ie, high-salt diet and
high blood pressure–inducing drugs. In animals, it
can be measured by systolic blood pressure or
mean arterial pressure, with systolic blood pressure
>130 mm Hg, as opposed to �120 mm Hg in
healthy small and large animals (Supplemental
Tables 1 and 2).63-65

Kidney dysfunct ion . Kidney dysfunction is present
in 30%-50% of the HFpEF patients4,56,57,66 and is
associated with increased mortality.4,11 It is caused by
chronically increased blood pressure (BP), chronic
systemic inflammation, and/or metabolic disorders.
Kidney dysfunction manifests itself by a compro-
mised filtration of blood and the presence of uremic
toxins in the circulation.67 Elevated production of
ROS, via NADPH oxidases, consequential to kidney
dysfunction also results in kidney fibrosis formation,
additional proinflammatory responses, and further
deterioration of kidney function.68,69

In humans, the estimated glomerular filtration
rate, creatinine clearance, proteinuria, and presence
of uremic toxins (UTs), eg, indoles and phenols, are
used to measure degree of kidney dysfunction.

In animals, kidney dysfunction can be introduced
using high-salt diets or partial nephrectomy, and
additional postmortem histological analyses can be
performed to investigate glomerulosclerosis or kid-
ney fibrosis.70-72 Compared with healthy animals,
murine and rat kidney dysfunction models show a 3-
fold lower creatinine clearance of around 50 mL/min
and <150 mL/min, respectively.73,74 Creatinine clear-
ance in healthy large animals is relative to their age
and size, with a clearance of �100 mL/min in �60 kg
pigs, and �50 mL/min in �10 kg dogs.75,76

PHENOGROUP CARDIOMETABOLIC SYNDROME.

Obes i ty and d iabetes mel l i tus type 2 . About
30%-50% of HFpEF patients present with
obesity,4,23,56,66 with a higher prevalence in women
than men.11,59 Next to that, about 30%-40% of male
and female HFpEF patients experience T2DM,23,57-59

which has been connected to increased LVEDP, and
myocardial stiffness caused by titin hypophosphor-
ylation,77 as well as increased mortality.78 T2DM is
often seen in combination with obesity. Obesity in-
duces systemic inflammation and release of aldoste-
rone leading to microvascular dysfunction and
cardiac fibrosis.3,79 Obesity has also been connected
to decreased cyclic guanosine monophosphate levels,
causing a lower activity of protein kinase G.

https://doi.org/10.1016/j.jacbts.2021.12.009
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Diminished protein kinase G–dependent titin phos-
phorylation increases resting cardiomyocyte ten-
sion.80 In animals, obesity is triggered by a high-fat
diet (HFD), indicated by triglyceride levels of at
least >100 mg/dL.81 In humans, body weight, body
mass index, and waist-to-hip ratio are parameters to
measure obesity. In animals, triglyceride levels and
cholesterol levels can also be measured, although
these are less defined and highly deviating based on
age, strain, and sex of the animal.

Both in humans and animal models, measurements
of blood glucose or insulin levels are established
methods to indicate T2DM. Healthy fasting glucose
levels are comparable in small and large animals (80-
100 mg/dL).82-86 T2DM is ascertained at glucose levels
of >125 mg/dL in large animals,84-86 whereas small
animals are more tolerant with >150/200 mg/dL as
being considered diabetic.82,83

EVALUATION OF ANIMAL MODELS BASED

ON PHENOGROUPS

We first evaluated an extensive list of currently used
animal models with most reported parameters and
their pathological vs control values. Here, we based
our criteria for the HFpEF phenogroups on the self-
reported definitions by the authors, because animal
models and used read-outs are variable. A full over-
view of characteristics, (sex; age; LV diastolic function
parameters [eg, LVEF, relaxation time, E/A]; pressure
parameters; cardiomyocyte size; BNP values; inflam-
matory, fibrotic, and microvessel dysfunction pa-
rameters; blood pressure; body weight; and
parameters for glucose and kidney dysfunction, as
well as parameters for congestion) are summarized in
Supplemental Table 1 for small animals and
Supplemental Table 2 for large animals. If multiple
studies investigated the same animal model, all of
them were used to assess and classify the model. We
then extracted the most suitable animal models per
phenogroup based on definitions and reports given by
the authors of the models regarding inflammation,
cardiac fibrosis, LVDD parameters, sexes included,
and HFpEF markers as depicted in Figure 2. Because
clinical symptoms of HFpEF are not consistently or
only partly investigated in animal models, we focused
on mechanistic models of extended LVDD. The color-
coding is guidance based on (significant) differences
of these parameters between animals with patholog-
ical conditions and control subjects: green means the
characteristic is present; red means the characteristic
is absent; and yellow means the characteristic was not
assessed or is undefined. The lighter colors (red and
green) mean that additional validation of the
parameter by other groups is required. Similar color-
coding is used for the column LVDD, based on the
presence of at least 3—both structural and functional—
parameters of LVDD. Even though we based our de-
cisions on the definitions and reports of the authors of
the original publication, we additionally argued that a
suitable animal model had to contain the following: 1)
a description of multiple parameters defining LVDD,
including active and passive relaxation, pressure
changes, and structural adaptations; 2) a description
of systemic inflammation and the progression of
myocardial fibrosis, as both are indicative for LVDD/
HFpEF13,87; 3) a comorbidity reported to trigger LVDD,
such as hypertension or T2DM; and 4) the potential
development of other comorbidities, which should
also be evaluated in a suitable animal model for the
corresponding phenogroup. To be included in the se-
lection, the model had to assess all characteristics
over time, to provide information on LV deterioration
and the time window of HFpEF development. When
characteristics were investigated in more detail or
repetitively, reproducibility increased. All parameters
underlying our scoring are explained in the following
sections.

PHENOGROUPING AND SCORING OF

ANIMAL MODELS

In most animal models, hypertension, obesity, and
T2DM are used to initiate the development of LVDD, as
they are the most common comorbidities in HFpEF
patients. Kidney dysfunction often develops sponta-
neously in animal models, except in the induced
deoxycorticosterone acetate (DOCA) and subtotal ne-
phrectomy rats. In most studies, only a single sex was
analyzed, and in some of them, the sex of the animals
was not specified. We extracted suitable animal
models that met our requirements from the extensive
list and sorted them into 3 phenogroups based on age,
comorbidities, inflammation, cardiac fibrosis, and LV
function of the models (Figure 2). Thereafter, we
scored selected animal models and drew conclusions
on the most suitable animal models for LVDD/HFpEF
research relating the 3 phenogroups. Models were
scored using an average of 6 groups of characteristics,
namely inflammation, fibrosis, LVEF, relaxation
parameters, pressure measurements, and structural
adaptations, calculated by scoring the color coding
(dark green 2 points, light green 1 point, yellow zero
points, light red �1 points, and dark red �2 points).

To be scored as an HFpEF model, HF markers had
to also be present; however, this was excluded from
the scoring because those were not consistently re-
ported. Models that scored high and reported on HF

https://doi.org/10.1016/j.jacbts.2021.12.009
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markers were therefore additionally called HFpEF
models. Due to poor reporting of the sex used, it was
excluded in the scoring. It is striking, though, that
models that scored best also often investigated sex
differences already.
PHENOGROUP AGING. Animal models in this phe-
nogroup were mainly aging models or LVDD models
induced by cardiac aging-related characteristics
(Figure 2, upper panel).

Models that primarily focus on aging are the
senescence-accelerated mouse prone 8 mouse and
the Fischer 344 rat. Although the senescence-
accelerated mouse prone 8 mouse model develops
kidney dysfunction,51,52 the Fischer 344 rat only de-
velops hypertension.53,54 Both animal models provi-
sionally miss measurements to assume development
of LVDD, but represent the older age and age-related
structural alterations. In the HHR,55 no comorbidities
were used to trigger LVDD and insights in comorbid-
ities or systemic inflammation were absent, even
though LVDD was demonstrated quite extensively
and reproducibility was shown. The old hypertensive
(OHT) dog,88-91 induced by renal-wrapping, is also a
model of hypertension in old animals, which scored
best based on our scoring.
PHENOGROUP HYPERTENSION/KIDNEY DYSFUNCTION.

Animal models were included in this phenogroup if
they presented with hypertension and kidney
dysfunction or developed hypertension by alterations
in ANGII, high-salt diet, or L-NAME (Figure 2, mid-
dle panel).

In the LV pressure overload (PO) pig92-94 and the
PO cat,95,96 LVDD was demonstrated and reproduc-
ible. The ANGII mouse97-100 or the DahlSS rat101-104 are
both established hypertensive LVDD/HFpEF animal
models, which potentially develop kidney dysfunc-
tion. Recently, the DahlSS model was investigated in
male and female rats separately, which showed less
fibrosis in female mice and excessive weight loss in
male mice.104 Also L-NAME administration in mice
was introduced as a potential inducer of
hypertension.105,106

The subtotal nephrectomy rat is used to investigate
the development of LVDD specifically upon kidney
dysfunction, without development of systemic
inflammation.107,108 Interestingly, despite almost all
functional parameters significantly pointing toward
LVDD, this model has rarely been used for LVDD/
HFpEF research specifically, presumably caused by
being on the edge of diastolic to systolic dysfunction.
In parallel, more research focusing on cardiac adap-
tations and fibrosis formation is required in these
hypertensive models. The DOCA rat is based on
uninephrectomy, but the additional DOCA salt
administration also shifts the pathological focus on
progressive hypertension.109-111 These models can be
used to investigate hypertension-induced vascular
dysfunction suggested to be prominent in this
phenogroup.18

In conclusion, the most promising small animal
models are the ANGII mouse and the DahlSS rat,
where both models also investigated HF markers.
Also, the DOCA rats are scoring well for LVDD,
because they develop hypertension and kidney
dysfunction. The LVPO was the highest scoring large
animal model with no underlying comorbidities, but
presence of systemic inflammation, fibrosis, and
LVDD parameters.
PHENOGROUP CARDIOMETABOLIC SYNDROME. Com-
parable to the clinical phenogroup, the phenogroup
cardiometabolic syndrome includes mainly animal
models with a large number (>2) of comorbidities
(Figure 2, lower panel).

The Zucker diabetic fatty rat112-114 model is a T2DM
model with compensatory cardiac hypertrophy and
increased LVEDP, but requires more research into
other LVDD parameters. Obese (ob/ob)115-118 and dia-
betic (db/db)119-122 mice are both established models
for the combination of obesity and T2DM, with
changes in all indicated LVDD parameters in db/db
mice, but no cardiac fibrosis formation in ob/ob mice.
In both models, male and female mice were studied
separately, without significant sex differences. A
model of diabetic cardiomyopathy is the HFHS
mouse,123 which displays LVDD and 3 worsened pa-
rameters, inflammation, and cardiac fibrosis. Hyper-
tension, obesity, T2DM, as well as inflammation and
cardiac fibrosis are shown in the old HFD þ ANGII
mouse, without the presence of kidney dysfunc-
tion.124 The HFHS pig125 is a potential metabolic model
for early LVDD, investigated by peak untwist velocity.

DahlSS/obese72,126,127 and Zucker fatty and spon-
taneously hypertensive (ZSF1)/obese rats62,70,128

describe a combination of hypertension and meta-
bolic disorder. Both develop LVDD, indicated by 5
and 6 parameters, respectively. Aside from the
induced hypertension and obesity/T2DM, inflam-
mation, fibrosis, and kidney dysfunction were re-
ported. High mortality rates after 15 weeks often
hamper extending the experimental timeline. The L-
NAME þ HFD mouse models also shows 4 LVDD
parameters, but without the presence of
T2DM.105,106 The same phenotype is described in the
DOCA þ ANGII þ western diet (WD) pig129, which
describes all LVDD parameters, but reproducibility is
needed. The hypertensive, hypercholesterolemia,
and diabetes mellitus (HT/HC/DM) pig12,130 and
WD þ aortic block (AB) pig131 both include the broad
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pathological spectrum of all comorbidities of LVDD
and HFpEF. Whereas in the HT/HC/DM model,
relaxation abnormalities are investigated more cell-
ularly, the WD þ AB model showed LVDD in all
functional parameters.

Some animal models were not described in detail
or did not have LVDD or HFpEF as the main outcome,
eg, the db/db þ ANGII mouse132 and DOCA þWD pig.71

Both models had no relaxation alterations and did not
prove LVDD, leaving it undetermined if any patho-
logical HFpEF phenotype were present, while insights
into all comorbidities were included.

For this phenogroup, the db/db mice, DahlSS/obese
and ZSF1/obese rats, and HT/HC/DM pig scored best,
all for which HF markers have been shown. Despite
lower scores, the DOCA þ ANGII þ WD and the WD þ
AB pig models fit the phenogroup, as LVDD was
proven most extensively.

DISCUSSION

ADVANTAGES OF CLUSTERING ANIMAL MODELS.

Although strengths and weaknesses of individual
LVDD/HFpEF animal models have been reviewed
extensively,21,45,133–135 we investigated if clinically
relevant HFpEF phenogroups could be implemented
into a tool to guide selection of HFpEF animal models
and better define animal research.

Translating HFpEF phenotypes into animal models
remains a difficult process, as both the developing
triggers and the diagnostic approaches are different
between humans and animals. Some models from all
3 phenogroups, eg, the ANGII and db/db mice; the
DahlSS/obese, ZSF1/obese, and Fischer 344 rat; and
the HT/HC/DM pig, have been used in exercise
testing, which reinforces their potential as HFpEF
models instead of only extended LVDD models.

Our findings show that by defining phenogroups in
animal models, more precise comparisons can be
made between animals and specific phenotypically
and regionally different patient populations.23 For
future research, our developed scoring system of
phenogroups with parameters relevant to animals
could prove beneficial for further developing and
evaluating effective LVDD/HFpEF animal models.
The Central Illustration shows the scoring of animal
models for their respective phenogroup, to guide the
selection of a suitable animal model for your research
question. Before conclusions can be drawn, it should
be mentioned that many animal models included
here should be better defined as extended LVDD an-
imal models, as clinical characteristics of HFpEF are
often lacking.
DRAWBACKS AND FUTURE PERSPECTIVES

Animal models for LVDD/HFpEF are almost always
initiated by comorbidities, attempting to mimic the
progression from LVDD to HF. Acute induction of
pressure overload, eg, by transverse aortic constric-
tion (TAC), leads to LVDD in animals within a short
time frame, whereas in humans this often is a slow
process likely caused by less extreme physiological
changes. Although some studies show preserved
LVEF in TAC models,136,137 many also report the
development of systolic dysfunction with reduced
LVEF within a couple of weeks upon pressure over-
load.138-140 In addition, TAC animal models that
include multiple comorbidities in parallel also show
the greatest reduction in LVEF. These inconsistencies
make it difficult to recognize these models as true
LVDD/HFpEF models, and further refinement of the
model would be required.

To prevent all early-stage HF models from being
called LVDD models, we propose to show at least 1
parameter of active and passive relaxation abnor-
malities, increased diastolic pressure, and tissue ad-
aptations, such as cardiac hypertrophy, to extensively
prove LVDD. One hallmark of LVDD/HFpEF in pa-
tients is systemic inflammation, which should also be
crucial characteristic in animal models. It can also act
as an important therapeutic target, eg, as shown in
the CANTOS trial,13,141 and is associated with comor-
bidities.142 In addition to LVDD parameters, an
assessment of inflammatory state, such as amount of
circulating inflammatory cells and/or cytokines and
chemokines, is also recommended. Moreover, the
described parameters for LVDD/HFpEF comorbidities
should be investigated, where our clustering can aid
in selection.

Until now, a translational gap between animal
models and clinical LVDD/HFpEF has remained, as
HFpEF is an incompletely understood and heteroge-
neous syndrome. Importantly, it has become clear
that cardiac amyloidosis may be present in 10%-15%
of patients diagnosed with HFpEF, which could have
a significant impact on HFpEF heterogeneity and
outcome in HFpEF trials.143,144 Although other
comorbidities of HFpEF, such as atrial fibrillation and
chronic obstructive pulmonary disease, are also
recognized in patients, to the best of our knowledge
no animal models showing these characteristics have
been created so far. Therefore, we evaluated only the
4 most pronounced mentioned comorbidities.

Also, elevated BNP or other clinically relevant
biomarkers, such as growth/differentiation factor 15,
could provide more insights into phenogroups,
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because different phenogroups correlate with
different BNP levels.16-19 However, BNP was only
investigated in approximately one-half of the models.
It should be noted that BNP levels are normal in
almost one-third of the human HFpEF population;
can also be affected by, eg, obesity145,146; and are
generally lower in women compared with men.147

Increased growth/differentiation factor 15 expres-
sion, although not yet measured in animal models, is
increasingly used as a biomarker for inflammation
and cell stress, whereas the expression remains rela-
tively low during healthy conditions.148

Because HFpEF is more prevalent in women,11,57,147

female animals should be included in an appropriate
ratio to male animals, but so far only few animal
studies take sex differences into account, even use
female animals, or fail to report on the sex used.149-151

These studies mainly showed that obesity was more
prominent in female compared with male animals,
but both sexes had similar functional cardiac
outcomes.116,119,127,128 Some studies did use both
sexes but did not stratify their results, thereby
possibly omitting valuable data. Detailed differences
in disease pathophysiology are yet unknown, and
future animal studies should include both sexes as
well as stratify all data to investigate possible differ-
ences. To substantiate, it was shown that estrogen
depletion results in cardiac hypertrophy and
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disrupted calcium handling,152 as well as elevated
ROS production, resulting in cardiac fibrosis and
microvascular dysfunction.153,154

CONCLUSIONS

This review clustered animal models into clinical
phenogroups of HFpEF to make preclinical research
more focused and translational. We created a
grouping method that facilitates the choice of an
appropriate animal model based on the phenogroup
of interest, and simultaneously scored the
models based on the investigated extensiveness of
LVDD, systemic inflammation, and fibrosis
formation.

Based on our scoring, the most promising animal
model from the phenogroup aging is the OHT
model, and although clinically aging is an important
characteristic, the fast-aging models did not show
clear LVDD. The best fitting models from the phe-
nogroup hypertension/kidney dysfunction are the
ANGII mouse, the DahlSS rat, and the LVPO pig. For
the phenogroup cardiometabolic syndrome, the db/
db mouse develops obesity and T2DM without hy-
pertension and is showing LVDD. Also, the DahlSS/
obese and ZSF1/obese rat and the HT/HC/DM pig
models had good overall scores and stand out with
HF marker and sex reports. Despite lower scores,
the DOCA þ ANGII þ WD and the WD þ AB pig
models are the most suitable large animal models,
as LVDD is proven most extensively.

In the future, this basic clustering can be used to
improve missing aspects of a model and be adapted
accordingly.
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