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Abstract: Background: While the prevalence of heart failure with preserved ejection fraction (HFpEF)
has increased over the last two decades, there still remains a lack of effective treatment. A key thera-
peutic challenge is posed by the absence of animal models that accurately replicate the complexities
of HFpEF. The present review summarizes the effects of a wide spectrum of therapeutic agents on HF.
Methods: Two online databases were searched for studies; in total, 194 experimental protocols were
analyzed following the PRISMA protocol. Results: A diverse range of models has been proposed
for studying therapeutic interventions for HFpEF, with most being based on pressure overload and
systemic hypertension. They have been used to evaluate more than 150 different substances including
ARNIs, ARBs, HMGR inhibitors, SGLT-2 inhibitors and incretins. Existing preclinical studies have
primarily focused on LV diastolic performance, and this has been significantly improved by a wide
spectrum of candidate therapeutic agents. Few experiments have investigated the normalization
of pulmonary congestion, exercise capacity, animal mortality, or certain molecular hallmarks of
heart disease. Conclusions: The development of comprehensive preclinical HFpEF models, with
multi-organ system phenotyping and physiologic stress-based functional testing, is needed for more
successful translation of preclinical research to clinical trials.

Keywords: preserved left ventricular function; heart failure; treatment; meta-research; preclinical
model; rodents

1. Introduction

Heart failure with preserved ejection fraction (HFpEF) has recently been recognized
as a complex clinical syndrome characterized by alterations in various organ systems.
Currently, HFpEF affects nearly five percent of the general population aged ≥60 years
and accounts for approximately half of the total HF hospitalizations [1]. Moreover, the
prognosis for HFpEF remains poor, with mortality rates comparable to HF with reduced
ejection fraction (HFrEF) [2]. To date, no treatment has been shown to reduce clinical events
including cardiovascular (CV) and all-cause mortality in HFpEF [3].

HFpEF presents a major challenge for translational and therapeutic preclinical and
clinical research. It is characterized by a “preserved” (i.e., 50%) left ventricular (LV) ejection
fraction (LVEF), abnormal LV filling, and elevated filling pressures. The pathophysiology
of the HFpEF disease is multifactorial. Despite “normal” ejection fraction, HFpEF is
characterized by diastolic function, characterized by impaired LV relaxation and/or increase
in LV stiffness, cardiac reserves, systemic and pulmonary vascular function, renal function,
oxygen carrying capacity, and peripheral oxygen extraction [4] Such heterogeneity has not
carried over to preclinical investigation, where currently available animal models have
primarily focused on diastolic function [5,6]. In a recent paper, the efficacy of models
created to induce heart failure by the most common comorbidities associated with human
HFpEF (e.g., systemic hypertension and pressure overload, diabetic cardiomyopathy, as
well as aging) has been described and compared quantitatively according to data from more
than 500 experimental protocols [7]. In addition to the heterogeneous pathophysiological
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background, other disadvantages of using murine models to study the HFpEF phenotype
include a relatively short-term induction of heart failure and a greater chance of progression
from HFpEF to HFrEF over longer experimental periods compared to human disease.

Treatments for HFpEF have been qualitatively summarized and discussed in a pre-
vious review [8] emphasizing the need for a particular model to yield reproducible and
repeatable data, which can be extended to reflect human disease. However, little pooled
quantitative evidence was available to compare the effect of such interventions.

The present review summarizes the effects of a wide spectrum of therapeutic agents
on heart failure. LVEF remains a key consideration when identifying appropriate animal
models of HFpEF, and special attention has been paid to its potential influence on the
efficacy of candidate therapeutic interventions. More specifically, the following questions
were addressed: (a) What treatment goals for HF were achieved in relation to individual
potential candidates to treat the disease? (b) What animal models were chosen to evaluate
these effects? (c) Could these experimental approaches mimic human HFpEF? (d) Could
they provide the reproducible results given by individual medicine agents? (e) What were
the factors that could influence the therapeutic efficacy observed in a particular animal
model? These may well play an important role in identifying critical obstacles to therapeutic
innovation in HFpEF based on preclinical investigation.

2. Results
2.1. Selection of Studies

In total, 10,526 articles were searched, and 664 papers were found to be potentially
relevant to the review question. Of these, all protocols reporting the ejection fraction
values for at least the Vehicle and Sham groups were included in the final analysis
(N = 194 studies and 239 interventions), as presented in Figure 1 [9–202]. The total number
of animals was 18,046. More detailed information about the reviewed studies is provided
in the Supplementary Material S1 (Table S1).

2.2. Quality Assessments

The evaluation of risk of bias is summarized in Figure 2. In 62.6 percent of the
experimental protocols, the animals were randomly allocated to the respective groups;
however, no methods were specified (unclear risk of bias). In the remaining studies, it was
not reported whether the randomization process was carried out (unclear risk of bias). In
59 out of 194 papers (30.4%), it was stated that the outcome assessment was blinded. This
concerned mainly histomorphometric and statistical analyses. However, the studies did
not provide any detailed information about the procedure used to blind researchers from
knowing which procedure (e.g., induction of heart failure, therapeutic intervention) was
attributed to each animal (unclear risk of bias). Twenty seven of the 194 papers (13.9%)
gave the baseline characteristics of the animal subjects (low risk of bias). Also, 137 of the
194 papers (70.6%) reported the number of animals per each experimental group (before
and at the end of the study) (low risk of bias). However, 19 articles gave no information
on the number of subjects that began and/or that finished the study (high risk of bias).
Another potential source of bias (23 trials) was that the different parameters were evaluated
in the control (Sham, Vehicle) and therapeutic group (high risk of bias).

The results of the publication bias analysis are presented in Table S2. In the analysis,
the animals were allocated to several subgroups according to the therapeutic agent and
parameter associated with HF. A non-significant Egger (p > 0.05) test result and low
possibility of missing studies (trim and fill procedure) seem to indicate the absence of
publication bias across the majority of studies.
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Figure 1. PRISMA flowchart of the study selection process.

2.3. Animal Models and Therapeutic Agents

The review included a total of 194 studies and 239 interventions. The term intervention
indicated a separate comparison between the Vehicle group (subjects with HF receiving
placebo) and healthy animals, or between the Treatment group (subjects with HF receiv-
ing therapeutic agent) and Vehicle [7]. The majority of interventions used male animals
(N = 174/239; 72.8%). These included 152 different substances that were classified into
71 pharmacological/therapeutic groups (Figure 3a). For the purposes of further analyses,
the most numerous (found in above 1% of studies) and homogenous groups of medicine
agents were considered, viz. Angiotensin Converting Enzyme (ACE) inhibitors (ACEI),
Angiotensin II Receptor Type 1 (AT-1) antagonists (ARB), beta-blockers (BB), biguanides,
calcium sensitizers, Dipeptidyl Peptidase-4 (DPP-4) inhibitors, Glucagon-Like Peptide 1
(GLP-1) receptor agonists, HMG-CoA Reductase (HMGR) inhibitors, I(f) current inhibitors,
MR—Mineralocorticoid-Receptor (MR) antagonists, Neprilysin (NEP) inhibitor/AT1 re-
ceptor antagonists (ARNI), Phosphodiesterase (PDE) type 3, 5, 9 inhibitors, Peroxisome
Proliferator-Activated Receptor (PPAR) gamma agonists, Sodium-glucose co-transporter-2
(SGLT-2) inhibitors and Xanthine Oxidase (XO) inhibitors. Data about the less homogenous
but most numerous group of plant-derivatives were also included in calculations.
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Figure 3. The percentage of reviewed experimental protocols used to evaluate the therapeutic
efficacy of pharmacological agents according to the therapeutic group/pharmacological class (a)
and according to the particular animal model of heart failure (b,c). The minimal percentage of
interventions was 0.5.

Of the 239 interventions, 218 (81.3%) examining various animal models of heart failure
gave baseline values of ejection fraction equal to or above 50%. In general, the baseline
LVEF in this subgroup of animals was 67.69 (95%CI 66.08; 69.29). The second subgroup
included animals with a mean LVEF below 50%, i.e., 41.58 (95%CI 39.16; 44.00). Figure 3b,c
demonstrate the percentage of particular HF models. The largest group of HF-models used
for evaluating candidate therapeutic agents, i.e., with preserved LVEF (≥50%), included
those that were based on pressure-induced overload by transverse aortic constriction (TAC)
or aortic banding (AB) (N = 47/218), Dahl-salt sensitive subjects (N = 46 interventions;
21.1%), SHR subjects (N = 19; 8.7%), animals exposed to streptozotocin (STZ) (N = 17,
7.8%), or ZFF1 Obese rats (N = 16; 7.3%). In contrast, the HF-models with reduced LVEF
(<50%) included ones based on pressure induced overload by transverse aortic constriction
(TAC) (N = 7; 33.3%) or STZ-induced HF (N = 4; 19.0%). More detailed information
regarding particular animal models of HF is provided in the Supplementary Material.
Table S3 demonstrates their potential to deteriorate the majority of heart failure-linked
parameters, particularly diastolic dysfunction: Active diastolic relaxation (dP/dtmin, tau,
and E/A), passive stiffness (LVEDP, end-diastolic stiffness), left ventricular end-diastolic
dimension (LVEDd), pulmonary edema/lung congestion, as well as LV structure (concentric
hypertrophy, LVH), and fibrosis.

Figure 4 presents the results of a meta-regression analysis of the worsening of partic-
ular parameters, featuring the development of heart failure as a function of body weight
gain, elevated systolic blood pressure or increased glycemia. The changes in particular
parameters (active diastolic relaxation: dP/dtmin, tau, and E/A; passive stiffness: LVEDP,
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end-diastolic stiffness; LVEDd; LV hypertrophy) were calculated to differentiate between
animals with heart failure receiving placebo (Vehicle) and healthy animals.

Figure 4. Cont.
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Figure 4. The contribution of comorbid conditions to HF development indicated by individual
animal models. Any alterations in parameters associated with heart failure (Vehicle vs. healthy
animals) are given as functions of the baseline body weight (systolic blood pressure, glycemia) in
bubble plots; meta-regression lines have been fitted to indicate effect size. Overall active diastolic
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function (active relaxation) did not significantly correlate with body weight gain (a), or alterations
in systolic blood pressure (b); however, it significantly decreased in animals with elevated glucose
level (c). In addition, a decrease in passive diastolic function significantly correlated with BW gain (d)
and higher glucose levels (f), but not with elevated systolic blood pressure (e). An increase in left
ventricular end-diastolic value significantly correlated with BW gain (g) and higher glucose levels
(i), but not with elevated systolic blood pressure (h). In HF models, LV hypertrophy insignificantly
correlated with animal BW gain (j) or increased glucose levels (l), and more significantly, with SBP
elevation (k) (N = 74 studies). Changes in BW (SBP, glycemia) were calculated as differences in the
mean values of the parameter between animals with HF and healthy subjects. The overall diastolic
active function was defined by such parameters as dP/dtmin, E/A, tau; passive stiffness—by LVEDP
and EDPVR slope or LVEDP/LVDd ratio.

In most cases, the models proposed for the assessments of therapeutic agents for HF
met the criteria to develop the disease based on the most common comorbidities associated
with human HFpEF, viz. hyperglycemia and obesity.

2.4. Efficacy of Treatments for HF

Table 1 summarizes the impact of the most common medical interventions according
to therapeutic group/or pharmacological class based on the normalization of heart fail-
ure; special attention is paid to parameters related to HFpEF: Active diastolic relaxation
(dP/dtmin, tau, and E/A), passive stiffness (LVEDP, end-diastolic stiffness), left ventricular
end-diastolic dimension (LVEDd), pulmonary edema/lung congestion, as well as LV struc-
ture (concentric hypertrophy, LVH), and fibrosis, as well as systolic function (dP/dtmax,
LVSP). Other studies have also found the tested agents to have beneficial effects on glucose
oxidation, inflammation, oxidative stress, apoptosis and mitochondrial function, as well
as renal function, systolic pressure and exercise capacity, all of which are hallmarks of the
deleterious functional and structural consequences of heart failure.

Table 2 presents the changes in the ejection fraction (LVEF%) observed in subjects with
HF receiving individual medical intervention, the results of animal survival, and incidences
of arrhythmias. The treated animals with HF were compared with their HF counterparts
receiving placebos according to the particular drug, drug class, and animal model. Sig-
nificant heterogeneity between particular animal models within a single pharmacological
class/therapeutic group was defined as a Q measure (p < 0.05).



Pharmaceuticals 2023, 16, 1449 9 of 34

Table 1. The summary of the impact of the most common agents according to the therapeutic groups/pharmacological classes on HF in animal models as evaluated
in the reviewed study protocols, with special attention to the systolic function (dP/dtmax, LVSP, LVEF), active diastolic relaxation (dP/dtmin, tau, E/A), passive
stiffness (LVEDP, end-diastolic stiffness), left ventricular end-diastolic dimension (LVEDd), LV structure (concentric hypertrophy, LVH), fibrosis, or pulmonary
edema/lung congestion. The model most often used in research on an individual group was bolded.

Pharmacologic
Class/Therapeutic

Group
Active

Substance
Species Animal

Model *
Systolic
Function

Diastolic Function

LVH LVEDd Fibrosis
Pulmonary

Edema/Lung
Congestion

Other Parameters

RefsActive
Relaxation

Passive
Stiffness
(LVEDP,
Diastolic

Stiff)

Hemodynamics,
Renal Function,

Exercise
Biochemical

Markers

ACE inhibitor
Captopril,
Benazepril,
Temocapril

rat
Dahl salt
sensitive,

ZSF1 Obese

↔LVEF
[%];

↑dP/dtmax

↑E/A;
↑dP/dtmin

↓ ↔ ↓ ↓SBP; ↑Ccr ↓NT-
proBNP

[17,85,137,
138]

AT1 receptor
antagonist (ARB)

Irbesartan,
Losartan,

Olmesartan,
Telmisartan,

Valsartan

mouse/
rat

Ang II, Dahl
salt

sensitive,
pressure-

overload by
AAB (TAC),
SHR, STZ,

ZSF1 Obese

↑LVEF
[%];
↑LVSP

↑dP/dtmin ↔ ↓ ↔ ↓ ↓SBP; ↓Cr

↓NT-
proBNP

(BNP); ↓Infl;
↑MF; ↓FA;
↓Apoptosis

[15,17,21,30,
70,85,86,96,
149,160,164,
170,197,200]

Beta-blocker (BB)

Bisoprolol,
BRL 37,344,
Metoprolol,
Nebivolol,

Propranolol

mouse/
rat

Ang II, Dahl
salt

sensitive,
pressure-

overload by
AAB (TAC)

↑LVEF
[%]

↑E/A;
↑tau ↓ ↓p = 0.0957 ↓ ↓ p = 0.0792 ↓SBP; ↑Cr [59,81,82,

127]

MR antagonist
(MRA)

Eplerenone,
Finerenone,
Spironolac-

tone

mouse/
rat

Dahl salt
sensitive,
pressure

overload by
TAC, SHR,

SHHF aged,
SHHF

cp/cp obese

↑LVEF
[%] ↑E/A ↓ ↔ ↓ ↓ ↓BNP; ↓Infl [28,58,118,

123,184]

NEP
inhibitor/AT1

receptor
antagonist (ARNI)

Sacubitril/
Valsartan

mouse/
rat

Pressure-
overload by
AB (TAC),
SHR, ZSF1

Obese

↑LVEF
[%] ↓ ↓ ↓ ↓ ↓ ↑Endothelium [24,122,140,

149]
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Table 1. Cont.

Pharmacologic
Class/Therapeutic

Group
Active

Substance
Species Animal

Model *
Systolic
Function

Diastolic Function

LVH LVEDd Fibrosis
Pulmonary

Edema/Lung
Congestion

Other Parameters

RefsActive
Relaxation

Passive
Stiffness
(LVEDP,
Diastolic

Stiff)

Hemodynamics,
Renal Function,

Exercise
Biochemical

Markers

Biguanide Metformin mouse/
rat

Ang II,
db/db,

pressure
overload by
ACF, STZ +

HFD

↑LVEF
[%] ↑tau ↔ ↓ ↓ ↓ ↓ p = 0.0776 ↓GLU;

↓Apoptosis
[20,151,154,

188]

DPP-4 inhibitor
Saxagliptin,
Sitagliptin,

Teneligliptin
mouse/rat/

Dahl salt
sensitive,
db/db,

Isoproterenol-
induced

HF

↑LVEF
[%];

↑dP/dtmax;
↔LVSP

↑E/A;
↑dP/dtmin
↑tau

↓ ↓ ↔ ↓ ↓ ↓Infl; ↓OX;
↑Endothelium

[45,61,73,
179]

GLP-1 receptor
agonist

Exendin-4,
GLP-1,

Liraglutide
rat/

hamster

Dahl salt
sensitive,
pressure-

overload by
AAB, STZ,

Zucker fatty
rat

↑LVEF
[%];
↑LVSP

↑E/A p =
0.073 ↓ ↓ ↓ ↔ ↔

↓Infl; ↓OX;
↓NT-

proBNP;
↓Apoptosis

[18,119,120,
145,148,196,

200]

PPAR-gamma
agonist

Ciglitazone,
Pioglita-

zone,
Rosiglita-

zone

mouse/
rat

Pressure-
overload by
AAB (ACF),
ZDF + TAC

↔LVEF
[%];
↔LVSP;
↑

dP/dtmax
p = 0.06

↔ ↓ ↓ ↓SBP ↑Endothelium [50,52,64,
79]

SGLT-2 inhibitor
Dapagliflozin,

Em-
pagliflozin

mouse/
rat

Ang II, Dahl
salt

sensitive,
db/db

(ob/ob),
L-Name +

HFD,
pressure-

overload by
TAC, SHHF,

SHR, STZ
(+HFD),

ZSF1 Obese

↑LVEF
[%] ↑dP/dtmin ↔ ↓ ↔ ↓ ↔ ↓SBP; ↑Exercise

↑Endothelium;
↓OX;↓Infl;
↑GLU;
↓BNP

[10,16,25,27,
60,62,69,79,
88,91,110,

126,154,158,
178,191]



Pharmaceuticals 2023, 16, 1449 11 of 34

Table 1. Cont.

Pharmacologic
Class/Therapeutic

Group
Active

Substance
Species Animal

Model *
Systolic
Function

Diastolic Function

LVH LVEDd Fibrosis
Pulmonary

Edema/Lung
Congestion

Other Parameters

RefsActive
Relaxation

Passive
Stiffness
(LVEDP,
Diastolic

Stiff)

Hemodynamics,
Renal Function,

Exercise
Biochemical

Markers

Calcium sensitizer
Levosi

mendan,
OR-1986

rat Dahl salt
sensitive

↑LVEF
[%] ↔ ↓ ↓SBP ↓BNP;

↓Apoptosis [21,102,103]

HMGR inhibitor
Atorvastatin,
Pravastatin,

Rosuvas-
tatin

mouse/
rat

Dahl salt
sensitive,
pressure

overload by
AAB (TAC),
SHHF, SHR

↑LVEF
[%];
↔LVSP;
↑dP/dtmax

↓ ↓ ↓ ↔ ↓

↓Infl;
↑Endothelium;
↓OX;

↓Apoptosis;
↓NT-

proBNP

[12,31,54,94,
100,131,193]

I(f) current
inhibitor Ivabradin mouse/

rat

Dahl salt
sensitive,
pressure

overload by
TAC

↑LVEF
[%] ↑dP/dtmin ↓ ↓ p = 0.052 ↓ ↔ ↓ ↓Infl;

↓Apoptosis [73,135,194]

Immunomodulators

5-
azacytidine,
Carvacrol,
FTY-720,
ITF2357/

Givinostat,
MCC950,
PCI34051,
Rituximab

mouse

Dahl salt
sensi-tive,
db/db +

STZ, DOCA
salt, TAC

↑LVEF
[%] ↑dP/dtmin ↓ ↓ ↓ ↓BNP; ↓Infl

[66,76,97,
108,136,155,

194,196]

PDE3-i, PDE5-i,
PDE9-i

Cilostazol,
Sildenafil,
Vardenafil,
PF-4449613,

CRD-733

mouse/
rat

Ang
II(+HFD),

db/db,
DOCA salt

(+TAC), ISO
+ TAC,

pressure
overload by
TAC, ZSF1,

ZDF

↔LVEF
[%];

↑dP/dtmax
↓ ↔ ↓ ↓ p = 0.0786 ↑Exercise

↓OX;
↓Apoptosis;
↓Infl

[55,56,89,
111,113,133,
134,163,183]
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Table 1. Cont.

Pharmacologic
Class/Therapeutic

Group
Active

Substance
Species Animal

Model *
Systolic
Function

Diastolic Function

LVH LVEDd Fibrosis
Pulmonary

Edema/Lung
Congestion

Other Parameters

RefsActive
Relaxation

Passive
Stiffness
(LVEDP,
Diastolic

Stiff)

Hemodynamics,
Renal Function,

Exercise
Biochemical

Markers

Plant-derivatives See below # mouse/
rat

Dahl salt
sensitive,
pressure

overload by
AAB (TAC),

db/db
(+STZ),

L-Name +
HFD, SHHF,

SHR, STZ

↑LVEF
[%];
↔LVSP

↑dP/dtmin ↓ ↓ ↓ ↓
↓Apoptosis;
↑Endothelium;
↑MF; ↓OX

[13,32–
36,49,67,80,
84,92,98,101,
135,152,171,
173,180–182,
185,188,201]

XO inhibitor
Allopurinol,
Febuxostat,
Oxypurinol

mouse/
rat

Pressure
overload by
ACF (TAC)

↔LVEF
[%] ↓ ↓ ↓OX [51,114,175,

176]

*—baseline mean ejection fraction was equal or higher than 50% in heart failure group (Vehicle); AAB—Abdominal Aortic Banding; AB—Aortic Banding; ACE—Angiotensin Converting
Enzyme; ACF—Aortocaval Fistula; Ang—Angiotensin; AT1—Angiotensin II Receptor Type 1; Ccr—creatinine clearance; Cr—serum creatinine; DOCA—Deoxycorticosterone Acetate;
dP/dtmax—maximal rate of pressure rise; dP/dtmin—maximal rate of pressure fall; DPP4—Dipeptidyl Peptidase-4; E/A—ratio of E-wave to A-wave; EF—ejection fraction; Endothelium—
endothelium function; FA—fatty acid oxidation; GLP-1—Glucagon-Like Peptide 1; GLU—glucose oxidation; HFD—high fat diet; HMGR—(HMG-CoA) Reductase; Infl—Inflammation
as macrophage infiltration, expression of E-selectin, NF-kB activity, or expression of pro-inflammatory cytokines; L-NAME—L-NG-Nitro arginine methyl ester; LVEDd—left ventricular
end-diastolic dimension; LVEDP—left ventricular end-diastolic pressure; LVH—left ventricular hypertrophy; LVSP—left ventricular systolic pressure; MF—mitochondrial function
as activation of AMPK signaling; MR—Mineralocorticoid-Receptor; NEP—Neprilysin; OX—oxidative stress; PDE—Phosphodiesterase; PPAR—Peroxisome Proliferator-Activated
Receptor; RAAS—Renin-Angiotensin-Aldosterone system; SBP—systolic blood pressure; SGLT2—Sodium-glucose co-transporter-2; SHHF—Spontaneously Hypertensive Heart Failure;
SHR—Spontaneously Hypertensive Rat; stiff—stiffness; STZ—Streptozotocin; TAC—Transverse Aortic Constriction; tau—time needed for relaxation of 50% maximal left ventricular
pressure to baseline; XO—Xanthine Oxidase; ZDF—Zucker Diabetic Fatty; #—3′,4′-Dihydroxyflavonol, Apocynin, Carvacrol, Cinnamaldehyde, Cucurbitacin B, Dihydromyricetin,
Epigallocatechin-3 gallate, Gallic acid, Gnetol, Icariside II, Luteolin, Moringa oleifera seed powder, Nobiletin, Nuanxin, Oleanolic acid, Paeonol, Pterostilbene, Puerarin, Qiliqiangxin,
QiShenYiQi (QSYQ), Quercetin, Resveratrol, Sanggenon C, Thymoquinone, Xiao-Qing-Long-Tang; ↓ (↑)—statistically significant decrease (increase) in particular parameter according to
the results of meta-analysis except for section: Other parameters.
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Table 2. The alterations in left ventricular ejection fraction (LVEF%), arrhythmias and mortality of
subjects with HF receiving candidate therapeutic agents, per drug, drug class and animal model.

Pharmacologic
Class/Therapeutic

Group

Active
Substance Animal Model * Effect Diff in Means

(95%CI) Comparison **
Arrhythmia;

Mortality
[Refs]

ACE inhibitor
Captopril,
Benazepril,
Temocapril

Dahl salt
sensitive ↔ 4.28 (−5.39;

13.96); NS -

AT1 receptor
antagonist (ARB)

Irbesartan,
Losartan,

Olmesartan,
Telmisartan,

Valsartan

Ang II ↑ 3.00 (0.52; 5.48);
p < 0.0001

Q = 126.88; df = 5;
p < 0.0001

Dahl salt
sensitive ↔ −1.52 (−4.24;

1.18); NS
↓M

[21,86]

Pressure−overload
by AAB (TAC) ↑

12.72 (7.86;
17.58); p <

0.0001

SHR ↔ 1.01 (−2.86;
4.87); NS

STZ ↓
−6.70 (−9.44;
−3.95); p <

0.0001

ZSF1 Obese ↑
11.00 (8.76;
13.23); p <

0.0001

Beta-blocker (BB)

Bisoprolol, BRL
37344,

Metoprolol,
Nebivolol,

Propranolol

Ang II ↑ 9.9 (8.23; 11.57);
p < 0.0001

Q = 76.04; df = 2;
p < 0.0001

Dahl salt
sensitive ↔ 5.79 (−0.75;

21.94); NS
↓M

[81,127]

Pressure-
overload by AAB

(TAC)
↔ 1.00 (−0.13;

2.13); NS

MR antagonist
(MRA)

Eplerenone,
Finerenone,
Spironolacto

ne

Dahl salt
sensitive ↔ −2.45 (−5.49;

0.59); NS

Q = 24.96; df = 2;
p < 0.0001

SHR ↑ 2.00 (1.43; 2.57);
p < 0.0001

SHHF aged
(cp/cp obese) ↑

10.15 (6.25;
14.06); p <

0.0001

↓M
[183]

NEP
inhibitor/AT1

receptor
antagonist

(ARNI)

Sacubitril/
Valsartan

Pressure-
overload by AB

(TAC)
↔ 10.50 (−8.12;

29.12); NS

Q = 4.10; df = 2;
NS

↓M
[24]

SHR ↔ −1.00 (−9.16;
7.16); NS

↓A
[149]

ZSF1 Obese ↑
8.48 (3.79;

13.18);
p = 0.0004
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Table 2. Cont.

Pharmacologic
Class/Therapeutic

Group

Active
Substance Animal Model * Effect Diff in Means

(95%CI) Comparison **
Arrhythmia;

Mortality
[Refs]

Biguanide Metformin

Ang II inf ↑
10.00 (7.27;

12.72);
p < 0.0001

Q = 136.59; df = 3;
p < 0.0001

db/db ↑
15.00 (13.04;

16.96);
p < 0.0001

Pressure overload
by ACF ↑ 6.2 (3.25; 9.15);

p < 0.0001

STZ + HFD ↑
26.00 (23.74;

28.26);
p < 0.0001

DPP-4 inhibitor
Saxagliptin,
Sitagliptin,

Teneligliptin

Dahl salt
sensitive ↔ −0.95 (−2.73;

0.83); NS

Q = 353.67;
df = 2; p < 0.0001

↓M
[45]

db/db ↑
19.9 (14.05;

25.75);
p < 0.0001

Isoproterenol-
induced

HF
↑

18.7 (17.66;
19.74);

p < 0.0001

GLP-1 receptor
agonist

Exendin-4, GLP-1,
Liraglutide

Dahl salt
sensitive ↔ 0.01 (−1.76;

1.75); NS

Q = 21.24; df = 3;
p < 0.0001

↔M
[119]

Pressure-
overload by

AAB
↔ 7.08 (−2.32;

16.49); NS
↓M

[120]

STZ ↑ 5.32 (3.57; 7.07);
p < 0.0001

↓A
[195]

Zucker fatty rat ↔ 1.13 (−0.35;
2.61); NS

PPAR-gamma
agonist

Ciglitazone,
Pioglitazone,
Rosiglitazone

Pressure-
overload by AAB

(ACF)
↔ 9.18 (−4.53;

22.90); NS Q = 1.48; df = 1;
NS

ZDF + TAC ↔ −0.22 (−6.69;
6.24); NS

SGLT-2 inhibitor
Dapagliflozin,
Empagliflozin

Ang II ↓
−2.98 (−4.69;
−1.27); p =

0.0007

Q = 1013.1; df = 8;
p < 0.0001

Dahl salt
sensitive ↔ −0.57 (−1.75;

0.60); NS

db/db (ob/ob) ↑ 5.83 (0.01;
11.67); p = 0.049

L−Name + HFD ↓
−2.00 (−3.95;
−0.04);

p = 0.045

Pressure-
overload by

TAC
↑ 7.92 (3.73;

15.23); p = 0.035
↓M
[91]
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Table 2. Cont.

Pharmacologic
Class/Therapeutic

Group

Active
Substance Animal Model * Effect Diff in Means

(95%CI) Comparison **
Arrhythmia;

Mortality
[Refs]

SHHF ↔ 0.01 (−2.27;
2.27): NS

SHR ↔ −1.00 (−4.99;
2.99): NS

STZ (+HFD) ↑ 13.19 (2.02;
24.37); p = 0.03

ZSF1 Obese ↔ 5.00 (−6.31;
16.32); NS

Calcium
sensitizer

Levosime
ndan,

OR-1986

Dahl salt
sensitive ↑ 7.58 (5.46; 9.70);

p < 0.0001 - ↓M
[102,103]

I(f) current
inhibitor Ivabradin

Dahl salt
sensitive ↑

15.9 (9.31;
22.49);

p < 0.0001 Q = 9.18; df = 1;
p = 0.002

↓M
[21,81]

Pressure overload
by TAC ↔ 2.4 (−3.32; 8.13);

NS

Immunomodulators FTY-720, MCC950 Pressure overload
by TAC ↔ 21.66 (−1.49;

44.81); p = 0.06 - [97,194]

HMGR inhibitor
Atorvastatin,
Pravastatin,

Rosuvastatin

Dahl salt
sensitive ↔ −1.00 (−7.03;

5.03); NS

Q = 32.28; df = 3;
p < 0.0001

Pressure overload
by AAB (TAC) ↑

18.82 (14.53;
23.10);

p < 0.0001

SHHF ↔ 4.00 (−2.93;
10.93); NS

SHR ↔ 7.67 (−0.08;
15.43); NS

PDE3-i,
PDE5-i,
PDE9-i

Cilostazol,
CRD-733,

PF-4449613,
Sildenafil,
Vardenafil,

Ang II inf (+HFD) ↔ 1.00 (−2.73;
4.73); NS

Q = 65.22; df = 5;
p < 0.0001

DOCA salt
(+TAC) ↓

−8.5 (−11.44;
−5.56):

p < 0.0001

ISO + TAC ↑
10.32 (6.74;

13.91):
p < 0.0001

Pressure overload
by TAC ↔ 6.40 (−14.87;

27.67); NS

ZDF ↔ −2.00 (−5.14;
1.14): NS

ZSF1 Obese ↔ 0.01 (−7.07;
7.06): NS
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Table 2. Cont.

Pharmacologic
Class/Therapeutic

Group

Active
Substance Animal Model * Effect Diff in Means

(95%CI) Comparison **
Arrhythmia;

Mortality
[Refs]

Plant-derivatives As listed below#

Dahl salt
sensitive ↑

9.28 (4.60;
13.96);

p < 0.0001

Q = 45.25; df = 6;
p < 0.0001

↓M (RES)
[119]

db/db (+STZ) ↑
8.78 (4.95;

12.62);
p < 0.0001

L-Name+ HFD ↔ 2.51 (−6.97;
12.00); NS

Pressure overload
by AAB (TAC) ↓

−2.00 (−3.96;
−0.04);

p = 0.046

SHHF ↑ 4.62 (2.41; 6.83);
p < 0.0001

SHR ↔ 3.14 (−9.10;
15.38); NS

STZ ↑
6.96 (2.16;

11.77);
p = 0.0044

XO inhibitor
Allopurinol,
Febuxostat,
Oxypurinol

Pressure overload
by ACF (TAC) ↔ 3.97 (−3.73;

11.66); NS - ↑M (ALLO)
[177]

*—mean ejection fraction was equal or higher than 50% in heart failure group (Vehicle); **—statistically significant
Q measure (p < 0.05) indicates the difference among particular models within a single pharmacological class (ther-
apeutic group). AAB—Abdominal Aortic Banding; AB—Aortic Banding; ACE—Angiotensin Converting Enzyme;
ACF—Aortocaval Fistula; Ang—Angiotensin; AT1—Angiotensin II Receptor Type 1; DOCA—Deoxycorticosterone
Acetate; dP/dtmax—maximal rate of pressure rise; dP/dtmin—maximal rate of pressure fall; DPP4—Dipeptidyl
Peptidase-4; E/A—ratio of E-wave to A-wave; EF—ejection fraction; GLP-1—Glucagon-Like Peptide 1; HFD—
high fat diet; HMGR—(HMG-CoA) Reductase; L-NAME—L-NG-Nitro arginine methyl ester; LVEDd—left
ventricular end-diastolic dimension; LVEDP—left ventricular end-diastolic pressure; LVH—left ventricular
hypertrophy; LVSP—left ventricular systolic pressure; MR—Mineralocorticoid-Receptor; NEP—Neprilysin;
NS—non-significant; PDE—Phosphodiesterase; PPAR—Peroxisome Proliferator-Activated Receptor; RAAS—
Renin-Angiotensin-Aldosterone system; SGLT2—Sodium-glucose co-transporter-2; SHHF—Spontaneously Hy-
pertensive Heart Failure; SHR—Spontaneously Hypertensive Rat; stiff—stiffness; STZ—Streptozotocin; TAC—
Transverse Aortic Constriction; tau—time needed for relaxation of 50% maximal left ventricular pressure to
baseline; XO—Xanthine Oxidase; ZDF—Zucker Diabetic Fatty; #—3′,4′-Dihydroxyflavonol, Apocynin, Carvacrol,
Cinnamaldehyde, Cucurbitacin B, Dihydromyricetin, Epigallocatechin-3 gallate, Gallic acid, Gnetol, Icariside II,
Luteolin, Moringa oleifera seed powder, Nobiletin, Nuanxin, Oleanolic acid, Paeonol, Pterostilbene, Puerarin,
Qiliqiangxin, QiShenYiQi (QSYQ), Quercetin, Resveratrol, Sanggenon C, Thymoquinone, Xiao-Qing-Long-Tang;
A—arrhythmia; ALLO—allopurinol; M—mortality; RES—resveratrol; ↑(↓,↔)—alterations in systolic function
expressed as LVEF; the data about animal survival were provided according to analysis of Kaplan–Meyer curves
that were presented in individual papers.

The median duration of particular drug administration was six weeks (IQR = 4; 10).
A meta-regression analysis of the relationship between treatment duration and resultant
efficacy of several therapeutic agents is presented in Figure S1 (Supplementary Material).
The analysis considered the normalization of the following HF-related parameters: over-
all active diastolic function, passive stiffness, left ventricular end-diastolic dimension,
pulmonary edema/lung congestion, left ventricle hypertrophy, or fibrosis.

The analyses mentioned in this Section 2.4 comprised experimental protocols in which
baseline LVEF was equal to or above 50%.

2.5. The Resultant Efficacy of Treatments for HF in Relation to the Baseline LVEF

Figure 5 demonstrates the relationship between the normalization of particular HF-
related parameters by candidate therapeutic agents and baseline values of ejection fraction
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in Vehicle (animals with heart failure receiving placebo). The meta-regression analysis was
performed based on inter alia active diastolic relaxation (dP/dtmin, tau, and E/A), passive
stiffness (LVEDP, end-diastolic stiffness), left ventricular end-diastolic dimension (LVEDd),
pulmonary edema/lung congestion, as well as LV structure (concentric hypertrophy, LVH),
and fibrosis. In most cases, animals with lower baseline LVEF values tended to respond
better to the tested medication.
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Figure 5. The relationship between improvement in particular HF-related parameters by tested
medicine agents and baseline LVEF values in Vehicle (animals with induced heart failure). Meta-
regression lines have been fitted to indicate effect size. The differences in overall passive diastolic,
and fibrosis levels between animals with HF treated with pharmacological agents and those receiving
placebo correlated slightly, but non-significantly, with the following: decreased baseline ejection
fraction (b,g). The impact of treatment on the normalization of active diastolic function (a), left
ventricular end-diastolic value (c), left ventricular end-systolic value (d), pulmonary edema/lung
congestion (e), left ventricle hypertrophy (f) was correlated significantly with decreased baseline
ejection fraction—LVEF%. (N = 131 studies). The overall diastolic active function was defined by
such parameters as dP/dtmin, E/A, tau; and passive stiffness—by LVEDP and EDPVR slope or
LVEDP/LVDd ratio. NS—non significant.

The potential of various models to develop HF, as indicated by baseline ejection
fraction values, was analyzed based on comparisons of Vehicle animal subgroups, i.e., <50%
LVEF and ≥50% LVEF. Similar subgroup analyses were performed to evaluate the chance
for normalization of particular HF-lesions with regard to baseline LVEF%. Significant
heterogeneity between the subgroups of animals was defined as a Q measure (p < 0.05).
The analysis comprised the same list of HF-related parameters given above (Table S4).
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3. Discussion

The present paper compares the efficacy of medical interventions tested in sev-
eral rodent models of heart failure (HF). A wide spectrum of protocols were evaluated.
These included pressure overload (transverse aortic constriction—TAC, ascending aorta
constriction—ACC) and systemic hypertensive models (Dahl-salt sensitive, SHR, SHHF,
subjects infused with aldosterone or angiotensin II, or receiving DOCA pellets), type 1 or
2 diabetes mellitus (STZ-treated rats or mice, and those with mutated leptin Lepob/ob [ob/ob]
or receptor for leptin Leprdb [db/db]), as well as metabolic syndrome models (ZSF1 Obese).
These models were used for the evaluation of more than 150 different substances, predom-
inantly SGLT-2 inhibitors, ARB, HMGR inhibitors, calcium sensitizers, DPP-4 inhibitors,
and GLP-1 receptor agonists.

While this present systematic review indicates that a wide spectrum of therapies have
positive effects on the normalization of cardiac performance, clinical observations indicate
that many substances, inter alia BBs, ACEIs, ARB, MRAs, and ARNI, have negative or
neutral effects on HFpEF. These agents generally failed to improve their primary outcomes
(pre-specified) in their respective cardiovascular outcome trials, though some have shown
potential improvements regarding secondary outcomes [3,204]. The following paragraphs
discuss key considerations in the unsuccessful translation of effective animal-model-based
interventions into clinical trials.

3.1. The Selection of Animal Models for Pre-Clinical Evaluations of Candidate Drugs

Recent findings have allowed the design of algorithms for multidimensional modeling
of HFpEF in preclinical studies. According to this approach, the reviewed protocols were
intended to assess their potential to develop an ejection fraction equal to or higher than 50%,
diastolic dysfunction; exercise intolerance; pulmonary edema/congestion, and concentric
cardiac hypertrophy [6]. While all models described in the reviewed experimental protocols
evoked diastolic dysfunction, their potential to exacerbate particular HF-related parameters
varied. The most comprehensive negative effect on the disease (↑passive stiffness: diastolic
stiffness and LVEDP, ↑LVEDd) was observed in ZSF1 Obese, Dahl-salt sensitive rats and
subjects receiving an infusion of angiotensin II; however, these did not evoke systolic
dysfunction. The majority of rodent models developed LV hypertrophy, as evidenced by
increased left ventricle mass with concentric lesions, as well as fibrosis.

In addition, alterations in lung mass were reported only in a quarter of all experi-
mental protocols. Pulmonary edema/lung congestion were noted in ZSF1 Obese, Dahl
salt-sensitive, SHR subjects, or those infused with angiotensin, or DOCA salt; however,
this observation has not been confirmed in other protocols due to lack of data. Even fewer
experiments included an assessment of the deterioration of exercise capacity. This phe-
nomenon made it difficult to assess the degree to which a particular model used for further
evaluations of effective treatments for HF could reflect human HFpEF.

In more than 20% of all reviewed protocols, Dahl-salt sensitive subjects exposed
to a high salt diet (8% NaCl) were used to evaluate a large number of pharmacologi-
cal agents (e.g., ACEI, ARNI, MRA, calcium sensitizers, incretins, SGLT-2 inhibitors or
plant-derivatives). In addition, previous findings [6,7] indicate that ZSF1 Obese rat and
DOCA-salt models, or those based on angiotensin II or aldosterone infusions, are able
to mimic human HFpEF. These approaches have proven to induce diastolic dysfunction
(increased EDPVR) with pulmonary congestion, LV hypertrophy, fibrosis and reduced
exercise tolerance while preserving systolic function [205]. More recently, ZSF1 Obese rats
were used for preclinical investigations of ARNI, ACEI, PDE-5 inhibitors, SGLT-2 inhibitors;
this model made up 7% of the reviewed protocols. Animal models based on infusions
of DOCA salt, aldosterone, or angiotensin II were considered by only a small number
of authors.
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3.2. Treatment Goals in Pre- and Clinical Studies

Treatment goals for patients with heart failure (HF) focus on reducing HF symptoms,
improving functional capacity, enhancing quality of life, delaying the progression of the
disease and reducing cardiovascular mortality. The preclinical research has mainly focused
on the normalization of hemodynamic and echocardiographic parameters. Overall, the
candidate therapeutic agents included in the current review improved diastolic function.
The most comprehensive effect was revealed for NEP inhibitor/AT1 receptor antagonists
(↓passive stiffness, ↓LVEDd). A lesser effect was noted for incretin-based medications (GLP-
1 receptor agonists, and DPP-4 inhibitors), biguanides, statins and various plant-derived
components. The majority of therapeutic agents normalized left ventricle hypotrophy
and fibrotic lesions. While AT1/NEP inhibitors, DPP-4 inhibitors, HMGR inhibitors, MR
antagonists, or PPAR-gamma agonists were all found to significantly normalize pulmonary
edema/lung congestion, this parameter was assessed in only 49/194 (25%) papers.

Among the reviewed models, only SGLT-2 and PDE inhibitors demonstrated a ben-
eficial impact on animal exercise capacity in isolated studies. The latter feature seems to
be important when considering translational research in this area. While many clinical
studies of cardiovascular diseases, including HFpEF, have incorporated exercise testing to
quantify impairments in physiologic reserves, the protocols for preclinical studies included
only assessments of resting cardiac function. Some authors emphasize the need for com-
bining cardiac imaging or hemodynamic monitoring with exercise testing. This approach
would provide an insight into the physiological reserves of the animals, and such human
HFpEF symptoms as dyspnea on exertion [206]. Similarly, exercise intolerance has been
recognized as a characteristic symptom of pulmonary hypertension (PH), and numerous
animal exercise protocols have been established for testing novel therapies for PH. The
practical implications of adaptation of exercise testing for preclinical settings in PH have
been discussed more recently [207].

An analysis of mortality, a key outcome in clinical trials of effective treatments for
HFpEF, was performed only in 29 papers (14.9%). Even fewer concerned the incidences
of ventricular arrhythmias that could contribute to sudden death as the most common
mode of death in subjects with HFpEF. Candidate drugs (e.g., SGLT-2, incretins, ivabradine,
AT1 receptor antagonists) improved the survival of Dahl-sensitive rats, or subjects with
HF caused by pressure overload by AAB (TAC). These approaches revealed significantly
poorer survival compared with diabetic (obese) subjects, but did not reflect human HFpEF
due to the transition from compensated hypertrophy to congestive heart failure [7]. On
the other hand, the impact of individual drugs on animal mortality does not seem to be
related with any increase in ejection fraction; this result is in line with clinical observations,
where the left ventricular ejection fraction was found to be a poor indicator of prognosis
for patients with HFpEF [208].

3.3. Comorbid Conditions

The presence of pathologic lesions in human HFrEF is largely driven by a primary
defect in systolic function. Such dysfunction can be induced in animals with clinically
relevant interventions, e.g., by coronary artery ligation [209]. In contrast, HFpEF has a
heterogeneous pathophysiological background, including a number of comorbidities, and
a single cardiac or systemic defect can fail to mimic systemic phenotypes seen in HFpEF.
For this reason, the identification and evaluation of novel therapeutic approaches can be
unsuccessful. The present analysis demonstrates the diverse potential of certain animal
models to develop diastolic dysfunction by the most common comorbidities associated
with human HFpEF. More precisely, disease worsening was most clearly demonstrated
by HF parameters as LVEDP and diastolic stiffness (passive diastolic dysfunction), left
ventricular end-diastolic dimension, and active relaxation (tau, E/A, dP/dtmin)—in relation
to BW gain and/or higher glucose levels. In addition, elevated systolic blood pressure
was found to have a significant impact on LV hypertrophy. These phenomena concerned
ZSF1 Obese animals that manifested a significant increase in body weight (by ≈206 g as
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compared to healthy animals), and hyperglycemia (by≈248 mg/dL as compared to healthy
animals). The potential of the model to develop a disease as a result of these conditions
appears to confirm its appropriacy for evaluating drug efficacy. However, only a relatively
small number of experimental protocols have been performed on this model in order to
identify candidate intervention for HFpEF (<10% of the reviewed papers), and this can be
seen as a limitation of the study.

3.4. The Role of the LVEF Parameter

As discussed above, when developing HFpEF in animals, the individual experimental
protocol should result in the preservation of an ejection fraction of at least 50%. As such,
papers that did not report data about LV ejection fraction (N = 111) were excluded from the
analysis. More than 80% of experimental approaches displayed baseline ejection fraction
values of at least 50%. These animal models were consequently included in the final
analysis of the potential therapeutic efficacy of medicinal agents on HFpEF.

Interestingly, in the Vehicle group, it was possible to differentiate animals according to
their potential to develop the disease and the degree to which they responded to tested
agents by assuming a threshold baseline ejection fraction of 50%: for the majority of param-
eters, EF < 50% was associated with the development of more deleterious diseases. As a
consequence, at lower baseline LVEF% values, the candidate therapeutic agents demon-
strated greater disease normalization with regard to various aspects of HFpEF, including
active relaxation, left ventricular end-diastolic dimension, pulmonary edema/lung con-
gestion, or left ventricle hypertrophy. In a particular model, in untreated subjects with HF,
preserving LVEF seems to favor the acquisition of reproducible and repeatable results for
individual medicines.

3.5. Molecular Aspects of HFpEF Models

Animal models provide a valuable insight into the underlying molecular mechanisms
of the disease. This phenomenon might concern HFpEF, a multisystem disorder that
also involves the kidneys, skeletal muscle, adipose tissue, and immune and inflamma-
tory signaling [210]. Activated inflammatory cascades and endothelial dysfunction have
been found to promote various features of HFpEF, such as cardiomyocyte stiffening and
myocardial fibrosis [211]. As summarized in Table 1, the most comprehensive beneficial
impact on the subcellular hallmarks in the experimental rodent models was attributed to
SGLT-2 inhibitors, sartans, incretins and HMG-CoA reductase inhibitors. These medica-
tions decreased heart failure-associated glucotoxicity and ROS generation by the vascular
endothelium, and enhanced endothelial NO synthase (eNOS) activity, and thus nitric oxide
(NO) bioavailability. The candidate drugs for HF demonstrated various anti-inflammatory
effects, including decreased macrophage infiltration, and reduced expression of E-selectin,
NF-kB and pro-inflammatory cytokines. As described previously, progressive deterioration
in heart function is associated with an ongoing process of apoptosis, and these changes
could be significantly modulated by candidate therapeutic agents. The above effects were
reported in a small number of papers, but attributed to different HF models. Nevertheless,
it is possible that HFpEF modeling may represent a unique approach for evaluating the
deleterious functional and structural consequences of the disease at the molecular level,
and for identifying potential specific drug therapies.

3.6. Study Limitations

As demonstrated above, individual pharmacological agents had different effects on LV
ejection fraction, the most commonly reported parameter, according to particular animal
models. However, due to the limited number of studies addressing particular drugs
(pharmacological class), the variety of HF models used in the experiments, as well as the
wide spectrum of the reported parameters, it was not possible to make similar comparisons
to those made for LVEF%. Such comparisons might include the influence of an individual
therapeutic agent (class) on the normalization of a particular parameter associated with
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diastolic dysfunction, according to the animal model. This phenomenon is one of the main
limitations of the present study.

Another limitation is that, due to the limited number of experiments, our analyses did
not include any evaluation of the potential advantages of two-hit approaches with regard to
therapeutic interventions, e.g., high-fat diet plus ApoE−/−; Ang II infusion; L-NAME; or
STZ, or combinations such as ZDF plus aortic constriction or Zucker fatty rat plus 6%NaCl.
This requires further study. In addition, the efficacy of combined treatments for HF were
not studied in these models for the same reason.

4. Materials and Methods
4.1. Article Search and Data Extraction

The PubMed and Web of Science databases were searched for papers published from
January 1992 to May 2022. The search encompassed experimental protocols investigating
the influence of medicinal agents on the improvement of heart failure, with special attention
paid to heart failure with preserved ejection fraction, in animal models of the disease.
Only protocols specifying LVEF were included, as this has been used to classify subjects
into HF with preserved ejection fraction in a range of preclinical and clinical settings
(Supplementary Material S2). A comprehensive search strategy was applied based on the
general characteristics of the animal model of heart failure, its potential to develop features
of HFpEF, and the therapeutic efficacy of the tested agents. Papers were excluded based
on the following criteria: experimental protocols not including Sham (healthy animals);
subjects other than rodents; protocols intended to induce acute heart failure or cardiotoxicity,
or tested agents administered acutely; lack of relevant data (e.g., values of LV ejection
fraction (%), number of animals). In addition, no reviews, in silico, in vitro, ex vivo or
clinical studies were considered.

The recorded data included, according to the PICO acronym, animal age at the start
of experiment, sex, species, background strain, characteristics of HF model (population);
drug, route of administration, dosage, treatment duration (therapeutic intervention); placebo
control, other medicine agent (comparator); and outcomes. The extracted outcome data
included body weight (BW) gain (loss), left ventricle (LV) weight, LV weight/BW, LV
weight/tibia length (TL), lung weight, lung weight/BW, lung weight/tibia length (TL),
lung wet/dry ratio. The laboratory parameters included blood glucose (GLU), insulin
(INS), total cholesterol (TC) and triglyceride (TG) level. The following hemodynamic data
were recorded: systolic blood pressure (SBP), left ventricular systolic pressure (LVSP), left
ventricular end-diastolic pressure (LVEDP) and time needed for relaxation of 50% maximal
left ventricular pressure to baseline (tau). Echocardiographic parameters included left
ventricular ejection fraction (LVEF), left ventricular end-diastolic diameter (LVEDd), left
ventricular end-systolic diameter (LVESd), ratio of E-wave to A-wave (E/A), maximal
rate of pressure rise (dP/dtmax) and pressure fall (dP/dtmin). The degree of LV fibrosis
(percentage of collagen fraction, fibrosis area, interstitial or perivascular fibrosis) were
extracted as histopathological data, as described above [7].

The outcome measure was extracted as mean with standard deviation, or standard
error of the mean, and number of subjects per group. All studies compared the changes in
hemodynamic or electrocardiographic parameters, according to LV function and structure,
between one cohort of animals featuring heart failure (Vehicle), another cohort of healthy
animals (Sham) and another cohort receiving particular therapeutic agents (Treatment).
The literature was searched by independent reviewers (MJ-S, AK), who extracted the data
and assessed the risk of bias. Any disagreements were solved by discussion until consensus
was reached.

4.2. Quality Assessments

The risk of bias was assessed using the SYstematic Review Centre for Laboratory
animal Experimentation (SYRCLE) risk of bias tool for animal studies [203]. An Egger’s
weighted regression and Duval and Tweedie ‘trim and fill’ procedure were performed to
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evaluate publication bias across the individual studies. Further analyses in subgroups were
performed according to selected variables (drug, HF model, etc.) in at least five studies
per model.

4.3. Data Synthesis

The effect size for the Vehicle group was calculated with a 95% confidence interval (CI).
Changes in the mean response (X) given by the Vehicle group (animals with HF receiving
placebo, XHF+placebo), and healthy animals (Xhealthy) were expressed
as difference in means (D):

D = XHF+placebo − Xhealthy, (1)

or were calculated as response ratio (R):

R = XHF+placebo/Xhealthy (2)

The effect size for the Treatment group was calculated with a 95% confidence interval
(CI). Any differences in the mean response (X) given by animals with HF receiving ther-
apeutic agents (Treatment, XHF+drug) and the Vehicle group (animals with HF receiving
placebo, XHF+placebo) were expressed
as difference in means (D):

D = XHF+drug − XHF+placebo, (3)

or were calculated as response ratio (R):

R = XHF+drug/XHF+placebo (4)

Every comparison between Vehicle vs. Sham, or Treatment vs. Vehicle was regarded
as a separate ‘intervention’.

In most cases, changes in echocardiographic, hemodynamic parameters, as well as
in animal body weight or laboratory parameters were analyzed using Formula (1) for the
Vehicle group, or Formula (3) for the Treatment group. An increase in D (difference in
means), indicates a rise in the value of a particular, HF-related, parameter in the Vehicle
group as compared to healthy subjects (worsening of the disease), while a decrease in D
indicates a reduced value of a particular parameter in the Treatment group as compared to
the Vehicle group (normalization of the disease).

Some of these components were used to define ↑LV mass, fibrosis, overall diastolic
function, or passive stiffness. Then, any differences in these parameters between Vehicle
(subjects with HF) and healthy rodents were calculated using Formula (2), and differences
between Vehicle and Treatment group were calculated using Formula (4). A response
ratio (R) of 1 denotes no dissimilarities between Vehicle and healthy subjects, or between
the Treatment group and Vehicle group. Values R > 1 (R < 1) designate an increase (or
a reduction) in a particular parameter in a respective HF model [7]. As the primary aim
of the analysis was related to the effects of particular treatments for HF, the comparative
analyses of publication bias were performed according to the Formulas (3) and (4).

Meta-regression and subgroup analyses were performed where possible to evaluate the
influence of particular variables (e.g., procedure to introduce HF, animal species, medicine
agent/pharmacological class, treatment duration) on the outcome. The statistical analyses
were performed using a random-effects model (STATISTICA 13.1). Heterogeneity between
two (or more) animal subgroups was indicated by a statistically significant Cochran’s Q
score. A significant result was indicted by a p-value < 0.05.

5. Conclusions

There remains a need for comprehensive preclinical HFpEF models employing physi-
ological stress-based functional testing approaches that can mimic human diseases char-
acterized by a multi-organ phenotype; this need is particularly pressing considering the
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growing incidence of HFpEF in aging populations and the lack of targeted therapies. Ex-
isting preclinical studies in HFpEF have identified a wide spectrum of candidate agents
that have been found to be effective against LV diastolic performance. Their activity has
been evaluated in a variety of experimental protocols, most of which are based on pressure
overload or systemic hypertension, with a smaller number examining type 1 or 2 diabetes
mellitus, or obesity; however, some of these models could fail to reflect human disease.

In contrast, fewer studies have assessed pulmonary congestion, exercise capacity,
arrhythmia, and animal mortality, as well as certain molecular hallmarks such as inflam-
mation, oxidative stress and endothelial dysfunction. This gap may partially explain why
traditional medical agents have been found to demonstrate negative or neutral effects in
clinical trials, despite having positive outcomes in experimental studies. Other potential
explanations may be:

(a) Experimental approaches are characterized with varying degrees of effectiveness
regarding their ability to develop the disease by the most common comorbidities
associated with human HFpEF (hypertension, hyperglycemia, and/or obesity). The
ZSF1 model is able to develop disease by a similar set of conditions to humans; as
such, it appears suitable for identifying candidate medications.

(b) The minority of experiments concerned drug-related normalization of pulmonary
congestion, and even fewer entailed the improvement of animal exercise capac-
ity. Both features represent treatment goals for patients with HF, and this phe-
nomenon can make it difficult to comprehensively evaluate effective treatments for
human HFpEF.

(c) The baseline ejection fraction can play a key role in determining the extent to which
particular medicine agents normalized the disease according to diastolic dysfunc-
tion, LV hypertrophy, or pulmonary congestion. In a particular model, preserv-
ing LVEF seems to favor the acquisition of reproducible and repeatable results for
individual medicines.

(d) The mortality associated with a candidate agent can be determined based on the
likelihood of an individual experimental model to worsen animal survival. This
should be taken into consideration in studies comparing different therapeutic agents.

(e) Animal models of HFpEF might represent a promising approach for evaluating the
deleterious functional and structural consequences of the disease at the molecular
level, and for identifying future specific drug therapies. However, these effects were
reported in only a small number of papers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16101449/s1, Supplementary Material S1: Study characteristics
report and additional results. Figure S1: The relationship between improvement in particular HF-
related parameters- by tested medicine agents and drug administration period. Meta-regression lines
have been fitted to indicate effect size. No significant correlation between length of medicine agent
administration and alterations in particular parameters in treated animals with HF as compared
to the Vehicle (animals with HF reviving placebo) was not denoted. Overall active diastolic func-
tion (a); passive stiffness (b); left ventricular end-diastolic dimension (c); pulmonary edema/lung
congestion (d); left ventricle hypertrophy (e); fibrosis (f) (N = 74 studies). Mean ejection frac-
tion was equal or higher than 50% in heart failure group (Vehicle); Table S1: Study characteris-
tics report; Table S2: Results from publication bias funnel plot and ‘trim and fill analysis’; Table
S3: Detailed characteristics of animal models used for experimental protocols to evaluate efficacy
of particular medicine agent for HF. Increased (D > 0, or R > 1) values for comparison Vehicle
vs. Sham indicate worsening (W) of HF in relation to healthy subjects (Sham); decreased (D < 0,
or R < 1) values—indicate weaker potential of animal model to promote disease development, accord-
ing to particular parameter. D—difference in means; R—response ratio;
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(W) of HF in relation to healthy subjects (Sham); decreased (D < 0, or R < 1) values for comparison
Treatment vs. Vehicle indicate more normalization (N) of the disease in relation to HF subjects
receiving placebo (Vehicle). For the majority of parameters, except from active relaxation, fibrosis
and LVSP, the development of more deleterious disease was accompanied by the baseline LVEF
below threshold of 50%; similarly, the medicinal agents normalized the disease more in subjects with
LVEF < 50%. Statistically significant Q measure (p < 0.05) indicates the difference between groups
(i.e., <50% vs. ≥50%). Table S5: PRISMA 2020 Checklist. Supplementary Material S2: Search Criteria.

Funding: The study was funded by the Medical University of Lodz, grant no. 503/3-011-02/503-31-
002. This funding source had no role in the design of this study and will not have any role during its
execution, analyses, interpretation of data or decision to submit results.
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Data Availability Statement: Data is contained within the article and Supplementary Material.
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