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Editorial on the Research Topic

Cutting Edge Methodologies in Experimental Cardiovascular Research

Cardiovascular disease is a leading cause of death and a serious economic burden to patients
and society. An estimated 18 million people die of cardiovascular disease (including coronary
heart disease, stroke, and non-ischemic heart failure) annually (1), and despite improvements
in the treatment of cardiovascular disease, hospitalizations, morbidity, and mortality continue
to increase. Over the past decade, clinical data has also shown that certain modern medications
may be harmful when applied to heart failure patients (2). This is an emerging challenge and
has driven the development of novel drugs and new therapeutic strategies for the prevention
and management of this devastating disease that are both cardiac-oriented and disease-specific.
Continued advancements in preclinical models may provide evidence for innovative and
effective treatment strategies, while experimental research requires the use of up-to-date and
standardized methodologies.

This Research Topic on Cutting Edge Methodologies in Experimental Cardiovascular Research
presents a collection of nine experimental and review articles covering a broad area of experimental
cardiovascular research ranging from studies on the preclinical cell (Burja et al.; Stellato et al.;
Woulfe et al.; Zuppinger) and animal models (Bacmeister et al.; Błyszczuk; Daskalopoulos et al.;
Oppi et al.) to mathematical modeling (Faes et al.). Two articles represent typical methodological
studies demonstrating novel or improved protocols. In the first, Woulfe et al. present a method for
the isolation of myofibrils (a basic unit of a muscle) from rat primary cardiomyocytes. Experiments
with these isolated myofibrils provide insight into muscle mechanics in the absence of non-
motor proteins. This advancement enables the study of specific aspects of the function of the
cardiomyocyte contractile apparatus that are not possible when using intact cells. Myofibrils are
traditionally obtained from a small section of cardiac muscle and their isolation from cultured
cardiomyocytes opens new opportunities for the in vitromanipulation of cultured cells prior to the
isolation of myofibrils. In the second methodological study, Stellato et al. present a new approach
to identifying and isolating murine cardiac fibroblasts using simple two-color flow cytometry.
They showed that the defined combination of cell surface antigens (lineage markers Ter119, CD45,
and CD31 vs. gp38) allowed the identification of collagen-producing fibroblasts in freshly isolated
hearts of wild-type, non-transgenic mice (Stellato et al.). This method is breaking new ground for
employing flow cytometry-based approaches to study cardiac fibroblasts in mouse models without
the need for specific reporter mouse strain. In an experimental study, Burja et al. used an in vitro
model of atherosclerosis to show the anti-inflammatory effects of olive leaf extracts in human
coronary artery endothelial cells activated by serum amyloid A. The proof-of-concept provided
by this early preclinical study demonstrates how promising candidates (here olive oil) may be
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employed for future therapeutic use. The next step in this bench-
to-bedside approach is to validate any beneficial effects of these
potential therapeutic agents in a living organism.

Currently, experimental animal models of human disease
represent the most advanced platform for preclinical research.
A review paper by Oppi et al. describes commonly used
mouse models of atherosclerosis. Because atherosclerosis can be
induced in several atherosclerosis-prone genetic mouse strains
by different mechanisms, the paper provides a road map
for researchers to choose the most appropriate model for a
specific scientific question (Oppi et al.). In another review
article on animal models, Błyszczuk focused on myocarditis
and its consequence of dilated cardiomyopathy. This review
presents the pathogenesis of myocarditis with possible clinical
scenarios for the patients as well as the most commonly used
experimental mouse models (Błyszczuk). This Research Topic
also contains two experimental studies on animal models.
In the first, Bacmeister et al. identified key methodological
factors in the murine pressure-volume analysis under β-
adrenergic stimulation. The authors emphasized the importance
of establishing measurement protocols for both accuracy
and the reproducibility of experimental data. In the second,
Daskalopoulos et al. describe problems of data irreproducibility
in animal models. As an example, the authors presented
experimental results following treatment with a homologous
peptide fragment of Wnt3a/5a UM206 in a mouse model of
myocardial infarction. The authors go on to describe the inherent
weaknesses associated with a single animal study due to the high
number of uncontrollable variables (Daskalopoulos et al.). In
laboratory practice, large scale, multicenter animal studies are
often not possible for ethical and economic reasons. These data
underscore the difficulty of assessing animal studies where the
complexity of living organisms and the variability of housing
conditions can affect outcomes.

An alternative to animal studies is offered by in vitro
and in silico models. Zuppinger presents an overview of
cardiovascular 3D cell culture technologies and discusses the

advantages and drawbacks of various cardiac organoid cultures.
The generation of human-induced pluripotent stem cell (iPSC)-
derived cardiomyocytes have been proposed as models of human
cardiac tissue, while advanced cell culture models coupled
with human genetics are highly desirable in both experimental
research and in regenerative medicine. However, these models
have a number of limitations and must be considered premature
as a replacement for animal studies. Although certain aspects
of cardiovascular physiology and pathophysiology can be
reliably mirrored by such in vitro models, it seems that the
complete rejection of animal-based research is currently not
possible. Mathematical modeling represents another option in
cardiovascular research. Through the use of clinical data, Faes
et al. built a mathematical model of coronary circulation to
address the effects of the fractional flow reserve on the degree
of coronary arterial stenosis. The successful implementation of
a mathematical model to diagnostic procedures could reduce
costs, save time, and minimize risk along with the social and
economical burden for the patient.

Novel technologies and continued improvements to
established protocols need to be shared across the scientific
community to enhance experimental research and ensure
that it is time- and cost- effective. The rapid development of
machine learning, deep learning, and artificial intelligence
may broaden the application of in silico approaches to
address more complex scientific questions in the future.
On a global scale, such advances would contribute to the
faster translation of bench findings into clinical applications.
This collection of Research Topic articles offers important
insights into recent methodological advances in cardiovascular
research that will help in the development of innovative
treatment strategies.
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A Novel Method of Isolating
Myofibrils From Primary
Cardiomyocyte Culture Suitable for
Myofibril Mechanical Study
Kathleen C. Woulfe 1*, Claudia Ferrara 2, Jose Manuel Pioner 2, Jennifer H. Mahaffey 1,

Raffaele Coppini 2, Beatrice Scellini 2, Cecilia Ferrantini 2, Nicoletta Piroddi 2, Chiari Tesi 2,

Corrado Poggesi 2 and Mark Jeong 1

1Division of Cardiology, Department of Medicine, University of Colorado, Denver, CO, United States, 2Division of Physiology,

Department of Experimental and Clinical Medicine, University of Florence, Florence, Italy

Myofibril based mechanical studies allow evaluation of sarcomeric protein function. We

describe a novel method of obtaining myofibrils from primary cardiomyocyte culture.

Adult rat ventricular myocytes (ARVMs) were obtained by enzymatic digestion and

maintained in serum free condition. ARVMs were homogenized in relaxing solution

(pCa 9.0) with 20% sucrose, and myofibril suspension was made. Myofibrils were

Ca2+-activated and relaxed at 15◦C. Results from ARVM myofibrils were compared

to myofibrils obtained from ventricular tissue skinned with Triton X-100. At maximal

Ca2+-activation (pCa 4.5) myofibril mechanical parameters from ARVMs were 6.8 ± 0.9

mN/mm2 (resting tension), 146.8 ± 13.8 mN/mm2 (maximal active tension, P0), 5.4

± 0.22 s−1 (rate of force activation), 53.4 ± 4.4ms (linear relaxation duration), 0.69

± 0.36 s−1 (linear relaxation rate), and 10.8 ± 1.3 s−1 (exponential relaxation rate).

Force-pCa curves were constructed from Triton skinned tissue, ARVM culture day 1,

and ARVM culture day 3 myofibrils, and pCa50 were 5.79 ± 0.01, 5.69 ± 0.01, and

5.71 ± 0.01, respectively. Mechanical parameters from myofibrils isolated from ARVMs

treated with phenylephrine were compared to myofibrils isolated from time-matched

non-treated ARVMs. Phenylephrine treatment did not change the kinetics of activation

or relaxation but decreased the pCa50 to 5.56 ± 0.03 (vehicle treated control: 5.67

± 0.03). For determination of protein expression and post-translational modifications,

myofibril slurry was re-suspended and resolved for immunoblotting and protein staining.

Troponin I phosphorylation was significantly increased at serine 23/24 in phenylephrine

treated group. Myofibrils obtained from ARVMs are a viable method to study myofibril

mechanics. Phenylephrine treatment led to significant decrease in Ca2+-sensitivity that

is due to increased phosphorylation of TnI at serine 23/24. This culture based approach

to obtaining myofibrils will allow pharmacological and genetic manipulation of the

cardiomyocytes to correlate biochemical and biophysical properties.

Keywords: myofibril, cell culture, mechanics, sarcomere, signaling
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INTRODUCTION

Since its development, myofibril mechanical assessment has
led to advances in understanding of muscle function (1–4).
Myofibril-based mechanical assays, compared to studies using
larger preparations, offer several advantages. First, as the smallest
ensemble of muscle motor proteins, myofibril mechanical
experiments provide an evaluation of muscle mechanics without
influence by non-motor protein systems such as those involved
in calcium handling, energy metabolism, and the extracellular
matrix. Second, the level of detail which myofibril mechanical
experiments provide, such as resolution of the two phases of
cardiac muscle fiber relaxation, is not possible with skinned
cardiac fiber or intact cardiomyocyte preparations.

Traditionally, myofibrils are obtained from a small section of
muscle that is either glycerinated or skinned in Triton X-100
and homogenized (5, 6). A major limitation of this approach
is that these myofibrils are “as-is” with limited potential for
biochemical manipulations. In this regard, specifically targeting a
particular signaling pathway can only be achieved by generating
transgenic animals, which is time-intensive and costly. The
major strength of cardiomyocyte culture-based experiments is
the ability to utilize readily available reagents and tools to address
themyofilamentmechanical consequences of altering a particular
cellular function. Furthermore, with rapid advancement in stem
cell-derived cellular systems, an in vitro method of obtaining
myofibrils will provide a powerful experimental platform to
better understand the pathobiology of diseases involving striated
muscle. In this paper, we report a novel method of obtaining
myofibrils from primary adult rat ventricular myocyte (ARVM)
culture. We show that myofibrils obtained from primary ARVMs
are equivalent to the traditional method and show applicability
of this method to dissect the functional consequences of
manipulating a specific signaling cascade.

METHODS

Experimental Protocol
Adult rat left ventricular myocytes (ARVMs) were obtained
from female Sprague Dawley rats (250–300 g) (7). Animal
studies were reviewed and approved by University of Florence
and University of Colorado Institutional Animal Care and
Use Committee (IACUC) thereby meeting the standards set
by the Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes
and the NIH standards for the care and use of laboratory
animals. The heart was rapidly removed and retrograde
perfused with perfusion buffer (120.5mM NaCl, 14.7mM
KCl, 0.6mM KH2PO4, 0.6mM Na2HPO4, 1.2mM MgSO4,
4.6mM NaHCO3, 10mM Na-HEPES, 30mM Taurine, 10mM
2,3-butanedione monoxime, 5.5mM Glucose, pH 7.2) for
10min at 37◦C. A small section of the left ventricular
apex was cut at the end of the pre-digestion perfusion.
The small apical tissue was skinned in Triton X-100. The
remainder of the heart was enzymatically digested to make
ARVMs (Figure 1).

Cardiomyocyte Culture
The heart was digested with Liberase DH (Roche, 0.33 mg/ml)
for 8min, cut into small pieces, and a slurry was filtered through
sterile 150-nm mesh. The filtrate was centrifuged at 400 g for
4min to separate myocytes from non-myocytes. The myocyte
suspension was layered over 60µg/ml of BSA and allowed
to settle for 15min to separate myocytes from non-myocytes.
Myocyte concentration was determined and plated on 100mm
laminin-coated plastic culture dishes at a density of 100 to
150 cells/mm2. The ARVM culture was maintained in serum-
free DMEM supplemented with albumin (2 mg/ml), carnitine
(2 mmol/l), creatine (5 mmol/l), taurine (5 mmol/l), BDM (1
mg/ml), and penicillin-streptomycin (100µg/ml).

Myofibrils From Cardiomyocyte Culture
ARVMs were washed in sterile PBS (room temperature) twice
then collected one of two ways. (1) The cells were collected in
1ml of cold 20% sucrose in relaxing solution (pCa 9.0) with
protease inhibitor cocktail (10µM leupeptin, 5µM pepstatin,
200µM phenyl-methylsuphonylfluoride, 10µM E64, 500µM
NaN3, 2mM dithioerythritol). The demembraned ARVM slurry
was vortexed (30 s then settled on ice for 10min. The cell
suspension was centrifuged (300 g for 15min in 4◦C) and the
pellet was resuspended in fresh relaxing solution with protease
inhibitor cocktail to remove the sucrose. The resuspension/wash
cycle was repeated twice. The final demembraned ARVMs were
resuspended in relaxing solution with protease inhibitor cocktail
and homogenized at medium speed (Tissue Tearer) for 15–20 s
to make the final myofibril suspension. (2). Cells were collected
in 1ml of cold 0.01% Triton-X in relaxing solution (pCa9.0)
with protease inhibitor cocktail. The ARVM slurry was treated
as described above.

Myofibrils From Apical Tissue
The left ventricular apex was cut into thin slices and bathed
in 0.05% Triton X-100 and protease inhibitor cocktail in rigor
solution overnight at 4◦C. The skinned tissue was then washed
twice in rigor solution with protease inhibitor cocktail with
gentle shaking. The skinned tissue was resuspended in 1ml
rigor solution with protease inhibitor cocktail and homogenized
at medium speed for 15–20 s to make the final myofibril
suspension (8, 9).

Myofibril Mechanical Study
We used previously published techniques to measure and control
the force and length of isolated myofibrils activated and relaxed
by fast solution switching (8, 9). Briefly, a small volume of
myofibril suspension was transferred to a temperature controlled
chamber (15◦C) filled with relaxing solution (pCa 9.0). A small
bundle of myofibrils were mounted between two microtools.
One tool was connected to a motor that could produce rapid
length changes (Mad City Labs). The second tool was a calibrated
cantilevered force probe (4–8 µm/µN; frequency response 2–
5KHz). Myofibrils were set 5–10% above slack myofibril length
in relaxed conditions (pCa 9). Average sarcomere length and
myofibril diameter were measured using ImageJ. Mounted
myofibrils were activated and relaxed by rapidly translating the
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FIGURE 1 | (A) Experimental scheme: hearts from Sprague Dawley rats are retrograde perfused. Before enzymatic digestion, a small section of the apex is cut to

obtain myofibrils by skinning in Triton-X100. Remaining heart was digested in Liberase DH to obtained primary ARVM culture. Myofibrils from ARVM culture were

obtained by sucrose based osmotic shock method. (B) Representative images of 10x magnification demonstrating the different quantity and quality of myofibrils

isolated using the different techniques. Black arrows indicate useable myofibrils in each field. The myocyte fragments shown in the panel of ARVMs harvested using

Triton-x show a morphology distinct from the fragments of the other harvest techniques. (C) Representative image of a myofibril isolated from ARVMs using the

sucrose-based method. (D) Representative trace from an ARMV-derived myofibril activated and relaxed by fast solution switching. ARVM, adult rat ventricular

myocyte.

interface between two flowing streams of solutions of different
pCa (9, 10). Data was collected and analyzed using a customized
LabView software. Measured mechanical and kinetic parameters
were defined as follows: resting tension (mN/mm2)—myofibril
basal tension in fully relaxing condition (pCa 9.0); maximal
tension (mN/mm2)—maximal tension generated at full calcium
activation (pCa 4.5); the rate constant of tension development
following maximal calcium activation (kACT); the rate constant
of tension redevelopment following a release-restretch applied
to the activated myofibril (kTR) (11); rate constant of early slow
force decline (slow kREL)—the slope of the linear regression
normalized to the amplitude of relaxation transient, duration
of early slow force decline—measured from onset of solution
change to the beginning of the exponential force decay, the rate
constant of the final exponential phase of force decline (fast kREL).
To determine force-pCa relationship, peak isometric force was
recorded at maximal (pCa 4.5) and submaximal (pCa 5.2, 5.4,
5.6, 5.8, 7) calcium concentrations and fitted to the Hill equation
(P/P0= 1/(1+10(−nh(pCa50−pCa))).

Myofilament Protein Analysis
To determine the level of phosphorylated myofilament proteins,
the myofibril slurry was spun down and protein pellet was
resuspended in isoelectric focusing buffer (IEF; 8M Urea,
2.5M Thiourea, 4% Chaps, 2mM EDTA, 1mM DTT, 1%
TBP, phosphatase, and protease inhibitors). Twenty micrograms
of protein was resolved by SDS-PAGE using a 10% gel
and stained with ProQ Diamond. The gel was washed in
methanol and restained with commassie brilliant blue (CBB)
to determine total protein abundance. Gels were scanned and
densitometry was measured using ImageJ. To determine the

site-specific phosphorylation of troponin I, Western blots were
performed. Site specific phospho-antibodies directed to serine
23/24 (Phosphosolutions p2010–2324, 1:1,000) and serine 43/44
(Phosphosolutions 9056, 1:1,000) of troponin I were used for
Western blotting. TnI antibody (Fitzgerald 10R-T123K, 1:1,000)
was used to determine the relative abundance of phosphorylated
proteins. Densitometry data was used to normalize the phospho-
specific signal over the total TnI signal.

Statistical Analysis
Statistical analyses were performed using Prism Version 6
(GraphPad Software, San Diego, CA). Mean ± SEM values are
presented. Data were checked for normality by Shapiro-Wilks test
and if normal, compared by Student t-test (2 unpaired groups) or
one-way ANOVA (>2 groups) with Newman-Keuls post-test. If
not normal, data were log-transformed before statistical testing.
Probability values of p < 0.05 were considered significant.

RESULTS

Myofibrils From Cultured Cardiomyocytes
Permeabilized Using Sucrose Are Viable
Our initial aim was to determine the cardiomyocyte skinning
buffer and homogenization protocol to harvest myofibrils from
ARVMs. We began with low concentrations of Triton X-100 in
rigor or relaxing solutions. 0.1% Triton X-100 caused complete
lysis of cardiomyocytes in either buffer. We were able to harvest
myofibrils from cardiomyocytes skinned in 0.01% Triton X-
100 in rigor solutions but yielded poor quality and lower
quantity of myofibrils. These myofibrils tended to be shorter,
more fragmented, and difficult to mount on our force recording
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machine (Figure 1B). Sucrose (20% by volume) in relaxing
solution was able to disrupt the cellular membrane without
affecting the integrity of the myofibrils (Figures 1B–D).

Mechanical Parameters From Myofibrils
From ARVM Are Comparable to the
Mechanical Parameters From Myofibrils
From Tissue
Next mechanical parameters of myofibrils from ARVM culture
harvested with sucrose or frozen tissue were compared.
Myofibrils were isolated from frozen rat LV as a comparison
since this is the standard source of myofibrils used to assess
disease-specific differences in human hearts or animal models.
The isometric sarcomere length measured was similar. The

TABLE 1 | Comparison of mechanical parameters between myofibrils obtained

from ARVM culture vs. traditional small tissue section.

ARVM (N, n) Tissue (N, n) P

Sarcomere length (µm) 2.24 ± 0.09 (6, 19) 2.28 ± 0.07 (6, 15) ns

Resting tension (mN/mm2 ) 6.8 ± 3.5 (6, 17) 6.6 ± 3.8 (6, 13) ns

Maximal tension (mN /mm2 ) 146.8 ± 51.7 (6, 14) 139.6 ± 51.3 (6, 15) ns

KACT (s−1 ) 5.37 ± 0.95 (6, 18) 4.97 ± 1.14 (6, 14) ns

KTR (s−1 ) 5.20 ± 0.89 (6, 17) 4.52 ± 0.82 (6, 15) p < 0.05

Linear relaxation duration (ms) 53.4 ± 17.7 (6, 16) 52.0 ± 16.2 (6, 12) ns

Exponential relaxation rate (s−1 ) 10.8 ± 4.8 (6, 14) 14.6 ± 6.5 (6, 12) ns

Myofibrils are fully calcium activated (pCa 4.5) and fully relaxed (pCa 9) by fast solution

switching. Data presented with mean ± SEM. (N,n), (N# of rats, n # of myofibrils).

mechanical and kinetic behavior of ARVM myofibrils was not
statistically different from tissue-derived myofibrils for most
parameters (Table 1). The kinetics of force redevelopment (kTR)
were, however, slower in myofibrils from tissue. Mechanical run-
down, the decrement of force generation, and its kinetics with
successive activation-relaxation cycles was comparable between
myofibrils isolated from ARVMs and tissue (data not shown).
Force-pCa curves were constructed from myofibrils obtained
from ARVMs in culture or from tissue. Ca2+-sensitivity and
the Hill coefficients (nH) were similar between myofibrils from
ARVM and tissue (Figure 2A).

Duration of Cultured Cells Affects Kinetics
of Activation and Relaxation but Not
Calcium Sensitivity
In order to understand how prolonged culture affects the
mechanical properties of cardiac myofibrils, we compared
myofibrils isolated using sucrose from cardiomyocyte culture at
day 1 and day 3. Myofibrils from day 1 group were isolated
from cardiomyocytes that were kept in serum-free media in a
37◦C incubator between 2 and 8 h. The 3-day-old cardiomyocytes
were kept in a serum-free culture environment for an additional
48 h. Although magnitude of tension generation was unaffected
by long-term culture, 3 days of culture showed changes in
kinetics of activation and relaxation (Table 2). Using Pro-Q
Diamond staining to assess for phosphorylation of sarcomeric
proteins, we did not see a significant change in the degree of
phosphorylation of key contractile and regulatory proteins of the

FIGURE 2 | (A) Force-pCa relationship of myofibrils obtained from cardiomyocyte culture day 1 (blue), culture day 3 (red) vs. myofibrils isolated from cardiac tissue

(black). At each pCa, maximal tension was normalized to tension generated at pCa 4.5 (P0). Data points are mean ± SEM. Lines are drawn according to the

parameters estimated by fitting to the Hill equation (P/ P0 = 1/)(1 +10(−nh(pCa50−pCa))). N = 4 rats, 16–20 myofibrils. (B) Force-pCa relationship of myofibrils

obtained from ARVMs that were PE-treated (black), myofibrils treated with PE and the β-blocker propranolol (BB) (red) vs. vehicle treated control (blue). N = 6 rats,

16–22 myofibrils. ARVM, adult rat ventricular myocyte; PE, phenylephrine; BB, β-blocker propranolol.
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TABLE 2 | Comparison of mechanical parameters between myofibrils obtained

from ARVMs cultured for 1 day and ARVMs maintained in serum-free medium for

3 days.

ARVM Day 1 (N, n) ARVM Day 3 (N, n) P

Sarcomere length (µm) 2.24 ± 0.09 (6, 19) 2.25 ± 0.07 (8, 9) ns

Resting tension (mN/mm2 ) 6.8 ± 3.5 (6, 17) 7.3 ± 3.2 (8, 19) ns

Maximal tension (mN /mm2 ) 146.8 ± 51.7 (6, 14) 135.8 ± 47.6 (8, 18) ns

KACT (s−1 ) 5.37 ± 0.95 (6, 18) 4.05 ± 0.98 (8, 19) P < 0.05

KTR (s−1 ) 5.20 ± 0.89 (6, 17) 4.90 ± 0.95 (8, 19) ns

Linear relaxation duration (ms) 53.4 ± 17.7 (6, 16) 34.2 ± 8.5 (8, 14) P < 0.05

Exponential relaxation rate (s−1 ) 10.8 ± 4.8 (6, 14) 10.2 ± 5.2 (8, 16) ns

Myofibrils are fully calcium activated (pCa 4.5) and fully relaxed (pCa 9) by fast solution

switching. Data presented with mean ± SEM.

sarcomere (Figure 3). The duration that ARVMs were kept in
primary culture had no impact on Ca2+-sensitivity or the Hill
coefficient (Figure 2A).

Treating ARVMs With Phenylephrine Leads
to Decreased Calcium Sensitivity in
Myofibrils Due to Phosphorylation of
Troponin I
To demonstrate the applicability of culture based cardiomyocyte
myofibrils to study the effect of manipulating the adrenergic
signaling pathway, we treated ARVMs with phenylephrine
(PE; 20µM) for 48 h and performed myofibril mechanical
measurements and sarcomeric protein analysis. Myofibrils were
harvested using the sucrose method. We and others have shown
that prolonged PE treatment leads to significant cardiomyocyte
hypertrophy, induction of the pathologic gene profile, and
deterioration of intact cardiomyocyte function (12, 13). The
kinetics of activation and relaxation, and tension generation
were unchanged with PE treatment (Table 3). Treatment with PE
led to a significant decrease in calcium sensitivity (Figure 2B).
Using CBB protein staining, we did not see a change in the
expression level of sarcomeric proteins between vehicle vs.
PE treated ARVMs (Figure 3). Global phosphorylation status
was examined using Pro-Q Diamond stain. PE treatment led
to increased phosphorylation of troponin I (TnI) (Figure 3).
Western blot analysis confirmed the change in phosphorylation
of serine 23/24 while serine 44 was not affected (Figure 4A).
Decreased calcium sensitivity due to phosphorylation of TnI
at serine 23/24 is consistent with previously published studies.
To confirm our hypothesis that PE was also activating PKA
via β-adrenergic signaling pathway, we treated ARVMs with PE
with or without propranolol (2µM). Propranolol treatment was
sufficient to inhibit the increased phosphorylation of Serine 23/24
TnI (Figure 4) and the shift in pCa50 (Figure 2B). Propranolol
treatment alone did not have any effect in basal expression of TnI
or phosphorylation (Figure 4).

DISCUSSION

We report a novel method of obtaining myofibrils from cultured
ARVMswhich are suitable for myofibril mechanical experiments.

We establish that myofibrils obtained from an ARVM culture
system are equivalent in mechanical properties to myofibrils
prepared by skinning small cardiac tissue with Triton-X100.
Demonstrating applicability of this method, we show that PE
treatment does not significantly affect activation kinetics and
tension generation, but PE treatment increases phosphorylation
of TnI contributing to decreased myofilament calcium sensitivity
when compared to vehicle treated controls. These findings
show that primary ARVM culture system can be used for
myofibril mechanical studies, and will expand the utility of
myofibril mechanical experiment by providing a wider palette of
experimental conditions.

The major advantage of myofibrils obtained from a primary
culture system over the traditional Triton X-100 method is that
primary culture system allows manipulation of specific cellular
processes using widely available experimental techniques. The
traditional method of obtaining myofibrils from a small heart
section can be viewed as “as-is” with limited potential for ex-
vivo manipulation. The combination of myofibril mechanical
experiments and the wide array of biochemical techniques
available to manipulate cultured cells provides a flexible
experimental system to study the mechanical consequences of
altering a specific cellular function. ARVM based myofibril
studies provides additional advantages. ARVM are relatively
inexpensive when compared to the need for generating mutant
animals. For example, if you consider a potential experiment
studying how protein x impacts myofibril mechanics, the cost
and time to generate a transgenic or knockout animal is
roughly $7,000 and can take up to 14 weeks. From there,
there are costs associated with breeding and maintenance of
a colony where animal costs can exceed $250 a month not
including the salary of the staff necessary to oversee the colony.
This total quickly reaches $10,000 or more and takes at least
6 months. In contrast, consider purchasing 6 adult rats at
roughly $50 each and generating ARVMs. From here, the
cells can be treated with inhibitors or ectopically expressed
proteins and myofibril mechanics studied. On a practical level,
we found that homogenizing intact cardiomyocytes to small
bundles of myofibrils was easier to achieve from ARVMs
than from small cardiac tissue. Our ARVM based method
is complementary to the current standard and provides an
additional source of experimental material. Importantly, our
results show that myofibrils from ARVMs are mechanically
comparable to myofibrils derived from tissue.

One difference in mechanical properties that we noted
between tissue and ARVMs harvested using sucrose was that
kTR was faster in ARVMs. This difference could be due to
structural changes in the sarcomeres that occur following
plating (14, 15) or it may be an experimental difference in
isolation techniques (Triton X-100 compared to sucrose). It is
important to recognize that these factors affect the mechanical
parameters and experimental conditions should be considered
appropriately. To further explore how plating impacts sarcomere
function, we determined how duration of primary culture
impacts myofibril function. Cardiomyocytes have been found to
undergo transformation when maintained in primary culture.
Although maintaining cardiomyocytes for up to 15 days has
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FIGURE 3 | (A) Myofilament protein phosphorylation from ARVMs treated with PE for 2 and 48 h. ProQ Diamond® stain (PQD) was used to determine the global

phosphorylation status of myofilament proteins. The same gel was stained with commassie brilliant blue (CBB) to determine relative abundance of proteins.

(B) Quantification of PQD over CBB densitometries. Only those sarcomeric proteins with significant change in global phosphorylation are shown. Phosphorylation of

TnI is significantly increased in ARVMs after 2 h (p < 0.0001) and 48 h (p = 0.003) of PE treatment. Myosin binding protein C (MyBP-C) trends to increased

phosphorylation at 48 h of treatment (p = 0.056) but not at 2 h. N = 5 rats. ARVM, adult rat ventricular myocyte; PE, phenylephrine; CBB, commassie brilliant blue;

TnI, troponin I; MyBP-C, myosin binding protein C.

TABLE 3 | Comparison of mechanical parameters between myofibrils from

ARVMs treated with PE for 48 h.

Vehicle (N, n) PE (N, n) P

Sarcomere length

(µm)

2.21 ± 0.1 (6, 19) 2.21 ± 0.1 (6, 22) ns

Resting tension

(mN /mm2 )

7.6 ± 2.8 (6, 18) 6.7 ± 2.5 (6, 17) ns

Maximal Tension

(mN /mm2 )

135.8 ± 47.6 (6, 17) 118.8 ± 38.6 (6, 17) ns

KACT (s−1) 4.05 ± 0.98 (6, 19) 3.95 ± 0.94 (6, 19) ns

KTR (s−1) 4.90 ± 0.95 (6, 19) 4.37 ± 1.02 (6, 19) P = 0.059

Linear Relaxation

Duration (ms)

34.2 ± 8.5 (6, 15) 43.8 ± 17.1 (6, 15) ns

Linear Relaxation Rate (s−1) 1.27 ± 0.91 (6, 6) 1.35 ± 0.65 (6, 8) ns

Exponential Relaxation

Rate (s−1)

9.04 ± 3.3 (6, 15) 10.0 ± 5.1 (6, 19) ns

Myofibrils are fully calcium activated (pCa 4.5) and fully relaxed (pCa 9) by fast solution

switching. Data presented with mean ± SEM. (N,n), (N# of rats, n # of myofibrils).

been described (15), we and other investigators report an optimal
culture time frame of up to 5–8 days (7). It is believed that the
limited life-span of ARVMs in culture is due to dedifferentiation.
Eppenberger et al. (16) demonstrated that over time cultured
ARVMs have extensive morphological changes so that they
look more like fetal myofibril and therefore achieve a less
differentiated state (16). Dedifferentiation of cardiomyocytes in
long-term culture is inevitable, but serum-free culture media
decreases the rate of dedifferentiation (14). The culture media is
critical to maintain healthy cells, and the culture media additives
for ARVMs are albumin, creatine, carnitine, taurine, BDM,
penicillin, and streptomycin. We have set 5 days as the upper
limit for maintaining ARVMs in culture, and have designed
our experiments around this time frame. We and others have

previously shown and show additional data in this report that
key functional and regulatory proteins of the sarcomere are
unchanged in the level of expression and modification (12, 13,
17). The half-life of sarcomeric proteins ranges between 3 and
10 days (18, 19). Our data shows that there is no significant
change in the expression level or global phosphorylation of
sarcomeric proteins obtained from ARVMs in short vs. long term
culture. Although we do not report qualitative or quantitative
changes of sarcomeric proteins, we report significant changes in
activation and relaxation kinetics between day 1 and day 3. This
degree of change in biomechanical properties is not unexpected
considering that ARVMs in primary culture are dedifferentiating.
We hypothesize that routine biochemical assays used in this
study to evaluate for the abundance and the post-translational
modification status of sarcomeric proteins are not sensitive
enough to detect subtle changes. These small changes appear
to be sufficient to exert significant change in myofilament
function. In this regard, experiments that compare myofibril
mechanics between freshly isolated ARVM to one that is several
days old would be inappropriate. In our experimental protocol,
treated groups are always compared to age-matched vehicle
treated controls, thereby allowing us to evaluate the effects of
the treatment group while taking into account the unavoidable
changes that are inherent in a primary culture based experiment.

Adult rat ventricular cardiomyocytes treated with PE (20µM)
for 48 h demonstrate that TnI phosphorylation is an important
effector of sarcomeric protein function. Previously, we and
others have shown that treating ARVMs with 48 h of PE
caused contractile dysfunction (7, 13). This report builds
on the previous study and provides new data showing that
cardiomyocyte dysfunction does not require dysfunction of
myofibril contractile machinery. This observation suggests a
hierarchy of cardiomyocyte dysfunction by showing that the
contractile machinery remains capable even in the face of
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FIGURE 4 | (A) Representative Western blot demonstrating serine 23/24 is

preferentially phosphorylated with PE treatment. Each lane is protein isolated

from different experiments. These conditions were repeated in ARVMs cultured

from 5 different rat hearts. (B) Representative image of a Western blot showing

pre-treatment of ARVMs with the β-blocker propranolol (BB) leadsto inhibition

of TnI phosphorylation at serine 23/24. Experiment was repeated in ARVMs

cultured from 3 different rat hearts. (C) Quantification of TnI serine 23/24

phosphorylation normalized to total TnI. PE significantly increases

phosphorylation of TnI at Ser 23/24 (p < 0.001). Treatment with PE and a

β-blocker (BB) propranolol, normalizes TnI phosphorylation (PE tx v PE+BB

p < 0.001). Each lane is protein isolated from different experiments. These

conditions were repeated in ARVMs cultured from 3 different rat hearts. TnI,

troponin I; PE, phenylephrine; ARVM, adult rat ventricular myocyte; BB,

β-blocker propranolol.

cellular dysfunction. If the basic contractile unit from a
dysfunctional cardiomyocyte is functioning normally, then can
we target the basic contractile unit to normalize the whole
cell function? We have previously published data showing
that targeted inhibition of histone deacetylase 6 can augment
contractility of myofibrils to normalize whole heart function
in an angiotensin model of rodent heart failure (20). This
strategy of targeting the myofibril to augment inotrope may
offer benefits over currently available agents such as dobutamine
or milrinone which targets the upstream receptor or enzymatic
cascade immediately below the receptor. Clinical data may
support this hypothesis since in adult heart failure literature,
prolonged use of dobutamine or milrinone, while having

positive inotropic effects, leads to increased mortality from
side effects (21, 22). If our observation can be applied
to human heart failure, perhaps targeting the myofibrillar
proteins directly may provide a more direct and less toxic
inotropic support.

We also report that PE, an α-adrengeric and β-adrenergic
agonist (23), modifies TnI at serine 23/24. TnI serine 23/24 is
predominantly under the control of protein kinase A (PKA),
the down-stream effector of β-adrenergic receptor cascade. This
observation provides insight into the role of PKA in modulating
troponin I phosphorylation, the kinetics of cross-bridge cycle,
and calcium sensitivity of cardiac myofibrils. We show that
increased phosphorylation of serine 23/24 TnI decreases the
calcium sensitivity without affecting the kinetics of activation
or relaxation. Our results are in agreement with previous
work performed in human myofibrils treated with PKA (24).
Others, using rodent myofibrils, showed that activation of PKA
resulted in both right shift in calcium sensitivity and changes
in activation and relaxation kinetics (25, 26). Specifically, Rao
et al. (25) exchanged TnI with targeted mutations in serine 23/24
into myofibrils to illustrate that phosphorylation status of TnI
can control both relaxation duration and calcium sensitivity
of activation. While both studies show the regulatory role of
serine 23/24 in calcium sensitivity of activation, PE treatment
of ARVMs leads to different results in relaxation kinetics. This
difference may be due to the experimental condition. In our
experiment, we stimulated cardiomyocytes with an upstream
agonist thereby activating myriad of other secondary effectors.
In Rao’s work, exchanging mutant TnI into myofibrils would
avoid the effects of signaling cascade that results from receptor
activation (25). Regardless of the experimental protocol, we are in
agreement that serine 23/24 is an important effector in changing
sensitivity to calcium activation. Additional conclusions about
the role of serine 23/24 in regulating relaxation remains, however,
unsettled. The ability to obtain viable myofibrils from ARVMs
presents an opportunity to use established myofibril mechanical
assays in an in vitromodel system which will be a valuable tool to
inform mechanisms driving mechanical alterations.

In conclusion, we report that myofibrils obtained from
ARVM culture are similar in mechanical properties to myofibrils
isolated by skinningsmall sections of heart tissue.. While the
traditional method of Triton X-100 based myofibrils will remain
germane to myofibril mechanical research, we are confident
that the primary ARVM culture based myofibrils will prove to
be a powerful research tool complementing the time proven
traditional method.
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Aim: Cardiac pressure-volume (PV loop) analysis under β-adrenergic stimulation is a

powerful method to simultaneously determine intrinsic cardiac function and β-adrenergic

reserve in mouse models. Despite its wide use, several key approaches of this method,

which can affect murine cardiac function tremendously, have not been experimentally

investigated until now. In this study, we investigate the impact of three lines of action

during the complex procedure of PV loop analysis: (i) the ventilation with positive

end-expiratory pressure, (ii) the time point of injecting hypertonic saline to estimate

parallel-conductance, and (iii) the implications of end-systolic pressure-spikes that may

arise under β-adrenergic stimulation.

Methods and Results: We performed pressure-volume analysis during β-adrenergic

stimulation in an open-chest protocol under Isoflurane/Buprenorphine anesthesia. Our

analysis showed that (i) ventilation with 2 cmH2O positive end-expiratory pressure

prevented exacerbation of peak inspiratory pressures subsequently protecting mice

from macroscopic pulmonary bleedings. (ii) Estimations of parallel-conductance by

injecting hypertonic saline prior to pressure-volume recordings induced dilated chamber

dimensions as depicted by elevation of end-systolic volume (+113%), end-diastolic

volume (+40%), and end-diastolic pressure (+46%). Further, using this experimental

approach, the preload-independent contractility (PRSW) was significantly impaired

under basal conditions (−17%) and under catecholaminergic stimulation (−14% at

8.25 ng/min Isoprenaline), the β-adrenergic reserve was alleviated, and the incidence

of ectopic beats was increased >5-fold. (iii) End-systolic pressure-spikes were

observed in 26% of pressure-volume recordings under stimulation with 2.475 and

8.25 ng/min Isoprenaline, which affected the analysis of maximum pressure (+11.5%),

end-diastolic volume (−8%), stroke volume (−10%), and cardiac output (−11%).
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Conclusions: Our results (i) demonstrate the advantages of positive end-expiratory

pressure ventilation in open-chest instrumented mice, (ii) underline the perils of

injecting hypertonic saline prior to pressure-volume recordings to calibrate for

parallel-conductance and (iii) emphasize the necessity to be aware of the consequences

of end-systolic pressure-spikes during β-adrenergic stimulation.

Keywords: pressure-volume analysis, parallel-conductance, β-adrenergic stimulation, hypertonic saline, positive

end-expiratory pressure, end-systolic pressure-spikes, catheter entrapment, hemodynamics

INTRODUCTION

Cardiac pressure-volume (PV) analysis during incremental
β-adrenergic stimulation in mice is capable of precisely
determining ventricular function and adrenergic reserve in mice.
This species offers advantages like the feasibility of genetic
modifications and short generation times. Established since 1998
(1), PV analysis in mice revealed numerous novel regulators
of cardiac function and is still regarded as the gold standard
characterizing ventricular function (2, 3).

PV analysis is performed by advancing a pressure-

conductance catheter into the left ventricle. A piezo-electrical
pressure transducer continuously detects intra-ventricular

pressure. Ventricular volume is measured by generating
an electrical field using the catheter’s two outer electrodes.
Conductance-alterations within the blood-filled chamber are
detected by two inner electrodes. Assuming a cylindrically
shaped left ventricle, conductance can be converted into volume

(4). However, the measured overall conductance (G) reflects
of the blood-conductance within the ventricle (Gb) and the

conductance of surrounding tissue (parallel-conductance, Gp).
To obtain Gb, Gp needs to be subtracted from G. Gp may be
estimated by injecting hypertonic saline into the left ventricle

and by subsequent analysis of PV recordings during the wash-in
phase as first described in canine (4, 5) and later validated for
mice (6–8).

Several PV protocols assessing murine cardiac function have

been published (1, 2, 9, 10). Moreover, the influence of several
steps during the procedure, such as approaches using open-
chest or closed-chest surgery (9, 11), the choice of anesthetics
(11) as well as the genetic background (12) have already been
examined regarding their impact on cardiac function. However,
other factors potentially affecting basal cardiac function and
adrenergic reserve have not been investigated until now. In
this study, we performed PV analysis during incremental
Isoprenaline stimulation following open-chest access to the heart
and evaluated three key methodological aspects during the
procedure of PV loop analysis in mice. We (i) ventilated mice
with or without positive-end-expiratory pressure (PEEP), (ii) we
estimated Gp by injecting hypertonic saline either prior to or
after PV recordings, and (iii) we analyzed which PV parameters
are affected upon appearance of end-systolic pressure-spikes
(ESPS), a common phenomenon observed in PV analysis under
adrenergic stimulation (1, 8, 13–15).

Our findings (i) demonstrate the advantages of PEEP
ventilation under β-adrenergic stimulation in open-chest

instrumented mice, (ii) reveal multiple adverse effects of
estimating Gp by injecting hypertonic saline prior to PV
recordings, and (iii) show ESPS occurring under β-adrenergic
stimulation do affect both pressure- and volume-related
parameters in the analysis of cardiac function.

MATERIALS AND METHODS

Animals
All experimental procedures fulfilled the EU-legislation
guidelines for protection of animals used for scientific purposes
and were approved by the Karlsruhe regional council (G131/15
and G121/17). Recordings from 48 male C57Bl/6N mice aged
19.4 ± 1.4 weeks were analyzed. Animals were obtained from
Charles River Laboratories and housed in a 12 h light cycle under
specified pathogen-free conditions (SPF) at the animal facility
(IBF) of the Heidelberg Medical Faculty. Rodent food (LasVendi
Rod18) and drinking water were supplied ad libitum.

Anesthesia
Anesthesia was induced in a plexiglas-chamber pre-saturated
with 2.5% Isoflurane, vaporized with 80 ml/min O2 (Vapor 19.3,
Abbot). Subsequently an anesthetic-mixture (7ml/kg) containing
0.1 mg/kg Buprenorphine as analgesic (Bayer AG), 1,200 IU/kg
Heparin (Ratiopharm GmbH) and 10 mg/kg Etomidate-Lipuro
(B. Braun Melsungen AG) was injected intraperitoneally (i.p.).
Anesthetized animals were endotracheally intubated using the
shortened (3 cm) plastic cannula of an intravenous 20 Gauge
catheter. After fixation on a heating plate (Hotplate 062,
Labotect) a rectal probe (Hugo Sachs Elektronik) was inserted.
Body temperature was maintained at 37 ± 0.5◦C by manually
adjusting heating plate temperature to 38.5 ± 1.5◦C. A small
rodent respirator (MiniVent 845, Harvard Apparatus) was,
connected to the endotracheal tube. On-line airway pressures
were monitored in LabChart 7.3 Pro (AD Instruments) by
connecting a MPX-Transducer (Hugo Sachs Elektronik) to
the respiratory tube. Ventilation was performed by setting
respiratory rates to 53.5 × M0.26 [min−1] (M = BW in g) (9)
and adjusting tidal volumes to peak inspiratory pressures of
11± 1 cmH2O. After set once at the beginning, tidal volume was
not altered during experiments. Adequate anesthesia depth was
proved with a tail pinch and the absence of reflexes at the hind
paws. Hereafter, 1 mg/kg Pancuronium (Sigma Life Science) was
injected i.p. to prevent respiratory artifacts during recordings.
The range of Heart Rate as an indicator for anesthesia depth (16)
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was monitored on-line in LabChart 7.3 Pro with a subcutaneous
1-lead ECG (Bio Amp, AD Instruments).

Surgery
During surgery, anesthesia was maintained by ventilating with
2% Isoflurane vaporized with 80 ml/min O2. All surgical
procedures were performed under magnification (1.5- to 4-fold)
via a surgical microscope (Stemi 2000-C, Carl Zeiss). Access to
the central venous system was established by cannulation of the
left femoral vein (LFV, Figure S1A).

In all experimental groups, fluid-loss was counteracted
by infusing 15 µl/min 0.9% sodium-chloride (NaCl) with
a syringe pump (11Plus, Harvard Apparatus). Hereafter, a
thoracotomy, as adapted and modified from others (2, 9), was
performed (Figure S1B). Two cmH2O positive end-expiratory
pressure (PEEP) was established in 38 of 48 mice just before
diaphragm incision by placing the expiratory ventilation hose
2 cm beneath the water-surface. To validate the established PEEP,
on-line airway-pressures were monitored in LabChart 7.3 Pro.
After diaphragm incision, a limited costotomy was performed
(Figure S1B). The pericardium was bluntly dissected and a
suture (8.0, Suprama) was positioned beneath the inferior caval
vein (ICV). Finally, the left ventricular apex was pricked with
a 25 gauge needle, and a 1.4-F pressure-conductance catheter
(SPR-839, Millar) was inserted (Figure S1C). Intra-ventricular
catheter position was optimized under on-line visualization until
rectangular-shaped loops were obtained.

Pressure-Volume Measurements
Isoflurane was reduced to 1.5% and animals were allowed to
reach steady state conditions as indicated by constant heart rate
and stroke volume, which was observed within 3–5min. If the
stabilization period extended 10min, animals were not included
into the analysis. The first two cycles of recording were performed
while infusing 15 µl/min 0.9% NaCl. PV loops were recorded
during two cycles of inferior caval vein (ICV) occlusion for each
Isoprenaline (ISO) dose, after a new steady state was reached. To
maintain constant infusion rates of 15 µl/min, increasing doses
of 0.2475, 0.825, 2.475 and 8.25 ng/min Isoprenaline (ISO, Sigma
Life Science) dissolved in 0.9% NaCl were infused by switching
syringes. As the respiratory status has a significant impact
on murine cardiac function during PV recordings (Figure S2),
ventilation was suspended strictly at the end-expiration time
point. Preload dependent parameters were recorded during the
first 2 s of a measurement (Figure S3). To obtain preload-
independent parameters, the suture around the ICV was gently
lifted for the following 2 s of each measurement (Figure S3).

Calibration
To estimate Gp, 10 µl hypertonic saline (15% NaCl) were rapidly
injected into the left femoral vein (4, 5, 8). In 33 animals, this
was performed after measurements (late saline group), whereas
15 mice received hypertonic saline prior to measurements (early
saline group). Each experiment was completed by sampling left
ventricular blood 5min after saline-injection in the late saline
group, or directly after the last measurement in the early saline
group. Subsequently, mice were euthanized by massive bleeding

after removal of the heart under anesthesia and Buprenorphin
analgesia. Hereafter, blood conductance was measured in pre-
warmed (37◦C) cylinders of known volume (Millar).

Pressure-Volume Analysis
All analytical steps were performed in LabChart 7.3 Pro. A factor
for conductance-to-volume conversion (conversion-factor, CF)
was enabled for each dataset by calibrating the known volumes of
the calibration cuvette against blood-conductance. Subsequently,
PV recordings during hypertonic saline’s left ventricular wash-in
phase were analyzed. Gp was then subtracted from G.

For baseline analysis, 5–10 consecutive loops during end-
expirational ventilation pause were selected (Figure S3). Preload-
independent parameters were analyzed by selecting loops during
ICV-occlusion (Figure S3). To ensure standardized calculation of
preload independent parameters, solely the first five consecutive
loops showing decreasing Ved were analyzed (Figure S3).

Parameters used to characterize general cardiac function were
heart rate (HR), stroke work (SW), stroke volume (SV), cardiac
output (CO), maximum pressure (Pmax), end-diastolic pressure
(Ped), end-diastolic volume (Ved) and end-systolic volume
(Ves). Preload independent cardiac contractility was analyzed
by Preload Recruitable Stroke Work (PRSW) (17). Preload
dependent cardiac contractility was analyzed by maximum dP/dt
(dP/dtmax). Isovolumetric relaxation was analyzed by Tau (Weiss
Equation) (18) and minimum dP/dt (dP/dtmin). Diastolic filling
was analyzed by End-diastolic Pressure-Volume Relationship
(EDPVR, alpha-coefficient).

Analysis of Airway Pressures
Peak inspirational airway pressures (Peak Pinsp), were first
determined when the conductance-catheter was inserted into the
ventricle (t0) and followed up 5, 10, and 15min after catheter
insertion (t5, t10, and t15). Five consecutive Peak Pinsp were
averaged for each time point.

Analysis of Ectopic Beats
Ectopic beats were analyzed by dividing each experiment into
sections of 1min intervals, starting after steady state conditions
were reached until the last ICV occlusion. If ectopic beats
occurred during a section, this section was considered as “section
with ectopic beat.” Ectopic beats occurring timely associated with
ICV occlusions were excluded from analysis, as these could have
been ectopically driven by a contact between occlusion-suture
and cardiac structures. Figure S4 depicts how ectopic beats were
detected in the PV analysis and in the simultaneous ECG.

Statistical Analysis
Statistical analysis and figures were done in OriginPro 2016 and
Excel. Two-sided, unpaired Student’s t-tests were performed,
and heteroskedastic variances were assumed (Microsoft Excel
2011). For analysis of increases of Peak Pinsp within groups two-
sided, paired Student’s t-tests assuming heteroskedastic variances
were performed (Microsoft Excel 2011). P-values < 0.05 were
considered statistically significant. All data is presented as mean
± standard deviation.
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RESULTS

The Effect of Positive End-Expiratory
Pressure (PEEP) Ventilation
To analyse the effect of positive end-expiratory airway pressure
(PEEP) on open-chest PV loop recordings under β-adrenergic
stimulation, we measured two groups of adult C57Bl6/N mice.
The experimental protocol in both groups did not differ
except for the ventilation, which was performed either with or
without PEEP (2 cmH2O, Figure 1A). The course of events
after intubation including ventilation, venous catheterisation,
incremental β-adrenergic stimulation and hypertonic saline
injection is indicated in Figure 1A.

As PEEP-ventilation may alter airway pressures during open-
chest PV loop analysis, we examined peak inspirational pressures
(Peak Pinsp) immediately after catheter insertion and 5, 10, and
15min thereafter. Representative traces indicate the increase
in end-expiratory airway pressures in PEEP-ventilated animals
(Figure 1B). Interestingly, a time-dependent increase of Peak
Pinsp was observed in animals that were not ventilated with PEEP
(Figures 1C,D). Following 15min of PV loop recording, Peak
Pinsp increased by 36.2 ± 15.2% in the non-PEEP ventilated
group as compared to 10.5 ± 3.6% in the PEEP-ventilated
group (p= 0.0004, Figure 1D). Notably, macroscopic pulmonary
bleedings were exclusively observed in 5 out of 10 (50%) non-
PEEP-ventilated animals but in none of the PEEP-ventilated
animals (Figure 1E), suggesting that pulmonary lesions develop
along with exacerbated Peak Pinsp. In contrast, body temperature,
calibration factors and hypertrophy indices did not differ
between the two groups (Table S1).

Since a stop in end-inspirational ventilation may affect cardiac
function due to increased lung volume and airway pressure in
PV analysis (Figure S2), we examined the effect of 2 cmH2O
positive airway pressure in PEEP ventilated animals on PV loop
parameters in comparison to the non-PEEP ventilated group.
PEEP ventilation did not affect basal systolic, diastolic cardiac
performance, or β-adrenergic reserve (Table 1).

The Influence of the Time Point of
Calibration Using Hypertonic
Saline Injection
Estimation of parallel-conductance by injecting hypertonic
saline may be performed prior to or after PV recordings. We
hypothesized that injection of hypertonic saline prior to PV-
loop recordings may adversely affect murine cardiac function.
Hence, we compared these two time points of hypertonic saline
injections concerning their effects on PV analysis under β-
adrenergic stimulation.

Fifteen animals received 10 µl of 15% NaCl prior to (early
saline group) and 23 animals after the PV recordings (late
saline group) (Figure 2A). Except for the time point of saline
application, protocols did not differ between groups (Figure 2A).
Since PEEP ventilation proved beneficial, both groups were
ventilated with 2 cmH2O PEEP (Figure 2A).

As we often observed ectopic beats during on-line
visualization of PV recordings in the early saline group,
ectopic beat frequency was quantified. The observation period

for ectopic beats was defined over the time period depicted
in Figure 2A and subsequently divided into sections of 1min.
If an ectopic beat occurred within a section, this section was
defined as section with ectopic beat. The numbers of sections
analyzed for ectopic beats was similar between the groups
(15.5 ± 1.9 vs. 15.4± 1.5, p = 0.0744). Strikingly, early saline
calibration induced a >5-fold increase in the occurrence
of sections with ectopic beats as compared to late saline
calibration (21.8 ± 20.0 vs. 4.2± 4.6%, p = 0.0043, Figure 2B)
suggesting that the application of hypertonic saline operates as a
pro-arrhythmic stimulus.

Concerning the actual calibration parameters, parallel-
conductance was increased when early as compared to late
saline injection was applied (19.6 ± 2.2 vs. 17.0 ± 2.0 RVU;
p = 0.0008, Figure 2C). We checked for heart weight as a
potential interfering variable, which was similar between groups
(Table S2). Notably, the blood-conductance conversion factor at
the end of the experiments did not differ between groups (late
saline: 1.75 ± 0.30 µl/RVU, early saline: 1.77 ± 0.16 µl/RVU,
p = 0.6813, Figure 2D), suggesting late saline does not alter
blood-conductance if blood sampling is performed 5min after
saline injection.

Analysis of basal left-ventricular function revealed multiple
alterations between the two calibration regimens. Five minutes
after early saline injection, PV loops showed a prominent
right shift (Figure 3A) toward dilated chamber dimensions,
similarly as in acute heart failure-like phenotypes with a
46% increase in end-diastolic pressure (Ped, p = 0.0007,
Figure 3B), a 40% increase in end-diastolic volume (Ved,
p < 0.0001, Figure 3C) and a 113% increase in end-systolic
volume (Ves, p = 0.0001, Figure 3D). The rise in volume load
was accompanied by prolonged diastolic relaxation (Tau +17%,
p = 0.0080, Figure 3E) and deteriorated cardiac contractility,
as depicted by a 17% decrease in Preload Recruitable Stroke
Work (PRSW, p = 0.0081, Figure 3F). Differences in cardiac
chamber dimensions and diastolic relaxation diminished upon
incremental β-adrenergic stimulation (Figures 3B–E). However,
PRSW remained significantly impaired even at maximal β-
adrenergic stimulation (Figure 3F), suggesting permanent effects
of the hypertonic salt bolus independent of volume loading.

Although unaffected at basal conditions, the analysis of heart
rate (Figure 3G) and maximum dP/dt (Figure 3H) revealed an
alleviated adrenergic response as ISO-evoked increases in these
parameters were also extenuated over the entire dose range.
These results further emphasize that the adverse effects of early
saline application on cardiac function are not transient.

To observe other potentially interfering parameters and
conditions, we controlled for e.g., body temperature during
PV recordings, as well as for hypertrophy indices, which did
not differ between groups (Table S2). Detailed values for each
analyzed parameter are given in Table S3.

The Impact of End-Systolic
Pressure-Spikes
End-systolic pressure-spikes (ESPS) describe artificial pressure
increases at the very end of the systolic ejection phase. In
the protocol with 2 cmH2O PEEP-ventilation and late saline
calibration, ESPS were observed in 6 out of 23 recordings but only
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FIGURE 1 | Ventilation with positive end-expiratory pressure (PEEP) protected mice from exacerbated airway pressure and prevented pulmonary lesions.

(A) Experimental design with two groups either ventilated without PEEP (black) or with PEEP of 2 cmH2O (purple). Comparison of representative traces of short-term

(B) and long-term (C) PEEP-ventilation. In (C) white incisions depict end-expirational ventilation-stops during PV loop recordings. (D) Analysis of peak inspiratory

pressure (Peak Pinsp) during 15min after catheter insertion (time 0). (E) Representative picture of a pulmonary lesion which occurred in 5 out of 10

non-PEEP-ventilated animals and quantitative assessment of pulmonary lesions. Data presented as mean ± standard deviation from n = 10 (No PEEP group) and

n = 8 (PEEP group) mice. n, number of mice. *p < 0.05, ***p < 0.001: p-value No PEEP vs. PEEP in an unpaired Student’s t-test; #p < 0.05, ##p < 0.01, ###p <

0.001: p-value vs. previous corresponding observation point in a paired Student’s t-test within the groups (purple #: PEEP group, black #: No PEEP group).

at stimulation with doses at or above 2.475 ng/min Isoprenaline
(Figure 4A). Hence, we divided PV loop recordings obtained
with this protocol into two groups, which either presented ESPS
upon β-adrenergic stimulation (n = 6) or not (n = 17) and
examined the effect of ESPS on PV parameters.

Notably, PV recordings in mice that developed ESPS at higher
ISO doses (≥2.475 ng/min) were otherwise morphologically
not distinguishable at basal levels or at the lowest ISO
dose (0.825 ng/min) from those that did not develop ESPS
(Figures 4B,C). Furthermore, both groups showed comparable
cardiac function at basal levels (Figure 5; Table S4), indicating
similar catheter position prior to catecholamine stimulation.

ESPS artificially increase pressure near end-systole. Hence,
PV loop analysis of recordings depicting ESPS comprises an

artificially increased maximum pressure (Pmax, Figure 5A).
However, this “artificial Pmax” could be corrected to “true Pmax”
by adjusting Pmax to the maximum value during auxotonic
contractions, as depicted in Figure 5A. Following this maneuver,
alterations in Pmax could be extinguished (Figure 5A).

Other pressure-derived contractility parameters that are
potentially affected by increased pressure values close to the
end-systole include diastolic relaxation parameters. Hence, we
checked for alterations in diastolic function. Interestingly, ESPS
had opposite effects on the two parameters characterizing
diastolic relaxation: analysis of Tau in PV recordings depicting
ESPS at 8.25 ng/min ISO indicated a deceleration of active
diastolic relaxation by 11% (p = 0.0445, Figure 5D), whereas
minimum dP/dt values revealed an acceleration by 18.4%
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TABLE 1 | Pressure-volume analysis under β-adrenergic stimulation from mice with or without positive end-expiratory pressure ventilation.

Systolic parameters Diastolic parameters

Isoprenaline (ng/min) No PEEP (n = 10) PEEP (n = 8) p-Value No PEEP (n = 10) PEEP (n = 8) p-Value

Heart rate (bpm ± SD) End-diastolic volume (µl ± SD)

0 498 ± 35 494 ± 33 0.7918 24.4 ± 5.8 24.9 ± 3.6 0.8034

0.2475 518 ± 34 514 ± 33 0.8115 23.6 ± 6,1 23.7 ± 3.6 0.9511

0.825 554 ± 26 546 ± 22 0.4704 21.4 ± 4.4 22.3 ± 3.2 0.6220

2.475 597 ± 22 612 ± 25 0.2008 21.4 ± 3.2 21 ± 3.2 0.7856

8.25 620 ± 20 620 ± 20 0.9985 22.7 ± 3.4 23.2 ± 2.6 0.7028

Stroke volume (µl ± SD) End-systolic volume (µl ± SD)

0 17.9 ± 2.9 18.9 ± 2.8 0.4707 7.78 ± 6.97 7.39 ± 4.03 0.8839

0.2475 18.7 ± 2.5 19.6 ± 2.5 0.4453 6.22 ± 7.56 5.33 ± 3.63 0.7459

0.825 19.9 ± 2.9 20.4 ± 2.5 0.6895 2.86 ± 3.7 2.94 ± 2.27 0.9515

2.475 21.9 ± 2.5 22.3 ± 1.9 0.6946 1.12 ± 1.18 0.43 ± 0.33 0.1023

8.25 23.5 ± 2.3 24.3 ± 1.8 0.4394 1.15 ± 1.04 0.4 ± 0.31 0.0532

Cardiac output (µl/min ± SD) End-diastolic pressure (mmHg ± SD)

0 8,872 ± 1,388 9,329 ± 1,600 0.5343 5.07 ± 1.46 5.52 ± 1.26 0.4920

0.2475 9,717 ± 1,558 10,115 ± 1,574 0.5993 4.94 ± 1.61 5.26 ± 1,12 0.6199

0.825 11,016 ± 1,755 11,141 ± 1,624 0.8780 4.95 ± 1.67 5.5 ± 0.93 0.3933

2.475 13,089 ± 1,648 13,646 ± 821 0.3668 4.44 ± 1.28 5.4 ± 0.84 0.0738

8.25 14,559 ± 1,311 15,046 ± 1,151 0.4136 4.65 ± 1.16 5.47 ± 0.78 0.0924

Maximum pressure (mmHg ± SD) EDPVR (α ± SD)

0 82.1 ± 6 85.5 ± 5.7 0.2389 1.68 ± 1.38 1.64 ± 1.04 0.9419

0.2475 84.5 ± 6.8 88.3 ± 8.1 0.3093 1.66 ± 1.7 1.54 ± 0.9 0.8461

0.825 87.7 ± 5.9 87.5 ± 8.1 0.9545 1.69 ± 1.47 1.88 ± 0.71 0.7258

2.475 89.2 ± 6.3 90.3 ± 7.5 0.7589 1.52 ± 0.91 2.41 ± 0.58 0.0249

8.25 90.2 ± 6 91.2 ± 5.8 0.7289 1.93 ± 1.03 1.96 ± 0.73 0.9368

PRSW (mmHg ± SD) Minimum dP/dt (mmHg/s ± SD)

0 80.6 ± 17.2 77.2 ± 7.3 0.5784 −7,764 ± 955 −8,515 ± 1,128 0.1562

0.2475 90.4 ± 20.9 86.6 ± 15.1 0.6621 −8,309 ± 889 −9,130 ± 1,280 0.1490

0.825 103.8 ± 25.4 94.3 ± 13.6 0.3291 −8,415 ± 450 −8,782 ± 1,086 0.3943

2.475 117.3 ± 21.2 112.9 ± 21.1 0.6708 −8,383 ± 604 −8,549 ± 1,344 0.7528

8.25 119.5 ± 17.3 118.6 ± 17 0.9186 −8,264 ± 1,435 −8,304 ± 815 0.9405

Maximum dP/dt (mmHg/s ± SD) Tau (weiss-equation ± SD)

0 7,514 ± 1,445 8,052 ± 1,528 0.4167 6.01 ± 0.73 6.29 ± 0.61 0.3889

0.2475 8,439 ± 1,686 9,120 ± 2,117 0.3944 5.74 ± 0.74 5.83 ± 0.42 0.7440

0.825 10,040 ± 1,609 9,787 ± 2,598 0.8858 5.44 ± 0.59 5.5 ± 0.4 0.7825

2.475 12,140 ± 1,597 13,027 ± 1,387 0.4199 5.3 ± 0.45 5.33 ± 0.54 0.8849

8.25 13,351 ± 1,130 14,074 ± 1,113 0.2565 5.43 ± 0.22 5.38 ± 0.69 0.8468

PRSW, preload recruitable stroke work; EDPVR, end-diastolic pressure-volume relationship; n, number of mice; SD, standard deviation; p-values from unpaired Student’s t-test between

No PEEP and PEEP: Bold digits indicate significant p-values (<0.05).

(dP/dtmin, p = 0.0453, Table S5). ESPS were associated with
slower relaxation in dP/dtmin at 0.2475 and 0.825 ng/min
ISO (Table S5).

In addition, ESPS also impaired volume-related parameters
(Figure 5B), as depicted by an about 8.5% decrease in end-
diastolic volume (p = 0.0611 and p = 0.0407 at 2.475 and 8.25
ng/min ISO, respectively). Stroke volume was reduced by 9–
10% (p = 0.0011 and p = 0.0112 at 2.475 and 8.25 ng/min
ISO, respectively) as well as cardiac output (p = 0.0066 and p =

0.0177 at 2.475 and 8.25 ng/min ISO, respectively). With regards
to systolic cardiac function, we could not observe differences
in parameters of cardiac contractility (Figure 5C), neither in
preload-independent PRSW, nor in preload dependent dP/dtmax.

We also checked for body-weight, hypertrophy indices and
body temperature during measurements, which were comparable
between groups (Table S4). This further suggests these variables
do not determine the likelihood of ESPS-development. Exact
values for each PV parameter are given in Table S5.
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FIGURE 2 | Early hypertonic saline calibration increased ectopic beat frequency and parallel-conductance. (A) Experimental design indicating the application time

points of the hypertonic saline bolus either after (late saline, black) or prior to (early saline, green) PV loop recordings; (B) Analysis of ectopic beats showing the

percentual proportion of sections with ectopic beats; (C) Parallel-conductance (Gp) calculated in groups of early or late saline application; (D) Blood conductance

conversion factor for volume conversion (µl/RVU) at the end of experiments. Saline-bolus: One-time injection of 10 µl saline (15%) into the left femoral vein. Data

presented as mean ± standard deviation from n = 23 (late saline) and n = 15 (early saline) mice. PEEP, positive end-expiratory pressure, ISO, Isoprenaline, RVU,

Relative volume units; n, number of mice. **p < 0.01; ***p < 0.001: p-value of late saline vs. early saline in an unpaired Student’s t-test.

DISCUSSION

The salient findings of our study about key methodological
factors in murine pressure-volume (PV) analysis under
β-adrenergic stimulation were that (i) ventilation with 2 cmH2O
positive end-expiratory pressure prevents pulmonary lesions
and does not alter hemodynamic conditions, (ii) injections
of hypertonic saline prior to pressure-volume recordings
deteriorate cardiac function and facilitate the occurrence
of ectopic beats, and (iii) end-systolic pressure-spikes (ESPS)
impair not only pressure-derived, but also volumetric parameters
and diastolic relaxation.

Positive End-Expiratory Pressure
PEEP-ventilation most prominently protected mice from
exacerbated increases of peak inspiratory pressure and
macroscopic pulmonary lesions. Both could be observed
most likely due to PEEP-ventilation reducing pulmonary
atelectasis, subsequently improving pulmonary compliance and
gas exchange as known in man and mice (19, 20). However,
ventilation with 15 cmH2O PEEP in pigs can affect cardiac
output due to preload reduction (21). This phenomenon is
present during closed-chest conditions, but to a lesser degree also

in open-chest instrumentation (21). However, ventilation with
a moderate PEEP of 2 cmH2O during open-chest PV analysis
did not affect murine left-ventricular function in our protocol.
We therefore regard ventilation using 2 cmH2O PEEP as being
safe in the context of murine open-chest PV analysis. Though
ventilation with a PEEP of 5 cmH2O has already been used
during open-chest PV analysis in mice, PEEP-ventilation has
not been evaluated concerning its impacts on murine cardiac
function in previous studies (10). However, it remains to be
investigated whether and to which extent PEEP ventilation may
affect murine cardiac performance in closed-chest PV analysis
and/or in murine models of heart failure, e.g., myocardial
infarction, pressure overload or myocarditis (22).

Hypertonic Saline Calibration
Injecting hypertonic saline to calibrate for parallel-conductance
5min prior to PV recordings deteriorated basal cardiac function
as compared to its injection after PV recordings. Animals of
the early saline group presented in an acute dilative heart
failure-like phenotype depicting right shifted PV recordings and
elevated end-diastolic pressure (Ped). End-diastolic volume (Ved)
and end-systolic volume (Ves) alone could have been artificially
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FIGURE 3 | Early hypertonic saline calibration increased cardiac preload, reduced cardiac contractility and ameliorated β-adrenergic reserve. (A) Representative PV

loops during inferior caval vein occlusion of the late saline group as compared to the early saline group; (B) Cardiac preload as depicted by end-diastolic pressure (B),

end-diastolic volume (C), and end-systolic volume (D); (E) Analysis of the diastolic relaxation constant Tau; (F) Analysis of systolic contractility (PRSW); (G) maximum

dP/dt and (H) heart rate. Data presented as mean ± standard deviation from n = 23 (late saline group) and n = 15 (early saline group) mice. Abbreviations: ISO,

Isoprenaline, PRSW, Preload Recruitable Stroke Work; n, number of mice. *p < 0.05; **p < 0.01; ***p < 0.001: p-value of Late saline vs. Early saline in an unpaired

Student’s t-test.

enlarged by the 15% NaCl bolus increasing blood conductance.
However, higher Ped points toward true volume overloading,
as Ped is known to rise proportionally with cardiac preload
(23). Potentially, early hyperosmolar saline application increased
intra-vascular volume and concomitantly impaired also PRSW, a
measure of preload-independent cardiac contractility, resulting
in severe accumulation of blood proximal to the ventricle.
These results are in line with findings in which impairment of
maximum dP/dt was attributable to hypertonic saline injections
in mice (6). As incremental β-adrenergic stimulation increased
cardiac contractility in both groups, differences in cardiac
volumes leveled off.

However, early hypertonic saline calibration also had non-
recoverable effects on murine cardiac function, which were
observed as permanent impairment of preload-independent
contractility as well as in alleviated chronotropic and inotropic
ISO-response. Possible explanations for the adverse effects

on cardiac function include persisting effects following acute
volume overload as well as severe electrolyte imbalance, such
as hypernatremia and/or hyperchloremia. An increase in
extracellular Na+ levels may aggravate the electrochemical
driving force for the Na+/Ca2x Exchanger (NCX), thereby
triggering trans-sarcolemmal Ca2+-efflux, subsequently
depleting sarcoplasmic reticulum stores, which can result
in depressed contractility (24, 25). Other mechanisms could
include the influence of high extracellular Na+ on sodium-
conducting channels that fine-tune cardiac contractility, such
as TRPM4, which is known to be active under conditions of
β-adrenergic stimulation (15, 26, 27). As animals had reached
a new post-calibration steady state 5min after early hypertonic
saline calibration, we assume the observed effects of early
hypertonic saline to be persistent. However, we cannot fully
exclude that animals may further recover after a prolonged time
of saline distribution prior to isoprenaline-challenge.
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FIGURE 4 | End-systolic pressure-spikes under β-adrenergic stimulation occurred in measurements without initial signs of catheter entrapment. (A) Time of ESPS

occurrence during the measurements labeled by red stars. (Bi−iv) Representative PV loops during ICV occlusion under incremental ISO stimulation in a measurement

in which no ESPS were detected at any concentration. (Ci−iv) Representative PV loops during ICV occlusion in a measurement in which ESPS were detected during

stimulation with 2.475 ng/min ISO or higher. ESPS, End-systolic pressure-spikes; ISO, Isoprenaline.

Moreover, dilated chamber dimensions that were observed in
conditions applying early saline calibration increased ectopic beat
frequency >5-fold most likely via elevation of intra-ventricular
wall stretch, which is known to induce ectopic beats through
stretch-activated channels (28–31). Furthermore, findings from
contractility analysis in canine and human hearts, in which the
relaxation constant Tau positively correlates with end-systolic
volume (Ves) (32, 33), indicate that Tau was increased by enlarged
intra-ventricular volumes. Minimum dP/dt (dP/dtmin) was not
altered in our study, as it is known to correlate with end-systolic
pressure (34, 35), which was indifferent between groups (data
not shown).

Interestingly, Gp was higher in the early saline group, though
heart weight, which is known to positively correlate with Gp

(36), was unaltered between groups. However, alterations in
contractility during the hypertonic saline’s left ventricular wash-
in phase can increase Gp (36). These alterations in contractility
were potentially less pronounced in the late saline group, as
8.25 ng/min ISO had already induced a higher contractile state
at the time point of saline calibration.

End-Systolic Pressure-Spikes
End-systolic pressure-spikes (ESPS) appeared following
β-adrenergic stimulation using 2.475 ng/min ISO or higher. ESPS

most likely resulted from a direct contact between the pressure
transducer and papillary muscles and/or the left ventricular wall,
as known from PV analysis and simultaneous echocardiography
in rats (37). Strikingly, ESPS would potentially be rectifiable by
catheter repositioning. However, in a longitudinal protocol, one
cannot reposition the catheter if ESPS occur, since repositioning
would significantly alter the parallel conductance within the
catheter’s electrical field. Thus, additional hypertonic saline
calibrations would be required in recordings with ESPS, but
not in those without ESPS, which would markedly affect the
measurements. As one cannot reposition the catheter in this
setting, we analyzed the impact of ESPS on PV parameters
in order to optimize data analysis and reproducibility in
this context.

In addition to the anticipated effects on pressure-derived
parameters, which in case of maximum pressure were easily
rectifiable, the occurrence of ESPS also impaired volume
detection. As known from rats, the occurrence of ESPS
correlates with a rather lateral catheter position (37), which
increases the proportion of less conductive myocardium in
the catheters electrical field. This may explain the reduced
volume detection.

Unlike others in rats (37), we could not observe effects
of ESPS on maximum dP/dt in PV analysis in mice. This
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FIGURE 5 | End-systolic pressure-spikes impaired volume detection and diastolic relaxation but did not affect cardiac contractility. (A) Impact of ESPS on pressure

detection with representative PV loops either without (Ai) or with ESPS (Aii). Maximum pressure (Pmax) could be corrected as depicted by red arrows and lines (Aii); a

comparison between Pmax in both groups, including corrected Pmax for measurements with ESPS (dashed line) is shown in (Aiii). (B) Volumetric parameters

end-diastolic volume (Bi), stroke volume (Bii) and cardiac output (Biii). (C) Analysis of cardiac contractility showing preload recruitable stroke work (PRSW) (Ci ) and

maximum dP/dt (Cii). (D) Diastolic relaxation constant Tau. Data presented as mean ± standard deviation from n = 17 (No ESPS group) and n = 6 (ESPS group)

mice. ESPS, End-systolic pressure-spike; ISO, Isoprenaline; n, number of mice. *p < 0.05; **p < 0.01: p-values No ESPS vs. ESPS in an unpaired Student’s t-test.

is in line with the common understanding that dP/dtmax

characterizes isovolumetric contraction (23) and ESPS in
our protocol occurred at the end of auxotonic contraction.
However, ESPS impaired the calculation of the diastolic
relaxation parameters Tau and dP/dtmin. The calculation of
both parameters positively correlates with the value for end-
systolic pressure (34, 35, 38), which was artificially increased
by the pressure spike near end-systole in PV recordings
depicting ESPS. This may explain why ESPS artificially
induced the contradictory finding of higher values, thus faster
relaxation, in dP/dtmin, and higher values, thus slower relaxation,
in Tau.

Limitations
In our evaluation of PEEP-ventilation, we did not quantify
pulmonary damage on a histological level by e.g., quantifying
the formation of atelectasis. However, macroscopic hemorrhages,
which were completely absent in PEEP-ventilated animals,

depict even more severe forms of pulmonary injury. In line
with this, others have previously shown protective effects of
PEEP-ventilation on a histological level in mice (39), but
not in the context of PV analysis. Moreover, we used the
femoral vein as the injection site for hypertonic saline in our
protocol, though estimation of parallel-conductance (Gp) by
injecting hypertonic saline has previously been reported for the
jugular vein or pulmonary artery (6, 7). Nonetheless, our Gp-
values using the femoral vein as the central venous injection
site are in the range of those reported using jugular vein
injections (6, 7, 9).

Conclusions
(i) Our results support the use of PEEP ventilation in
murine open-chest pressure-volume (PV) analysis, as it
prevents pulmonary lesions. (ii) They further endorse
not to calibrate for parallel-conductance by injecting
hypertonic saline prior to the actual PV recordings, due to
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its multiple adverse effects on murine cardiac function. (iii)
We point out to consider that end-systolic pressure-spikes
(ESPS), which may arise during incremental β-adrenergic
stimulation, adversely affect specific parameters in murine
PV analysis.
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Atherosclerosis is one of the primary causes of cardiovascular disease and mortality. This

chronic immunometabolic disease evolves during decades in humans and encompasses

different organs and immune cell types, as well as local and systemic processes that

promote the progression of the disease. The most frequently used animal model to

study these atherogenic processes and inter-organ crosstalk in a short time frame are

genetically modified mouse models. Some models have been used throughout the last

decades, and some others been developed recently. These models have important

differences in cholesterol and lipoprotein metabolism, reverse cholesterol transport

pathway, obesity and diabetes as well as inflammatory processes. Therefore, the disease

develops and progresses differently in the various mouse models. Since atherosclerosis

is a multifaceted disease and many processes contribute to its progression, the choice

of the right mouse model is important to study specific aspects of the disease. We

will describe the different mouse models and provide a roadmap to facilitate current

and future atherosclerosis researchers to choose the right model depending on their

scientific question.

Keywords: atherosclerosis, cardiovascular disease (CV disease), mouse models, immunometabolic disease,

lipoprotein metabolism, inflammatory signaling, PCSK9 (proprotein convertase subtilisin kexin type 9), Fibrillin 1

BACKGROUND

Atherosclerosis is a chronic immunometabolic disease and remains asymptomatic until a plaque
becomes large enough to obstruct the lumen to cause ischemic pain or ruptures and causes a
myocardial infarction, stroke, or peripheral artery disease. At the early stage, the disease is driven by
the retention of cholesterol-rich, apolipoprotein B-containing lipoproteins at specific predilection
sites such as bifurcations. High level of plasma low-density lipoprotein (LDL)-cholesterol is
the most important risk factor promoting the development and progression of atherosclerosis.
Lipoproteins that accumulate in the arterial wall undergo various modifications, such as oxidation
and carbamylation. These modified lipoproteins and other pro-inflammatory triggers mediate
the activation of vascular endothelial cells (Figure 1). In turn, activated endothelial cells express
adhesion molecules, which bind to and recruit circulating innate and adaptive immune cells,
such as monocytes and T cells (Figure 1). Within the intima, monocytes differentiate into
macrophages and ingest modified lipoproteins, becoming cholesterol-laden foam cells (1). Plaque
macrophages express different scavenger receptors that recognize and mediate the uptake modified
lipoprotein antigens, such as oxidized lipoproteins, hence promoting foam cell formation and a
pro-inflammatory polarization (Figure 1) (2). The excessive storage of cholesterol esters leads to
a defective esterification pathway, thus resulting in a consistent accumulation of free cholesterol
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FIGURE 1 | Model of atherogenesis. This scheme illustrates the development of an atherosclerotic plaque from left to right in a longitudinal section of an arterial

vessel. (1) Upon activation by metabolic or inflammatory triggers, endothelial cells express adhesion molecules (Ad. mol.) that promote the recruitment of immune

cells, such as blood monocytes (Mono). These cells then infiltrate the arterial intima, where monocyte differentiate into macrophages (Macro) and interact with other

immune cells, such as neutrophils (Neutro) and T cells. (2) Increased uptake of modified lipoproteins via scavenger receptors or decreased cholesterol efflux

accelerates the accumulation of intracellular free cholesterol and cholesteryl ester-loaded lipid droplets that promote foam cell formation. (3) Macrophage foam cells

eventually die and fall apart, thereby forming a necrotic core. (4) Advanced, vulnerable plaques can rupture and thereby form an arterial thrombus, which can lead to a

myocardial infarction or stroke. RBC, red blood cell; VSMC, vascular smooth muscle cell.

that forms cholesterol crystals that damage the cells and activate
apoptotic pathways. Efferocytosis, i.e., the phagocytosis of
apoptotic and necrotic cells, gets impaired and promotes
a further accumulation of foam cell debris and the release
of inflammatory mediators that together potentiate the
inflammation of the arterial wall (3). Additionally, foam cells
release enzymes that degrade the extracellular matrix, thus
increasing plaque vulnerability and the eventual risk of rupture,
which would lead to platelet aggregation, blood coagulation
and thrombus formation (Figure 1) (1). The development
and stability of atherosclerotic plaques is also affected by
inflammatory cytokines that are released by different immune
cells, such as TNF-α and IFN-γ (4). These released cytokines
induce an intra-plaque immune response and promote vascular
smooth muscle cells (VSMCs) death, thus destabilizing the
matrix of the plaques. Moreover, other cells and organs also
contribute to the immunometabolic dysregulation happening
during atherosclerosis development. Therefore, it is advisable to
compare the different atherosclerosis mouse models and choose
one that resembles the aspects of the human pathology as good
as possible.

ANIMAL MODELS

The pathophysiology of atherosclerosis in humans is a complex
process that is triggered by various risk factors, including
aging, hyperlipidemia, hypertension and diabetes, which lead
to an immunometabolic dysregulation. The study of the
immunometabolic processes and molecular mechanisms driving

the disease requires animal models that mimic the human
pathophysiology. Notably, there is no perfect animal model that
recapitulate all the features of the human disease. Several animal
models have been studied for atherosclerosis research over the
last decades, and all of them show advantages and disadvantages.
Different animal models can be chosen depending on the focus
of the research. In terms of human physiology similarities and
clinical relevance, non-human primates are the best model for
atherosclerosis investigation. However, non-human primates are
expensive to maintain, they develop the disease over a long time,
there is a high risk of infections, and they have high ethical
hurdles (5, 6). Alternative animal models should be cheaper,
easier to handle and reproduce the human disease as good as
possible (7). Moreover, they should be appropriate to perform
genetic, pharmacological and/or interventional studies.

OF MICE AND MEN

Mouse models meet these criteria at least in part and are thus are
the most common animal model used for atherosclerosis studies.
Nevertheless, mice also display major genetic and physiological
differences compared to humans (8). One of the most evident
difference between mice and humans resides in the lipoprotein
metabolism. Mice are considered as a high-density lipoprotein
(HDL) models since most of the cholesterol is transported in
HDL particles, and not in LDL as in humans. Consequently, mice
carry most plasma cholesterol in HDL particles and overall have
massively lower cholesterol levels, which confers atherosclerosis
protection due to an improved reverse cholesterol transport
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pathway (9). One reason for this difference is the lack of the
cholesteryl ester transfer protein (CETP) in mice. In fact, CETP
promotes the transfer of cholesterol ester from HDL to very low-
density lipoproteins (VLDL) and of triglycerides from VDLD to
HDL. Humans display a high expression CETP, which in turn
leads to increased VLDL- and LDL-cholesterol levels.

Another important difference between mice and humans
resides in the different bile acids composition. Additionally to the
classical bile acid species that are synthesized in humans, mice
produce α- and β-muricholic acids, which are more hydrophilic
and thus reduce the uptake of cholesterol in the intestine (10).
Moreover, the different composition of secondary and tertiary
bile acids (e.g., tauro vs. glycin conjugation) and increased
synthesis of bile acids is another reason for an improved
reverse cholesterol transport and fecal cholesterol excretion
in mice (11). These differences in lipoprotein metabolism
and bile acids composition confer the mice a resistant to
develop atherosclerosis.

To bypass these limitations and provide an appropriate model
for the pathophysiology of the disease, dietary and genetic
manipulations were developed to generatemousemodels suitable
for atherosclerosis studies. The standard chow diet of mice
usually contains a low content of cholesterol (0.02–0.03%) and
fats (5–6%). This low lipid content does not suffice to promote
the development of atherosclerosis (12). Therefore, scientists
use ‘humanized diets’, such as the Western-type, containing
around 21% fat and 0.15% cholesterol, or the atherogenic diets,
which contain more than 1% cholesterol but the same amount
of fat. The administration of a high-fat-diet does not induce
atherogenesis in most wild-type mouse strains, but it efficiently
induces disease development in atherosclerosis-prone genetic
mouse models.

These atherosclerosis-prone genetic mouse models were
generated by targeting different genes, and they all trigger
atherosclerosis development by altering the lipoprotein profile
toward an increased VLDL- and LDL-cholesterol content,
thus generating a lipoprotein profile that is comparable to
humans (13–17).

Despite the disease development, the predisposed sites for
lesion development differ between mice and humans. Plaques
in humans preferentially develop in the coronary and carotid
arteries, and progress to larger fibrous atheroma. In mice, lesions
are mainly localized in the aortic sinus, proximal aorta and
aortic arch and brachiocephalic trunk, and do not progress to
very advanced stages (18). In fact, even genetically altered mice
do not develop plaque rupture or coronary lesions leading to
myocardial ischemia or infarction. In this review, we will describe
the different transgenic mouse models and provide a roadmap to
guide future researchers to choose an adequate model based on
the scientific question that needs to be addressed (Figure 2).

ATHEROGENIC MOUSE STRAINS

Although mice are classified as high-density lipoprotein models,
there are important strain-specific differences in lipoprotein
metabolism and inflammatory susceptibility. BALB/c, C3H

strains have comparable HDL levels, while the C57Bl/6 strain
has much lower HDL levels (19). Additionally, C57Bl/6 mice
become obese, diabetic and susceptible to lesion development
when fed with an atherogenic diet (20). Another important
feature that makes the C57BI/6 mice an ideal model for the study
of atherosclerosis and metabolic syndrome is the polarization
toward the Th1 profile. C57Bl/6 mice contain T cells that mainly
produce Th1 cytokines, especially high interferon-γ (IFN-γ),
while other strains such as the BALB/c mice release more Th2
cytokines and less IFN-γ (21). The Th1 profile of C57Bl/6 mice
makes the model even more pro-atherogenic. Indeed most of
the pathogenic T cells in atherosclerosis show a Th1 profile,
characterized by the production of high levels of IFN-γ that
activate monocytes/macrophages and dendritic cells, increase the
expression of matrix metalloproteinases and prevent the collagen
disposition from VSMCs, thus destabilizing the fibrous cap and
promoting lesion development (22).

CHOLESTEROL AND LIPOPROTEIN
METABOLISM

Despite of the propensity of the C57Bl/6 strain to develop the
disease, different strategies were produced to increase LDL-
cholesterol and thereby the atherosclerotic susceptibility of the
C57Bl/6 strain, including the disruption of the low-density
lipoprotein receptor (Ldlr-/-), the deletion of the apolipoprotein
E (Apoe-/-), or the ectopic introduction of a mutant protein
convertase subtilisin/kexin type 9 (Pcsk9) gene.

APOE is part of the structure of chylomicrons remnants,
VLDL and HDL, and it binds to the LDLR, VLDL receptor
(VLDLR) and LDLR-related protein (LRP) in the liver to facilitate
the clearance of plasma chylomicrons and VLDL remnants.
Consequently, the genetic deletion of Apoe in mice results in
increased levels of plasma cholesterol. Apoe knockout mice show
a significant increase of total plasma cholesterol compared to
wild-type mice under chow diet: 400–600 and 75–110 mg/dl,
respectively (23). Of note, humans usually have total plasma
cholesterol levels below 200 mg/dl; while levels over 240 mg/dl
are considered to be high and are commonly related to familial
hypercholesteremia (i.e., mutations in the LDL- or PCSK9
gene). That explains why the deletion of Apoe is sufficient to
drive a massive hypercholesterolemia under normal diet and to
develop spontaneous lesions. Feeding Apoe-/- mice with a high
cholesterol diet additionally increases plasma cholesterol levels
above 1,000 mg/dl, thus driving an extensive and accelerated
atherosclerosis development. Lesion distribution in Apoe–/–
mice are similar to humans, with a predominance in the aortic
root, carotid artery, and aortic branches. However, the Apoe–/–
model shows a different lipoprotein profile from humans since
the majority of plasma cholesterol is carried by VLDL and
chylomicrons particles, whereas it is mainly transported by
LDL in humans. Another limitation of this mouse model is
that despite the accelerated atherosclerosis development, the
lesions rarely rupture and hence do not lead to thrombosis,
whereas vascular occlusion is common in humans (24). In
humans, different isoforms of APOE are linked to altered
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FIGURE 2 | Roadmap to facilitate the choice of an atherosclerotic mouse model. This scheme should help current and future researchers to choose the most

appropriate atherosclerotic mouse model based on their specific research question.

lipoprotein profiles and increased cardiovascular mortality (25).
Individuals carrying the APOE4 allele have more predisposition
to develop cardiovascular disease compared to the APOE2
and APOE3 isoforms. In fact, the APOE4 isoform increases
oxidative stress and inflammation, hence promoting disease
development (26).

A model closer to the human situation to study altered
cholesterol metabolism is the Ldlr knockout mouse. The LDLR
is a membrane receptor located on the surface of many cell types
and its function is to mediate the endocytosis of circulating LDL.
The genetic deletion of the Ldlr increases cholesterol levels to
200–300 mg/dl on chow diet, and to about 1000 mg/dl on an
atherogenic diet (15). The lesions preferentially develop in the
proximal aorta at early stages and along the distal aorta at more
advanced stages (27). Themain aspect that makes Ldlr a favorable
model to study cholesterol metabolism over the Apoe knockouts
is its closer resemblance to human hypercholesterolemia since
most cholesterol is transported by LDL particles (28). In humans,
over 600 mutations of the LDLR gene have been reported,
several of them causing familial hypercholesterolemia, a frequent
genetic disorder associated with high levels of LDL-cholesterol
and atherosclerosis development (29).

REVERSE CHOLESTEROL TRANSPORT

In the reverse cholesterol transport (RCT) peripheral cholesterol
is transferred to HDL particles and then transported to the liver.
Within the liver it can then be further metabolized, be converted
to bile acids, or be directly excreted via the bile. RCT is therefore
regulated at various different sites, including the cholesterol efflux
in peripheral tissues and cells, the exchange of lipids between

lipoproteins in the blood, and the uptake, metabolization and
biliary excretion in the liver (30).

APOE plays a central role in peripheral and hepatic RCT
(31). Additionally, macrophages synthesize APOE and promote
cholesterol efflux, and interestingly the macrophage-specific
deletion of Apoe affects peripheral RCT in vivo (32–34).
Moreover, APOE-positive macrophages promote proper RCT in
Apoe knockout mice (34). Therefore, the Apoe deletion does
affect both peripheral and hepatic RCT. Given the fact that
the lipoprotein profile of Ldlr–/– mice is closer to humans
and considering the presence of APOE in the system, the Ldlr
knockout is the favored model for RCT and lipoprotein studies.

Another suitable model is the Apoe∗3-Leiden.CETP mouse
line. This model has increased VLDL/LDL-cholesterol because of
the expression of a human CETP, reduced peripheral cholesterol
efflux, and severe atherosclerosis development (35). Moreover,
Apoe∗3-Leiden.CETP mice fed a high-fat high-cholesterol diet
for 6 months mimic changes in lipid profiles observed in humans
suffering from the metabolic syndrome, and may therefore be the
preferred model to study age-related changes in lipid metabolism
and reverse cholesterol transport (36, 37).

OBESITY AND TYPE-2 DIABETES

Obesity, insulin resistance and type-2 diabetes are reaching
epidemic proportions world-wide, correlate with atherosclerosis
development, and are strong predictors of cardiovascular
mortality (38). Currently, there is no ideal mouse model that
resembles all features of human diabetes, although several
models have been established to study diabetes-accelerated
atherosclerosis development, including genetic manipulations
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and specific diets (39). Diabetogenic diets that are rich in
fats and sucrose induce obesity in C57Bl/6 mice, making this
strain ideal to study the development of type-2 diabetes and
atherosclerosis (40). Ldlr–/–mice aremore susceptible to develop
diabetes compared to the Apoe–/– mice and the control wildtype
mice under diabetogenic diet feeding. In fact, Ldlr–/– mice
have an increased body weight caused by an accumulation of
subcutaneous adiposity, have high glucose levels and develop an
insulin resistance upon diabetogenic diet challenge (41). This
diabetic phenotype is not observed in Apoe–/– mice, possibly
due to an increased rate of hepatic fatty acid oxidation (41).
Conversely, on a high fat diet, both Apoe–/– and Ldlr–/– mice
develop features of type 2 diabetes and promote atherosclerosis
development (42, 43). Therefore, the choice of the diet is very
important in this context.

Further models were generated by crossbreeding genetic
models of type-2 diabetes, such as leptin (ob/ob) and leptin
receptor (db/db) deficient mice, with atherosclerotic mouse
models. These genetic models enable the study of the disease
development under chow diet (39). Leptins are hormones
synthesized by adipocytes, released into the bloodstream, and
exerting their main functions by binding to leptin receptors
at the hypothalamus to regulate the appetite and thus food
intake. Moreover, leptins increase the energy expenditure that
translate into an elevation in body temperature and increase
in oxygen consumption. Therefore, deficiency of leptin or
the leptin receptor leads an impaired energy expenditure and
increased food intake, and thus to obesity (44, 45). Moreover,
genetic deficiency of the leptin axis impairs the immune system
and increases the susceptibility to infections (46). Thus, leptin
or the leptin receptor-deficient mice display common features
of the immuno-metabolic dysfunction that are observed in
obesity and diabetes mellitus. Mice that develop both diabetes
and atherosclerosis are a good model for the study diabetes-
accelerated atherosclerosis development. For example, Apoe–
/– db/db mice develop obesity, hyperinsulinemia, dyslipidemia
and have a fast atherosclerosis development at 20 weeks of
age compared to the control Apoe–/– mice (47). Ldlr–/– ob/ob
mice get obese and show hyperglycemia, hypercholesterolemia
and spontaneous lesions development under chow diet (48). In
conclusion,multiplemousemodels can be used to study diabetes-
accelerated atherosclerosis, but the interpretation of the data has
to be cautious given the various functions of leptin in many
physiological processes. We refer to the review of Wu and Huan
for further information on this topic (39).

INFLAMMATORY PROCESSES

Inflammatory and immune processes play an important function
in early steps of plaque formation, but also in advanced
stages as reveal by the recent CANTOS trial (49). Lipoprotein
oxidation, endothelial cell activation, macrophage activation
and impaired efferocytosis, VSMCs proliferation, and platelet
aggregation are some of the best characterized processes that
contributes to the arterial wall inflammation, lesion expansion,
and atherothrombosis. APOE is a multifunctional protein that

affects each of these inflammatory processes. Functional APOE
protein inhibits lipoproteins oxidation, while Apoe–/– mice
display increased peroxidation of lipoproteins (50). Apoe–/–
mice also show elevated levels of endothelial cell adhesion
molecules, thus triggering the recruitment of monocytes and
thymocytes into the subintimal space (23, 51). Moreover, APOE
inhibits VSMC proliferation and migration, and consequently
Apoe–/– mice display increases proliferation and migration of
VSMCs (52). Additionally, APOE inhibits platelet aggregation,
hence displaying an additional anti-atherogenic function (53).
Efferocytosis, the phagocytic clearance of dead cells and
cellular debris, plays important functions in the resolution of
inflammation and is mainly mediated by macrophages and other
immune phagocytes (54). The APOE protein has been shown
to exert important functions in this process both in vivo and in
vitro (55). Indeed, APOE promotes the ingestion of apoptotic
cells in macrophages, and thus Apoe-deficient mice display
impaired efferocytosis and an accumulation of apoptotic cells and
cellular fragments in the vessel wall, further promoting lesion
development. These anti-inflammatory properties of APOE,
combined with its impact on lipoprotein metabolism, explain
why Apoe knockout mice display a very strong development
of atherosclerosis compared to other mouse models. Therefore,
other models with a functional APOE protein, such as the
Ldlr–/–, should be the primary choice to study inflammatory
processes in atherosclerosis development.

IMMUNOMETABOLIC REGULATION

Currently, one of the most interesting research questions is
to assess the impact of inflammatory and immune processes
on lipid and lipoprotein metabolism, and vice versa. The use
of the Apoe–/– or Ldlr–/– models to address this question is
limited due to their strong impact on inflammatory processes
and/or lipoprotein metabolism. Another model that has been
developed recently by two different groups are the PCSK9-AAV
mouse lines (16, 17). These mice have no genetic modifications
and express APOE and LDLR at normal levels. Nevertheless,
the introduction of a mouse or human gain-of-function PCSK9
mutant leads to increased total plasma cholesterol (above
1,000 mg/dl) as well as VLDL- and LDL-cholesterol, and the
development of atherosclerosis upon Western diet feeding.
One further advantage of these lines is that a single adeno-
associated virus (AAV) injection is sufficient to generate new
mouse models in a much quicker time compared to conventional
crossbreeding to Apoe–/– or Ldlr–/– mice. Another advantage
is that immunometabolic processes can be studied without
the confounding effects from the lack of APOE or LDLR.
Although the use of AAVs seems to be pretty save and without
pathogenicity, one might still consider a possible anti-viral host
immune response of the organism (56).

ATHEROTHROMBOTIC STUDIES

A clear limitation of the above described mouse models is that
despite developing atherosclerotic lesions, these lesions rarely
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progress to advanced stages with atherothrombotic vascular
occlusion that are observed in humans. Consequently, no
spontaneous plaque rupture is observed in these mouse lines. To
overcome this limitation a group of Belgium scientists developed
and characterized a very interesting mouse model that displays
many features of advanced atherosclerotic plaques (57). The
mouse model was created by crossbreeding mice with a mutant
fibrillin-1 allele (Fbn1C1039G) with Apoe knockout mice, thus
generating Apoe−/− Fbn1C1039G+/− mice. In these mice, the
Fbn1mutation leads to the fragmentation of elastic fibers, which
in turn promotes arterial stiffening and the development of
large vulnerable atherosclerotic plaques that eventually rupture
(58). Moreover, these mice display increased inflammation and
degradation of the extracellular matrix within plaques, and an
increased blood-brain barrier (BBB) permeability that leads to
the development of xanthomas in the brain upon prolonged
exposure to a Western diet (58, 59). Given its strong phenotype
and clinical relevance, this line is currently the most interesting
genetic mouse model to study advanced atherosclerosis and
atherothrombosis in myocardial infarction or ischemic stroke.

Another mouse model that promotes plaque destabilization
and stimulates plaque rupture as well as spontaneous
atherothrombosis consists of Apoe-deficient mice fed with
a high-fat diet for 4 weeks and a subsequent infusion of
angiotensin II for 4 weeks. The continuous infusion of
angiotensin II accelerates the destabilization and vulnerability
of the plaques as well as abdominal aortic aneurysm (60).
Angiotensin II increases the blood pressure, recruits monocytes,
activates macrophages and increases the oxidative stress (61).
Therefore, the Apoe-deficient mice fed with high-fat diet and
subsequent angiotensin II infusion represents an alternative
model to study advanced atherosclerosis.

CONCLUSION

The mouse model continues to be the best model organism to
decipher the underlying genetic, epigenetic and environmental-
induced mechanisms leading to disease development and
progression. The Ldlr knockout model resembles the human
lipoprotein profile pretty well and is therefore a suitable model
to study cholesterol and lipoprotein metabolism. Even closer
to the human profile are the Apoe∗3-Leiden.CETP mice, which
are certainly the model of choice to study human CETP but
also changes in lipid profiles that are also observed in humans
suffering from the metabolic syndrome. Obesity and insulin
resistance are often associated with type 2 diabetes and increase
the risk to develop atherosclerosis. Ldlr and Apoe knockout
mice alone or in combination with a leptin or leptin receptor
deficiency are appropriate to evaluate the metabolic syndrome
in diet-induced studies or under normal chow, respectively.
Inflammation is another important contributor of the disease
development and the Ldlr–/–model should preferentially be used
over the Apoe–/– mice, although other newer models such as the

PCSK9-AAV approach offer an attractive alternative. Finally, the
Apoe −/− Fbn1C1039G+/− mouse line is emerging as a new model
to study atherothrombosis, myocardial infarction, and ischemic
stroke. These mice form large and vulnerable atherosclerotic
plaques that eventually rupture. In conclusions, the study of the
diverse processes promoting atherosclerosis requires different
mouse models, and the provided roadmap should facilitate
current and future researchers to choose an adequate mouse
model for their studies (Figure 2).

PERSPECTIVE

Currently, a very exciting field is to explore the role of
long non-coding RNA (lncRNA) in atherosclerosis and
cardiovascular diseases (62). For example, the lncRNA LeXis
regulates hepatic lipid accumulation and plasma cholesterol
levels, and thereby decreases atherogenesis in Ldlr knockout
mice (63), and MeXis, a lncRNA that is highly expressed
in mouse macrophages, promotes macrophage cholesterol
efflux, HDL-driven reverse cholesterol transport, and thus
reduces macrophage foam cell formation and atherosclerosis
development (64). Notably, another lncRNA, CHROME,
has been identified as an alternatively regulator of the
cholesterol efflux in primates and its levels are elevated in
plasma and atherosclerotic lesions of individuals with coronary
artery disease (65), highlighting the translational value of
mouse studies.

Future studies aimed at identifying and describing new
triggers and mechanisms regulating atherosclerosis development
will develop novel mouse models to address their specific
questions. Already now most studies are using tissue-specific
overexpression or knockout mouse models, but also starting
to address the function of specific mutations and not yet
well-described posttranslational protein modifications, such as
SUMOylation, in atherogenesis and cardiovascular diseases
(66–70). Moreover, the incredibly fast development of the
Crispr/Cas9 system led to the development of new mouse
and also larger animal models to study atherogenesis and will
continue to accelerate basic and translational cardiovascular
research (71–76).
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Olive leaf extract (OLE) is used in traditional medicine as a food supplement and

as an over-the-counter drug for a variety of its effects, including anti-inflammatory

and anti-atherosclerotic ones. Mechanisms through which OLE could modulate these

pathways in human vasculature remain largely unknown. Serum amyloid A (SAA) plays a

causal role in atherosclerosis and cardiovascular diseases and induces pro-inflammatory

and pro-adhesive responses in human coronary artery endothelial cells (HCAEC).

Within this study we explored whether OLE can attenuate SAA-driven responses in

HCAEC. HCAEC were treated with SAA (1,000 nM) and/or OLE (0.5 and 1 mg/ml). The

expression of adhesion molecules VCAM-1 and E-selectin, matrix metalloproteinases

(MMP2 and MMP9) and microRNA 146a, let-7e, and let-7g (involved in the regulation

of inflammation) was determined by qPCR. The amount of secreted IL-6, IL-8, MIF,

and GRO-α in cell culture supernatants was quantified by ELISA. Phosphorylation of

NF-κB was assessed by Western blot and DNA damage was measured using the

COMET assay. OLE decreased significantly released protein levels of IL-6 and IL-8,

as well as mRNA expression of E-selectin in SAA-stimulated HCAEC and reduced

MMP2 levels in unstimulated cells. Phosphorylation of NF-κB (p65) was upregulated

in the presence of SAA, with OLE significantly attenuating this SAA-induced effect.

OLE stabilized SAA-induced upregulation of microRNA-146a and let-7e in HCAEC,

suggesting that OLE could fine-tune the SAA-driven activity of NF-κB by changing

the microRNA networks in HCAEC. SAA induced DNA damage and worsened the

oxidative DNA damage in HCAEC, whereas OLE protected HCAEC from SAA- and

H2O2-driven DNA damage. OLE significantly attenuated certain pro-inflammatory and

pro-adhesive responses and decreased DNA damage in HCAEC upon stimulation with

SAA. The reversal of SAA-driven endothelial activation by OLE might contribute to its

anti-inflammatory and anti-atherogenic effects in HCAEC.

Keywords: OLE, SAA, HCAEC, inflammation, atherosclerosis, microRNA, DNA damage
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INTRODUCTION

Cardiovascular diseases, including coronary artery disease, are
the leading cause of death globally, with atherosclerosis being the
most common underlying reason for cardiovascular morbidity
and mortality. In addition, systemic inflammation (present in
a number of chronic diseases, including metabolic syndrome
and rheumatoid arthritis) drives accelerated atherosclerosis (1)
and patients with these diseases are at risk for developing
atherosclerosis and its complications. Serum amyloid A (SAA), a
major acute phase protein, is increased in chronic inflammatory
diseases and coronary artery disease (2, 3). SAA was shown to be
an early causal agent for atherosclerosis in animal models (4, 5).
Serum levels of SAA have been reported to correlate with severity
of atherosclerosis (6, 7) and have been utilized as a predictor
of mortality following acute myocardial infarction (8, 9). In
addition, SAA was shown to enhance monocyte and lymphocyte
recruitment, directly stimulating foam cell formation, associating
with HDL/LDL particles and compromising reverse cholesterol
transport, among other processes (7). Furthermore, SAA was
reported to induce matrix metalloproteinases (MMP), as well
as increase biglycan synthesis and influence retention of
lipoproteins by vascular proteoglycans (10). Early on, Ridker
reported that even chronic low grade inflammation may
lead to atherosclerosis and the development of cardiovascular
diseases (11), emphasizing the importance of measuring systemic
inflammatory markers, such as SAA.

Atherosclerotic lesions typically develop in coronary arteries
and the activation of endothelium represents one of the
crucial early steps in the development of atherosclerotic
lesions in the coronary arterial system. Human coronary artery
endothelial cells (HCAEC) therefore represent a suitable in
vitro model to study the mechanisms of endothelial activation
and atherosclerosis. HCAEC strongly respond to stimulation
with SAA, activating a number of pro-inflammatory, pro-
adhesive and pro-coagulant responses, as measured by increased
expression of interleukin 6 (IL-6), interleukin 8 (IL-8), vascular
cell adhesion molecule (VCAM1) and tissue factor (12).
Elevated amounts of systemic SAA in patients with coronary
artery disease may represent a potential pathophysiological link
between inflammation, lipoprotein metabolism, oxidative stress
and the development of atherosclerosis (2). DNA damage is
emerging as a crucial player in accelerating the development
and progression of atherosclerosis. In addition to microRNAs,
which are important regulators of cellular processes leading to
atherosclerosis (13–15), DNA damage has been reported to be a
biomarker of atherosclerosis in monocytes (16). There is a lack of
information concerning whether DNA damage and alterations in
microRNA networks accompany or contribute to the SAA-driven
endothelial activation.

Olive oil represents the basis of atheroprotective effects of

the Mediterranean diet, and olive leaf extract (OLE) contains
a much higher concentration of active polyphenol compounds

compared with extra virgin olive oil (17). OLE from the olive

tree (Olea europaea L.) is used as a food supplement or as
an over-the-counter drug for a variety of benefits including
its anti-arrhythmic, anti-atherosclerotic (18), anti-hypertensive,

antioxidant, anti-tumor, anti-proliferative, anti-inflammatory
(19, 20), and anti-fibrotic (20, 21) effects. The 80% alcoholic
extract of olive leaves has also been included in the European
Pharmacopeia (Ph. Eur.) based on a subset of its protective
properties (20). The polyphenols of the olive tree activated major
anti-oxidant pathways, including transcription factor Nrf2, as
well as AMPK, IGF/Akt, and mTOR, thereby acting similarly to
caloric restriction mimickers (20).

Dry OLE is rich in water-soluble phenolic compounds,
specifically secoiridoid oleuropein (17%), whereas the remaining
compounds [apigenine-7-O-glucoside, luteolin-7-O-glucoside,
quercetin, and caffeic acid] are present in substantially smaller
amounts [<0.1%] (22). Secoiridoid oleuropein consists of a
polyphenolic molecule known as hydroxytyrosol, bound to
elenolic acid and a glucose molecule. OLE and its compounds
can repress the expression of a number of pro-inflammatory
genes. Specifically, oleuropein decreased the expression of IL-
6 and IL-1β in colon during DSS-induced colitis (23) and
in LPS-stimulated macrophages (Raw264.7) (24). Peripheral
blood mononuclear cells (PBMC) from healthy individuals, who
consumed OLE on a single occasion, expressed less IL-8 when
stimulated ex vivowith LPS (25), and serum IL-8 levels decreased
in hypertensive individuals who consumed OLE for 6 weeks
(26). IL-8 was also one of the most downregulated genes in
PBMC from healthy subjects who consumed OLE for 8 weeks.
The major contributors to these effects were downregulation of
the arachidonic acid and NF-κB pathways by OLE (27). The
inflammatory molecules MCP-1, VCAM-1, and TNF-α were
down-regulated in thoracic aorta of rabbits on a high lipid diet
supplemented with OLE, as compared to a high lipid diet alone
(18). Oleuropein and hydroxytyrosol, the constituents of OLE,
inhibited the expression of both VCAM-1 and ICAM-1 in
human umbilical vein endothelial cells, further accompanied by a
decreased activation of NF-κB and AP-1 and reduced monocyte
adhesion (28). These studies suggest that OLE could affect pro-
inflammatory and pro-adhesive cellular responses during the
atherosclerotic process in the arterial wall.

In our present work, we show that OLE significantly
attenuated the SAA-driven pro-inflammatory and pro-adhesive
responses of HCAEC and modulated SAA-induced miR-146a
and let-7e. OLE decreased SAA-induced phosphorylation
of NF-κB and protected endothelial cells from SAA-
induced DNA damage. This suggests that OLE might
exhibit multiple athero-protective effects in coronary
arterial vasculature.

MATERIALS AND METHODS

Materials
Lyophilized human recombinant SAA (Peprotech EC Ltd.,
London, UK) was reconstituted according to manufacturer’s
instructions to stock concentration and stored until usage at
−20 or −80◦C. The final concentration of SAA in experiments
was 1,000 nM. Dry OLE EFLA R©943 (Frutarom Switzerland
Ltd., Wadenswil, Switzerland) was originally manufactured by
applying an ethanol extraction procedure (80% m/m) from the
dried leaves of olive tree, standardized to 16–24% of oleuropein.
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Dry OLE powder was diluted in phosphate buffered saline (PBS)
to a final concentration of 0.1 g/ml, unless otherwise indicated.

Cell Culture
HCAEC from four different donors were purchased from
Lonza (Walkesville, Maryland, USA). The cells were plated
onto 25 cm2 flasks and 6 or 24 well-plates (TPP, Trasadigen,
Switzerland) and cultured at 37◦C in a humidified atmosphere
at 5% CO2. HCAEC were grown in EGM-2M medium
(CambrexBioScience, Walkesville, Maryland, USA) containing
5% fetal bovine serum. For experiments, subconfluent cell
cultures were used between passages 4 and 6 in serum-free
medium, with pretreatment of OLE for 45min, followed by
addition of SAA for 24 h, unless otherwise indicated. Prior
to experiments, cells were incubated in serum-free medium
for 2 h.

RNA Isolation and Reverse Transcription
Polymerase Chain Reaction Analysis
Prior to reverse transcription polymerase chain reaction
(RT-PCR), total RNA from endothelial cell cultures was
isolated using Total RNA Isolation System RNeasyPlus Micro
(Qiagen, Germany), following manufacturer’s instructions.
The purity and amount of RNA were determined by
measuring the OD at a ratio of 260 to 280 nm. One
microgram of total RNA was transcribed into cDNA by
Reverse Transcription System (Promega, Madison, WI,
USA). For microRNA measurements, 5 ng of total RNA
was reverse-transcribed using the TaqMan R©MicroRNA
Reverse Transcription Kit and miRNA-specific RT primers
(Applied Biosystems).

Real Time PCR
The expression of mRNA was measured with real time PCR
ABI Step One (Applied Biosystems, Foster City, CA, USA)
using Kapa Sybr master mix (Sigma-Aldrich, Germany), forward
and reverse primers (200 nM each) and 10 ng cDNA per well.
Primer sequences and conditions for RT-PCR are indicated for
each primer set in Supplementary Table 1. Dissociation curves
showed one peak in each PCR reaction. All experiments were
performed in triplicates. GAPDH was used as an endogenous
normalization control. The gene expression results were
calculated with the 2Ct11 method. The expression of microRNAs
was determined with real-time PCR (7900HT Fast real-time
PCR system) using TaqMan R©probes and TaqMan Universal PCR
Master Mix (all Applied Biosystems, Life Technologies Foster
City, CA, USA). RNU48 was used as an endogenous control.
Differences in microRNA expression were calculated with the
2Ct11 method.

Western Blot
Whole cell lysates were prepared from HCAEC using RIPA
buffer containing Halt protease inhibitors (Pierce, Rockford,
IL, USA) and phosphatase inhibitors (Cayman Chemical, Ann
Arbor, MI, USA). The concentration of proteins was determined
with the Bradford assay and equal amounts of proteins were
loaded per gel pocket. α-tubulin was used as a loading control.

Whole cell lysates, mixed with loading buffer, were separated
on 10% SDS polyacrylamide gels and electroblotted onto
nitrocellulose membranes (Whatman). Membranes were blocked
for 1 h in 5 % (w/v) non-fat milk in TBS-T. After blocking,
the membranes were probed with rabbit anti-phospho NF-κB
p65 and rabbit anti-NF-κB p65 (S536 and E498, respectively,
both at dilutions of 1:1000 Cell Signaling Technology, Danvers,
MA, USA). As secondary antibodies, horseradish peroxidase-
conjugated goat anti-rabbit (Cell Signaling Technology, Danvers,
MA, USA) were used. Signals were detected using Femto
Luminol (ThermoFisher Scientific, Hempstead, UK) with G:Box
(Syngene, Cambridge,UK). Densitometry analysis of protein
bands was carried out using the Fusion FX software (Vilber
Lourmat). For quantification of Western blots, the levels
of phosphorylated NF-κB were normalized to the levels of
total NF-κB.

Protein Detection by ELISA
Supernatants from untreated and treated HCAEC were
spun down (300 g, 5min) and cell-free supernatants frozen
at −80◦C until usage. The assays were performed using
commercial ELISA kits and were done in duplicates, according
to the manufacturers‘ instructions. IL-6 and IL-8 ELISA
kits were purchased from Invitrogen (Frederick, MD, USA),
while GROa and MIF quantikine ELISA were from R&D
Systems (Minneapolis, USA). Absorbance was measured
at 450 nm with the microplate absorbance reader (Tecan,
Groening, Austria). The concentrations of analytes were
calculated from standard curves and multiplied by the
dilution factor.

Comet Assay
HCAEC were grown in 6 well-plates. After treatment with SAA
± OLE, cells were detached using Acutasse (Sigma Aldrich)
and spun down (5min, 300 g). COMET was performed as
previously described (29). Briefly, cells were resuspended in
0.067% low melting agarose (Sigma Aldrich) at 370C and were
layered onto slides using a coverslip. Cells from each 6 well
were layered onto 4 slides and after cooling at 40C for 10min,
coverslips were removed. Two slides were treated with 3%
H2O2 at 37◦C and rinsed with PBS. The remaining two slides
were immediately covered with an additional layer of 0.05%
low melting agarose and were placed (after cooling) into fresh
alkaline lysis buffer overnight. The lysis buffer was prepared from
89ml of stock solution containing 2.5M NaCl, 100mM EDTA,
10mM Tris-base at pH 10, 10ml DMSO and 1ml Triton-X.
Slides were then immersed into cold, alkaline electrophoresis
buffer (300mMNaOH, 1mM EDTA freshly prepared from stock
10M NaOH and stock 200mM EDTA, pH 10) for 30min, after
which electrophoresis was run (30min, 25V, 300mA). This was
followed by 2 repeated rinses for 10min with neutralization
buffer (0.32M Tris base at pH 7.5) and water. Slides were
stained with Sybr Green I, and 100 cells per slide were scored
under the fluorescence microscope (Nikon eclipse TE 300 and
AxioImager Z1, Carl Zeiss, 400x magnification). The average of
the duplicate slides was calculated and three biological replicates
were performed per experimental condition (Scheme 1).
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SCHEME 1 | Scheme of COMET Analysis.

Statistical Analysis
Data was presented as mean ± standard deviation (SD),
unless otherwise indicated. The differences between the various
treated and control groups were analyzed with RM one way
ANOVA test with Tukey’s method for multiple comparisons.
All data was analyzed with the GraphPad Prism 7.0 software. A
difference of p < 0.05 was considered statistically significant.
DIANA-miRPath v3.0 software was used for assessment of
miRNA regulatory roles and the identification of controlled
pathways (30).

RESULTS

OLE Reduces the SAA-Driven Release of
Pro-Inflammatory Cytokines and
Chemokines From HCAEC
Treatment of HCAEC with OLE alone or in combination with
SAA did not decrease the viability of HCAEC when compared
to untreated cells (data not show). Inflammatory chemokines
and cytokines play an important role in recruiting inflammatory
cells and sustaining inflammation in chronic inflammatory
diseases. To mimic the inflammatory milieu in the vasculature
of patients with an activated systemic inflammatory response, we
stimulated HCAEC with SAA (1000 nM or 12 mg/l). While high
concentrations of SAA are commonly reached in the circulation
of patients with infections, inflammatory and autoimmune
diseases or trauma (31), chronically elevated low levels of SAA
can already cause atherosclerosis (11). Stimulation of HCAEC
with SAA significantly increased the release of IL-6, IL-8, and
MIF (Figures 1A,B). Treatment with OLE reduced this SAA-
induced release of IL-6 and IL-8 in a dose-dependent manner
(Figures 1A,B). While 1 mg/ml OLE significantly decreased the
release of IL-6 into supernatants of the SAA-stimulated HCAEC,
the release of IL-8 returned to baseline levels. Additionally,
similar effects of OLE were observed on the SAA-driven release
of GROα, although significant changes were not observed
(most probably due to large differences in the basal production
of GROα in HCAEC). SAA-driven release of MIF was not
affected (Figures 1C,D). Overall, this suggests that OLE can
modulate the expression of a subset of the SAA-induced pro-
inflammatory genes.

OLE Alters the mRNA Expression of
SAA-Induced E-Selectin in HCAEC
SAA significantly increased the expression of E-selectinmRNA in
HCAEC, whereas VCAM-1 mRNA was up-regulated on average

4-fold above baseline with a notable variation between the
donors (significance not reached) (Figures 2A,B). SAA-driven
upregulation of E-selectin mRNA returned to baseline in the
presence of OLE (Figure 2B). Moreover, OLE significantly down-
regulated the constitutive expression of both E-selectin and
VCAM-1mRNAs (Figures 2A,B). While SAA strongly enhanced
pro-inflammatory and pro-adhesive activities in HCAEC, it did
not alter significantly the expression of MMP2, MMP9 and
mRNAs (Figures 2C,D).

SAA-Induced NF-κB Phosphorylation Is
Reduced by OLE
The SAA-induced activation of gene expression coincided with
the increase in the phosphorylation of NF-κB p65 (Figure 3).
NF-κB is the central transcription factor in the expression of
pro-inflammatory genes including those coding for cytokines,
chemokines, and adhesion molecules (32). The SAA-increased
phosphorylation of NF-κB was decreased in the presence of
OLE (Figure 3). This shows that OLE could exert its anti-
inflammatory and anti-adhesive effect also through modulation
of NF-κB signaling.

OLE Protects HCAEC From SAA-Induced
and H2O2-Induced DNA Damage
Oxidative stress occurs when the formation of free radicals
increases or when the antioxidant capacity of a cell is decreased,
leading to DNA damage (33). COMET assay is a sensitive
method to measure DNA damage in cells (34), where the relative
amount of DNA in the COMET tail indicates the frequency
of DNA breaks. Our results demonstrated that under basal
conditions, on average 58% of HCAEC exhibited no COMET
tails (condition A), whereas only 8% of the SAA-treated HCAEC
were without COMET tails (Figure 4A). While 0.5 mg/ml OLE
largely mimicked the background control in category A, a smaller
percentage of cells, around 30%, exhibited no COMET tails
when treated with 1 mg/ml OLE (Figure 4A). Nevertheless, the
treatment with 0.5 mg/ml and 1 mg/ml OLE decreased DNA
damage in the SAA-treated HCAEC, with 38% and 40% of
HCAEC, respectively, exhibiting no DNA damage (no COMET
tails) (Figure 4A). This data shows that SAA induces DNA
damage in HCAEC, which can be largely prevented in the
presence of OLE. Furthermore, OLE decreased the susceptibility
of HCAEC to oxidative DNA damage, induced by treating the
cells with 3% H2O2 (Figure 4B). Less than 10% of untreated
cells and none of the SAA-stimulated cells were without COMET
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FIGURE 1 | OLE decreases SAA-driven release of pro-inflammatory cytokine IL-6 and chemokine IL-8 from HCAEC. The amount of IL-6 (A), IL-8 (B), MIF (C), and

GRO-α (D) in cell culture supernatants were measured by ELISA. The mean of 3 biological replicates is shown. HCAEC were treated with OLE (0.5 mg/ml, 1 mg/ml)

45min prior to SAA addition (1,000 nM, 24 h). Data was analyzed using RM one-way ANOVA test with Tukey’s multiple comparison test *p > 0.05 **p > 0.01.

tails (no DNA damage) upon exposure to H2O2, however the
percentage of HCAEC without COMET tails increased upon
treatment with OLE (Figure 4B). Furthermore, in presence of
H2O2, 28% and 42% cells showed severe DNA damage (category
E) in untreated and SAA-stimulated HCAEC, respectively. OLE
alone or in the presence of SAA attenuated this damage
(Figure 4B). Specifically, cells treated with OLE were evenly
distributed in all categories, and the percentage of cells in
category E was between 13 and 19% (Figure 4B). Collectively,
treatment with OLE protected HCAEC from oxidative DNA
damage, while the treatment of HCAEC with SAA worsened the
oxidative DNA damage.

Expression of the SAA-Induced miR-146a
and Let-7e Is Altered by OLE
MicroRNA networks play a key role in regulating pro-
inflammatory cell responses, as well as endothelial dysfunction.
However, the expression and function of microRNAs during
the SAA-driven endothelial activation remains largely unknown.
Scarce evidence exists showing that OLE affects the microRNA
profiles (35). To explore the alteration in microRNA networks
during the SAA-driven endothelial activation, we measured
the expression of miR-146a, let-7e, and let-7g with roles in
inflammation (36) (Figures 5A–C). Thesemeasurements showed
that SAA significantly increased the expression of miR-146a
and OLE ameliorated the SAA-driven induction of miR-146a
(Figure 5A) and let-7e (Figure 5B). The effects of SAA on the

expression of let-7g (Figure 5C), however, were not changed
from untreated HCAEC. Analysis of genes targeted with miR-
146a and mirR-let-7e [using ≫Diana≪ tool mirPath v3 (30)]
showed significant association with Toll like receptor signaling
(p = 0.005, n of genes targeted is 9), NF-kappa B signaling
(p = 0.009, number of genes targeted is 6, Figure 5D), ErbB
signaling pathway (p = 0.02, number of genes targeted is 7)
and Cell cycle (p = 0.03, number of genes targeted is 11)
KEGG pathways (37).

DISCUSSION

Our study provides novel data on the positive effects of
olive leaf extract on the human coronary artery endothelium
ex vivo. We show that OLE decreases levels of IL-6, IL-8
released protein and E-selectin mRNA in HCAEC in response
to the endogenous inflammatory SAA, likely by reducing
the SAA-driven phosphorylation of NF-κB p65. Furthermore,
OLE changes the SAA-driven miR-146a and let-7e expression
and decreases SAA-induced and H2O2-induced oxidative DNA
damage in HCAEC, indicating protection at multiple levels.
Using HCAEC in vitro cell culture model, we mimicked OLE’s
actions on the endothelial cell function. However, certain effects
could be elucidated further only by using in vivo models or
interventional human studies, e.g., the effects of OLE on the
cholesterol/triglyceride profiles (18, 26).
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FIGURE 2 | OLE decreases mRNA expression of adhesion molecules and MMP2 in HCAEC. The expression of VCAM-1 (A), E-selectin (B), MMP2 (C), and MMP9

(D) mRNA was determined by qPCR. Mean of 3 biological replicates is shown. HCAEC were treated with OLE (0.5 mg/ml, 1 mg/ml) 45min prior to SAA addition

(1,000 nM, 24 h). Data was analyzed using RM one way ANOVA test with Tukey’s multiple comparison test *p > 0.05 **p > 0.01; ****P < 0.0001.

FIGURE 3 | OLE attenuates SAA-induced phosphorylation of NF-κB. (A) Western blot shows phosphorylation of NF-κB in HCAEC pretreated with OLE for 1 h and

then treated with OLE ± SAA for 1 h (SAA 1,000 nM, OLE 1 mg/ml). Representative blot of n = 3 biological replicates. (B) Densitometry analysis of protein bands was

carried out using the Fusion FX software (Vilber Lourmat), n = 3 biological replicates. For quantification of Western blots, the levels of phosphorylated NF-κB were

normalized to the levels of total NF-κB. Equal amounts of protein were loaded per gel pocket. α-tubulin was used as a loading control.

Our results are in line with the human intervention study of
olive leaf supplementation, which identified NF-κB as a central
biological factor influenced by OLE (27). Similarly, a dietary
intervention study showed that contrary to butter and walnut
meals extra virgin olive oil did not elicit the phosphorylation of
NF-κB in PBMC from healthy individuals (38). Moreover, OLE
inhibited the phosphorylation of NF-κB and AP-1 in HUVEC
and Raw264 macrophages (24, 28). Polyphenol compounds,
such as oleuropein attenuated the phosphorylation of NF-κB in
mouse models of ileum ischemia/reperfusion (39) and spinal

cord injury (40). Overall, this suggests that active ingredients of
OLE might have a therapeutic potential in regulating the activity
of NF-κB.

We show that OLE decreases the SAA-induced release of
IL-6 and attenuates the SAA-driven IL-8 and pro-adhesive
E-selectin in HCAEC. Moreover, OLE decreased the basal
expression of both pro-adhesive molecules, VCAM-1 and E-
selectin, in HCAEC. All these molecules are critical effectors
in the atherosclerosis process (41–44). The attenuation of pro-
inflammatory responses causes a mediator-specific effect in
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FIGURE 4 | OLE attenuates SAA-induced and H2O2-induced DNA damage in HCAEC. COMET assay was performed without (A) and with oxidative treatment (3%

H2O2) (B). Average from 3 biological replicates of the COMET assay for each experimental condition was performed on duplicate slides, 100 cells were evaluated per

slide according to the following categories: A - no tail (no DNA damage), B - slight tail, C - strong signal in tail, but also in nucleus, D - majority of DNA in tail, E - no

DNA in round nucleus.

HCAEC, since MIF released protein levels were not affected
by OLE treatment. Our results are in line with the observed
decrease in serum IL-8 in different human interventional
studies upon OLE consumption (25–27) and the oleuropein-
driven amelioration of IL-6 production in the LPS-induced
Raw264 macrophages (24). Thus, OLE could have multiple
beneficial effects via reducing the pro-inflammatory responses in
different cell types participating in the atherosclerotic process.
Additionally, oleuropein efficiently reduced the expression of
VCAM-1 and E-selectin in HUVEC upon pro-inflammatory
stimulation with LPS, TNF-α and PMA (28), when compared
to other phytochemicals in the Mediterranean diet (e.g.,
elenolic acid and tyrosol in olive oil, resveratrol in wine).
Healthy volunteers and subjects with hypertriglyceridemia who
consumed extra virgin olive oil had significantly lower amounts
of sICAM-1 and sVCAM-1 in comparison with subjects
consuming refined olive oil, which contains no polyphenols
and tocopherols (45). Nevertheless, the effects of dietary olive
oil and extra virgin olive oil can partially be attributed to
the incorporation of oleic acid or other fatty acids in cell
membranes (46).

MMPs play an integral role in the atherosclerotic process
via remodeling the extracellular matrix and regulating the
migration of vascular smooth muscle cells. MMP2 and MMP9
decrease plaque stability and MMP2 appears to have a particular
deleterious/pro-atherogenic role (47). While SAA did not affect
the expression of MMP2 andMMP9mRNAs in our experiments,
OLE decreased the expression of MMP2 in HCAEC under
basal conditions. This suggests that OLE might have additional

(SAA-independent) beneficial effects on the MMP2-driven
atherosclerosis-associated remodeling of the vascular wall.

In addition to its anti-inflammatory and antiadhesive
activities, oleuropein acts as a potent free radical scavenger
that suppresses the production of reactive oxygen species in
different experimental systems including H2O2-induced cell
damage (19, 29). Here, we report a novel observation that SAA
(at 1,000 nM) induces DNA damage in HCAEC and increases
the sensitivity of HCAEC to oxidative DNA damage. These
SAA-driven effects were largely prevented in the presence of
OLE. Importantly, OLE also reduced the H2O2-driven oxidative
damage in the absence of SAA (Figure 4). The COMET assay
we have utilized in this report is increasingly used in regulatory
genotoxicity testing for the evaluation of DNA damage and
repair in various tissues (48). It is one of a few assays that
tests for both single stranded and double stranded DNA breaks,
as opposed to γ-2HAX, which detects only dsDNA breaks.
The COMET assay has become a well-established and well-
accepted molecular technique in human biomonitoring and
in clinical studies (49, 50). Moreover, COMET is one of the
measuring techniques of European Standards Committee on
Oxidative DNA Damage (ESCODD) (51). There are also several
advantages of using the COMET assay, namely, the assay can
be calibrated to give quantitative measures (52), it is a sensitive
test (53), which is cost-effective and is becoming easier to
perform, with the development of the high through-put Comet-
Chip (54). More recently, an EpiComet-Chip was developed
and validated for the assessment of DNA methylation status
(55). There appear to be opposing activities of SAA, namely
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FIGURE 5 | OLE regulates SAA-induced miR-146a and let-7e. (A–C) represent fold changes of mRNA expression levels of miR-146a, let-7e and let-7g, respectively.

The mean is shown of 3 biological replicates. Data was analyzed using RM one way ANOVA test with Tukey’s multiple comparison test p-values are shown as follows

*p > 0.05, ***P < 0.001, ****P < 0.0001. (D) miR-146 and let-7e functional analysis showed significant influence on KEGG NF-κB signaling pathway (p = 0.009)

(37) with 6 predicted target genes (marked yellow).

substantial DNA damage induction vs. slightly increased or
stable viability (56, 57). This could be due to, on the one hand,
SAA inflammatory events causing DNA damage in HCAEC,
while on the other hand, viability might reflect the implication
of elevated SAA in multiple types of cancers (e.g., esophageal
squamous cell, ovarian, breast, lung, renal, and gastric) with
increasing levels correlating with severity of cancer stages
(58). The question then emerges whether SAA downregulates

expression of genes, such as p53, thus elevating cell survival
and cell cycle progression, which could be addressed in
the future.

At the microRNA level, we show that SAA increases the
expression of microRNA146a and let-7e in HCAEC, while OLE
significantly attenuates these SAA-induced effects. The activation
of NF-κB induces the expression of microRNA-146a, which acts
as a negative feedback regulator of NF-κB via targeting TRAF6
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and IRAK1/2. This controls the NF-κB transcriptional activity
in the presence of excessive pro-inflammatory stimulation (36).
Contrary to microRNA-146a, let-7e promotes the activation of
NF-κB by inhibiting the expression of IκB β in endothelial cells
(59). Thus, OLE could fine-tune SAA-driven activity of NF-κB by
altering cellular microRNA networks (60).

In regard to the DIANA-miRPath v3 data (30) combining
target prediction algorithms, withmanually curatedmiRNA:gene
interaction datasets to chart miR-146a and let-7e targets, the
following genes and their involvement in processes most likely
to be affected are, among others: TLR2 pathway (TLR2, TAB2,
AKT2, JUN, TRAF6, STAT1, IRF7, IRAK1, MAP3K7), NF-κB
pathway (TAB2, TRAF6, PTGS2, BCL2A1, IRAK1, MAP3K7),
ErbB pathway (GSK3B, EGFR, STAT5B, AKT2, JUN, CDKN1A,
ABL1) and cell cycle (GSK3B, CCNB1,CDC25B, SMAD4, RBL1,
CDC23, CDKN1A, PRKDC, MDM2, ABL1, CDC25A). Among
these genes, several are implicated in survival (BCL2A1, EGFR,
STAT5B), ubiquitin-mediated proteolysis (TAB, TRAF6, IRAK1,
MAP3K7, CDC23), anti-viral effects (IRF7), metabolism (AKT2,
GSK3B). Interestingly, the cell cycle genes included both
promoting (e.g., CDC23, CDC25A), as well as regulating (e.g.,
CDKN1A, CCNB1) genes of the cell cycle. In cells in general, it
would be interesting to determine whether SAA downregulates
PRKDC (elevating p53) and/or upregulates MDM2 (attenuating
p53). While in silico analysis tools and applications, such as
miRPath provide support to research, in vitro experimentation
will further be necessary to confirm specific gene involvement.

Possible mechanisms of SAA activity could include changes
in gene expression of pro-inflammatory cytokines, epigenetic
events (e.g., miRNA-related), as well as induced reactive oxygen,
nitrogen species, which may, in turn cause damage to cellular
components (e.g., DNA), leading to chronic acceleration of
chronic vascular disease, with OLE providing a counterbalance

to these processes. In line with this, our data suggests that
OLE exhibits multiple protective actions that could prevent

or attenuate pro-inflammatory activation, influence vascular
remodeling via modulation of MMP2 expression and may
prevent DNA damage in the coronary arterial endothelium. This
suggests that olive leaf extract, or its derivatives, might have
athero-protective actions also in vivo, which would need to be
further explored in the future.
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Myocarditis is defined as an inflammation of the cardiac muscle. In humans, various

infectious and non-infectious triggers induce myocarditis with a broad spectrum of

histological presentations and clinical symptoms of the disease. Myocarditis often

resolves spontaneously, but some patients develop heart failure and require organ

transplantation. The need to understand cellular and molecular mechanisms of

inflammatory heart diseases led to the development of mouse models for experimental

myocarditis. It has been shown that pathogenic agents inducing myocarditis in humans

can often trigger the disease in mice. Due to multiple etiologies of inflammatory

heart diseases in humans, a number of different experimental approaches have been

developed to induce myocarditis in mice. Accordingly, experimental myocarditis in mice

can be induced by infection with cardiotropic agents, such as coxsackievirus B3 and

protozoan parasite Trypanosoma cruzi or by activating autoimmune responses against

heart-specific antigens. In certain models, myocarditis is followed by the phenotype of

dilated cardiomyopathy and the end stage of heart failure. This review describes the most

commonly used mouse models of experimental myocarditis with a focus on the role of

the innate and adaptive immune systems in induction and progression of the disease.

The review discusses also advantages and limitations of individual mouse models in the

context of the clinical manifestation and the course of the disease in humans. Finally,

animal-free alternatives in myocarditis research are outlined.

Keywords: myocarditis, animal models, coxsackievirus B3, Chagas disease, heart-specific autoimmunity,

experimental autoimmune myocarditis

INTRODUCTION

TheWorld Heart Federation estimated that about 400,000 persons die annually worldwide because
of inflammatory heart diseases. Epidemiologic post-mortem studies identified myocarditis as an
important cause of unexpected and sudden death. Myocarditis has been implicated in cardiac
sudden deaths in young adults at the rate of 8.6–12% (1, 2). The occurrence of myocarditis in
sudden death in children was reported at the rate of 17% (3). Considering cardiovascular death in
children and young adults, myocarditis was a major cause in 10–42% cases (4).

Myocarditis is classified as an inflammatory disease of the heart muscle. Traditionally,
myocarditis is diagnosed based on endomyocardial biopsies. According to the widely used “Dallas”
criteria published in 1987, a diagnosis of active myocarditis requires the presence of inflammatory
infiltrates of non-ischemic origin in myocardial tissue associated with necrosis and/or degeneration
of adjacent cardiomyocytes. Presence of inflammatory infiltrates in the absence of apparent
myocyte damage is classified as borderline myocarditis (5). The definition of myocarditis has
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been more recently enumerated by the ESC Working Group on
Myocardial and Pericardial Diseases, which proposed abnormal
number of inflammatory infiltrates in myocardial tissue as
≥14 leucocytes/mm2 including up to 4 monocytes/mm2 with
the presence of ≥7 cells/mm2 CD3-positive T lymphocytes
(6). These criteria have become widely accepted. Beside this
common histological feature of inflammatory condition of the
heart, there is a high diversity observed in the disease cause,
characteristic of inflammatory infiltrates, clinical symptoms,
course of inflammation, and the prognosis.

PATHOPHYSIOLOGY OF MYOCARDITIS
IN HUMAN

From Myocarditis to Dilated
Cardiomyopathy
Patients with myocarditis, proven via biopsies, show 55–
80% 5-year transplantation-free survival (7–10). Mortality is
observed not only during the acute phase, but also during the
follow up. Myocarditis is a progressive disease with two post-
acute clinical scenarios. In the first scenario, resolution of the
inflammation is followed by complete recovery associated with
improved heart function. It has been reported that myocarditis
resolves spontaneously in ∼40–60% of cases (11, 12). In the
second scenario, the acute phase is followed by development
of stable dilated cardiomyopathy (DCM). Follow-up clinical
studies showed development of DCM pathology over a period
of several years in 14–52% patients with histologically proven
myocarditis (12). DCM is referred to as left ventricular dilation
associated with systolic dysfunction in the absence of coronary
artery disease. Histologically, DCM ismanifested by the extensive
replacement of cardiac muscle cells with fibrotic tissue and
deposition of collagen (13, 14). DCM patients develop not only
heart pump weakening, but also heart valve problems, blood
clots, and arrhythmias leading to heart and secondary organ
failures. DCM patients show transplantation-free survival at the
rate of 50–60% over 5 years in children (15) and in adults (7,
16, 17), however improved medication can increase the survival
rate up to 80% (16). Particularly high mortality has been reported
for patients with DCM due to Chagas disease (17). DCM can be
associated with inflammation of themyocardium. Co-occurrence
of myocarditis and DCM is referred to as inflammatory DCM
(iDCM) (6). In fact, 16–30% of patients with chronic DCM show
immunohistochemical evidences of myocardial inflammation
(15, 18). Cardiac deaths in the follow-up myocarditis cohort were
predominantly associated with DCM characteristic including
systolic dysfunction and left ventricular dilation (9). Accordingly,
ventricular dilatation and systolic dysfunction are associated with
worse prognosis for myocarditis patients (8).

Disease Etiology
In Europe and North America myocarditis is often idiopathic.
Infections with cardiotropic enteroviruses such as coxsackievirus
B3 (CVB3) have been associated with the disease and considered
as a causative agent. The prevalence of enteroviruses detected
in cardiac biopsies of myocarditis patients was reported at

the rate of 14–57% (19). Other viruses such as parvovirus
B19, adenoviruses or herpesviruses have also been detected in
biopsies of myocarditis patients (19). Over decades, a shift in
detection of enterovirus and adenovirus to parvovirus B19 and
herpesviruses has been observed. However, the causative role
of detected viruses in myocarditis patients is not evident. For
example, surprisingly high prevalence of parvovirus B19 has
been detected in myocarditis patients, suggesting its pathogenic
role in the disease (20). More recent data showed, however, a
high prevalence of parvovirus B19 also in myocarditis-negative
hearts (21). Thus, the causative or associative role of individual
viral infections in pathogenesis of myocarditis is still under
investigation. Furthermore, it also remains to be elucidated,
whether the persistence of the viral genome in the myocardium
influences the clinical outcomes. So far, clinical studies resulted
rather in contradicting conclusions (8, 22). In Europe and North
America, myocarditis is also diagnosed in patients with Lyme
disease (borreliosis). The disease is caused by bacteria Borrelia
burgdorferi, which is transmitted by the bite of an infected ticks.
It is estimated that up to 10% of Lyme disease patients develop
myocarditis (23).

In Latin America, infections with protozoan Trypanosoma
cruzi (Chagas disease) are the most common cause of
inflammatory heart disease (24). The etiology of Chagas disease is
quite well-established. Bites of blood-sucking triatomines (called
also kissing bugs) spread the infective forms of the parasite. In
humans, trypanosomal infection triggers the disease with two
clinically distinct phases. The acute phase lasts several weeks and
is usually asymptomatic or is associated with fever and local
swelling or skin lesion. 10–30 years later about one third of
the infected individuals develop a chronic form of the disease
primarily manifested by DCM or iDCM, but also by neurological
and/or gastrointestinal track pathologies. The chronic phase of
the Chagas disease is usually progressive, leading to permanent
heart failure (25). Cardiac dysfunction due to myocarditis and
iDCM represents the most frequent and the most severe clinical
manifestation of Chagas disease, which is associated with poor
prognosis and high mortality rates (24, 26).

Non-infectious causes of myocarditis include mainly systemic
autoimmune diseases and certain medications (27). Myocarditis
has been observed for example in systemic lupus erythematosus
(28) and in myasthenia gravis (29) patients. Recently, numerous
cases of fatal myocarditis have been reported in cancer
patients shortly after starting treatment with immune checkpoint
inhibitors (30, 31). Immune checkpoint inhibitors refer to a
category of drugs (antibodies) targeting negative regulators of
T cell response, such as cytotoxic T-lymphocyte associated
protein-4 (CTLA-4), programmed cell death protein-1 (PD-
1), and PD-1 ligand (PD-L1). It is considered that immune
checkpoint inhibitors may activate heart-specific autoimmunity
in predisposed individuals (32). Today, it is widely accepted
that autoimmune mechanisms are involved in the development
and/or progression of myocarditis (33). Clinical evidences
suggest active autoimmune response in human myocarditis
on both, cellular and humoral levels. Initially, the concept
of heart-specific autoimmunity came from the observation of
high titers of heart-specific autoantibodies in CVB3 infected
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individuals. Accordingly, 30% of patients with myocarditis and
DCM develop high titers of heart-specific autoantibodies (34).
Cardiac myosin heavy chain (MyHC) has been identified as the
most prominent autoantigen for circulating heart autoantibodies
in myocarditis and cardiomyopathy patients (35). In fact, the
presence of anti-MyHC autoantibodies has been associated with
worse left ventricular systolic function and diastolic stiffness
in patients with chronic myocarditis (36). There are strong
indications that also antigen-presenting cells play an important
role in the pathogenesis of myocarditis in humans by promoting
autoimmune mechanisms. For example, histological analysis
demonstrated increased levels of major histocompatibility
complex (MHC) class I and II, known as human leukocyte
antigen (HLA) complexes (37) and co-stimulatory molecules
B7-1, B7-2, and CD40 (38) in hearts of myocarditis patients.
More recent data pointed also to the importance of the humoral
response in myocarditis (39).

Clinical Assessment and Classifications
of Myocarditis
Diagnosis of Myocarditis
Clinical manifestation of myocarditis varies with a broad
spectrum of symptoms, ranging from asymptomatic courses
through shortness of breath, cardiac arrhythmias to chest pain
resembling myocardial infarction (27, 40, 41). Myocarditis
is often associated with left ventricular dysfunction (42),
in some cases with cardiac arrhythmias (43) and elevated
levels of certain biomarkers (6). These clinical symptoms
are, however, not specific for myocarditis and the definitive
diagnosis requires detection of inflammatory cells in the
myocardium, typically on endomyocardial biopsy. In addition
to histological analyses of cardiac biopsies, the assessment
of myocarditis could be performed using a cardiac magnetic
resonance imaging (44, 45). Improved imaging protocols
confirmed usefulness of this modern, non-invasive technology
in diagnosing myocarditis (46). Magnetic resonance imaging
shows excellent diagnostic accuracy in patients with acute
symptoms, while its usefulness is limited in patients with

suspected chronic myocarditis (45, 47). On the one hand,
histological evaluation of myocardial biopsies still represents
a “gold standard,” mainly because it allows not only to
diagnose myocarditis, but also to identify infective agents and
characterize the type of inflammatory cells. These data can be
indicative for selection of the personalized treatment strategy
and may be predictive for disease outcome (27, 40, 41, 48).
In fact, endomyocardial biopsies confirm inflammation in 44–
70% of patients with suspected myocarditis (49–51). On the
other hand, due to the often patchy pattern of inflammation
in the heart, endomyocardial biopsies-based diagnosis of
myocarditis yields rather low sensitivity (52–54). Biopsies guided
by non-invasive molecular imaging and/or electroanatomic
mapping could increase the success rate. It seems, however,
that the actual prevalence of myocarditis possibly remains
underestimated. It is noteworthy that, incidental inflammation
of the myocardium evaluated in a clinicopathological study
reported that any inflammatory cells were present in 18% and
multifocal inflammation in 9% of total cardiac and non-cardiac
deaths (55).

Clinical Classifications of Myocarditis
In the clinic, myocarditis can be classified based on the
causative, histological, and clinicopathological criteria, which are
summarized in Table 1. The causative criteria define infectious
agents (virus, protozoa, or bacteria) or non-infectious condition
(autoimmune diseases, medications etc.) associated with
myocarditis. Identification of the infectious agent or potential
non-infectious trigger may be indicative not only for disease
etiology, but also helps to choose the most effective therapeutic
strategy for the affected patients. In addition to identification
of the causative agent, histological and immunohistological
analyses are performed to categorize myocarditis based on the
presence, morphology and type of inflammatory infiltrates in
the myocardium. Lymphocytic myocarditis characterized by
extensive infiltration of lymphocytes and monocytes with signs
of cardiomyocyte necrosis (active lymphocytic myocarditis)
represents the most frequent type of myocarditis (10).
Lymphocyticmyocarditis is often observed inmyocardium tested

TABLE 1 | Clinical classifications of myocarditis.

Causative criteria Histological criteria Clinicopathological criteria

Virus: coxsackievirus B3, adenoviruses or

herpesviruses and other

Active myocarditis: cardiac inflammation

with apparent cardiomyocyte necrosis

Fulminant myocarditis: sudden onset, severe heart failure,

cardiogenic shock or life-threatening arrhythmias

Protozoa: Trypanosoma cruzi (Chagas

disease)

Borderline myocarditis: cardiac

inflammation without evident cardiomyocyte

necrosis

Acute myocarditis: highly variable from asymptomatic to cardiogenic

shock, ventricular dysfunction, may progress to dilated cardiomyopathy

Bacteria: Borrelia burgdorferi (Lyme disease)

and other

Lymphocytic myocarditis: extensive

infiltration of lymphocytes and monocytes

Chronic active myocarditis: variable clinical symptoms, ventricular

dysfunction, relapses of clinical symptoms and chronic myocardial

inflammation on histology

Immune checkpoint inhibitors:

anti-CTLA-4, anti-PD-1 or anti-PD-L1 therapy

Giant cell myocarditis: multinucleated giant

cells and lymphocytes on heart biopsies

Chronic persistent myocarditis: persistent histologic infiltrate with

myocyte necrosis, chest pain or palpitation without ventricular

dysfunction

Systemic autoimmune diseases:

Systemic lupus erythematosus, myasthenia

gravis and other

Eosinophilic myocarditis: eosinophil-rich

infiltrates with extensive myocyte necrosis
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positive for viral persistence. Less common forms of myocarditis
represent giant cell myocarditis and eosinophilic myocarditis.
Giant cell myocarditis is characterized by the presence of
multinucleated giant cells and lymphocytes on heart biopsies.
Presence of giant cells within non-caseating granulomas, usually
associated with myocardial fibrosis is referred to as cardiac
sarcoidosis (56). The characteristic feature of eosinophilic
myocarditis is the presence of eosinophil-rich infiltrates in
the myocardium and extensive myocyte necrosis, which is
accompanied with elevated level of circulating eosinophils
(57). Giant cell myocarditis and eosinophilic myocarditis are
associated with particularly poor prognosis (57–60).

Combination of the histologic data and clinical course
of the disease resulted in clinicopathologic classification of
myocarditis (61). Parameters such as onset of the disease,
initial clinical and histological presentation, disease course and
cardiac dysfunction define acute, fulminant, chronic active and
chronic persistent subtypes of myocarditis. Acute myocarditis
represents the most common type of myocarditis, in which
symptoms last typically for days or weeks and the acute phase
is followed by spontaneous improvement or development
of stable DCM (62). In patients with fulminant myocarditis
disease progresses rapidly resulting in severe heart failure and
cardiogenic shock with mortality rate of 30–40% during the acute
phase (63, 64). Patients diagnosed with fulminant myocarditis
surviving the acute phase have been instead suggested to have
excellent long-term prognosis (65), although a recently published
study demonstrated contradictive findings (66). In its chronic
form, myocarditis is detected over a period of three or more
months. Clinical and histologic relapses and development
of ventricular dysfunction is characteristic for chronic
active myocarditis, whereas chronic persistent myocarditis
is characterized by persistent presence of inflammatory cells
in the myocardium, but it is usually not associated with
ventricular dysfunction.

MOUSE MODELS OF EXPERIMENTAL
MYOCARDITIS

The need to understand cellular and molecular mechanisms of
inflammatory heart diseases led to development of animalmodels
for experimental myocarditis. In general, these models can be
categorized based on the causative agents into two major classes:
infectious and non-infectious. In infectious models, pathogens
associated with myocarditis in humans are used to induce cardiac
inflammation in animals. CVB3 and T. cruzi represent two
classical infectious pathogens used for induction of experimental
myocarditis in mice. In non-infectious models, myocarditis is
typically triggered by an autoimmune response against heart-
specific antigens. A comparative summary of the selected models
is presented in the Table 2.

Viral Models of Experimental Myocarditis
Experimental Myocarditis Induced With CVB3
CVB3 has been implicated to the pathogenesis of myocarditis in
humans and therefore this virus was used to induce experimental

myocarditis in animals. Coxackieviruses belonging to the
Picornaviridae family represent positive-sense single-stranded
RNA enteroviruses. Coxsackieviruses are typically transmitted
by the oral route and for replication require host cells.
Unlike other serotypes, CVB3 efficiently infects and replicates
in cardiomyocytes leading to their death through apoptosis
(181) or necroptosis (182). Effective CVB3 replication has been
demonstrated also in cardiac fibroblasts (183). CVB3 infection
begins by coupling the virus with host-cell coxsackievirus
and adenovirus receptor (CAR), and decay-accelerating factor
(DAF). Additionally, recent data pointed to the relevance
of NOD2 in CVB3 uptake (184). After entering into the
cytoplasm, viral RNA is translated and then transcribed. The viral
genome is further translated into viral structural proteins, which
assemble with the positive-strand RNA viral genome forming
the complete infectious virion (185). Infected cardiomyocytes
become ultimately lysed, which results in release of cytosolic
proteins and virus progeny. Active viral replication as well
as latent viral persistence have been described in hearts of
myocarditis patients (186).

The first successful myocarditis induction in mice using
purified CVB3 (Nancy strain) was reported in 1974 (67). The
Nancy strain of CVB3 is the most commonly used virus to induce
myocarditis in mice until today. The virus was passaged in vitro
in the host cells. Inoculation of purified, in vitro-passaged CVB3
resulted in high viral replication in hearts of host mice. This
model is characterized by substantial cardiomyocyte necrosis,
moderate inflammation, pancreatitis, and often high mortality
during the acute phase of disease in BALB/c, A/J, and C57BL/6
mice (67–74). Poor survival rate of mice infected with in vitro-
passaged CVB3 led to development of the heart-passaged CVB3
model of experimental myocarditis (83). In this model, hearts
of mice infected with CVB3 were used for preparation of the
infective pathogen. Such heart-passaged CVB3 containing not
only the virus, but also cardiac myosin is inoculated into host
animals. In this model, viral replication peaks around day 7
and the pathogen is cleared around day 14, post-infection.
Infected mice develop acute myocarditis around day 10–14,
which is characterized by massive infiltration of cardiac tissue
with primarily cells of myeloid lineage accompanied by T
(mainly CD4+) and some B lymphocytes in various mouse
strains including BALB/c, A/J, ABY/SnJ, and C57BL/6 (83–89).
In this model myocarditis is associated with left ventricular
dysfunction during the acute phase. In contrast to high mortality
rate observed in in vitro-passaged CVB3 model, typically all mice
infected with heart-passaged CVB3 survive.

Following the acute myocarditis phase, disease course strongly
depends on the genetic background of infected mice. Susceptible
BALB/c, ABY/SnJ, and A/J mice progress to a phenotype of
iDCM, characterized by chronicmyocarditis, myocardial fibrosis,
and cardiomyopathy, which is observed at day 28 post-infection
and later (83, 89, 90). Whereas, mice with C57BL/6 genetic
background do not develop DCM/iDCM phenotype (83, 91,
92), unless they are additionally treated with lipopolysaccharide
(LPS) (93, 94). Infection with CVB3 leads to impaired cardiac
functionality at later stages, which develops independently of the
fibrotic phenotype in the heart (92, 94).
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TABLE 2 | Characteristics of commonly used mouse models of experimental myocarditis.

Mouse model Susceptible

mouse strains

Histological

characteristic

Clinicopathological

characteristic

Advantages and limitations References

In vitro-passaged

CVB3 or EMCV

(103-105 TCID50

or PFU)

BALB/c, A/J,

DBA-2, C57BL/6

(4-9 weeks old)

Active myocarditis Acute myocarditis (+) use of clinically relevant virus

(+) suitable to study CVB3 replication

(–) high mortality

(–) high biosafety standards required

(67–82)

Heart-passaged

CVB3 (103-5x105

PFU)

BALB/c, A/J,

C57BL/6 (4-9

weeks old)

Active lymphocytic

myocarditis,

fibrosis

Acute myocarditis

(C57BL/6) and chronic

active myocarditis (BALB/c,

A/J)

(+) use of clinically relevant virus

(+) allows to study disease progression

(–) involvement of immune system in CVB3

clearance and autoimmunity

(–) high biosafety standards required

(83–94)

Reovirus or MAV-1

(104-107 PFU)

BALB/c, C57BL/6,

Swiss (2-7 days

old)

Active myocarditis Acute myocarditis (+) suitable to study viral replication

(+) unique model of pediatric myocarditis

(–) clinically irrelevant viruses

(–) non-standard methodologies required

(95–98)

T. cruzi infection

(50 – 106

trypomastigotes)

BALB/c, A/J,

C57BL/6, DBA-2,

C3H/He, Swiss

(4-12 weeks old)

Active lymphocytic

myocarditis,

fibrosis

Chronic active myocarditis (+) use of clinically relevant pathogen

(+) recapitulate course of Chagas disease

(–) pathogen strain-dependent variability

(–) long-term model

(99–133)

Immunization with

α-MyHC or

troponin I peptide

and CFA

BALB/c, A/J,

A.SW (6-8 weeks

old)

Active/borderline

lymphocytic or

eosinophilic*

myocarditis,

fibrosis

Acute myocarditis

progressing to DCM

(+) biosafe

(+) suitable to study transition from

myocarditis to DCM

(–) non-physiological disease induction

(–) immunization with CFA

(134–163)

Delivery of bmDCs

loaded with

α-MyHC peptide

BALB/c (6-8

weeks old)

Borderline

lymphocytic

myocarditis

Acute myocarditis (+) biosafe

(+) suitable to study dendritic cells

(–) non-physiological disease induction

(–) culture of bmDCs in FCS-rich medium

(145, 164, 165)

TCR-M transgenic

mice

BALB/c (≥4

weeks old)

Active/borderline

lymphocytic

myocarditis

Chronic persistent

myocarditis

(+) biosafe

(+) suitable to study pathophysiology of

heart-specific T cells

(–) non-physiological disease induction

(–) lack of heart non-specific T cells

(166)

CMy-mOVA mice

injected with OT-I

CD8+ effector T

cells (2.5 × 104-3

× 106)

C57BL/6 (6-20

weeks old)

Active lymphocytic

myocarditis

Fulminant myocarditis (+) biosafe

(+) suitable to study T cell-mediated

cytotoxicity against cardiomyocytes

(–) reactivity against non-cardiac antigen

(–) in vitro T cell activation

(167–170)

PD-1/PD-L1-

deficiency

BALB/c, MRL (≥4

weeks old)

Active/borderline

lymphocytic

myocarditis

Fulminant myocarditis (+) biosafe

(+) suitable to study side effects of

anti-PD-1/PD-1L therapy

(–) multiorgan involvement

(–) high mortality

(171–175)

HLA-DQ8

transgenic mice

BALB/c, NOD (≥4

weeks old)

Active/borderline

lymphocytic

myocarditis

Fulminant myocarditis (+) biosafe

(+) suitable to study cardiac antigen

presentation

(–) human-mouse chimeric system

(–) high mortality

(176–180)

α-MyHC, myosin heavy chain α; bmDCs, bone marrow-derived dendritic cells; CFA, complete Freund’s adjuvant; CMy-mOVA - cardiac myocyte restricted membrane-bound ovalbumin;

CVB3, coxsackievirus B3; EMCV, encephalomyocarditis virus; FCS, fetal calf serum; HLA, human leukocyte antigen; MAV-1, murine adenovirus type 1; OT-I, major histocompatibility

complex class I-restricted ovalbumin-specific; PD-1, programmed cell death protein-1; PD-L1, PD-1 ligand; PFU, plaque forming unit; TCID50, 50% tissue culture infectious dose;

TCR-M, T cell receptor (TCR) specific to α-MyHC. * in Ifng−/− Il17a−/− BALB/c mice.

Infection with CVB3 triggers the respective innate and
adaptive immune responses. Synthesis of antiviral cytokines
such as type I interferons (IFNs) represent the first line of
the innate immune defense against CVB3 infection, which
aims to inhibit viral replication. Accordingly, treatments
with IFN-α or IFN-β were reported to effectively eliminate
virus in CVB3 infected mice (75) as well as in myocarditis

patients (187). Following CVB3 entry into the target cell,
the virus can engage intracellular nucleotide binding and
oligomerization domain (NOD)-like receptors (NLRs) and
activate certain Toll-like receptors (TLRs) (188). Activation
of TRIF-dependent TLR3 has been recognized to be crucial
for antiviral type I IFN production (76, 77). Interestingly,
activation of other NLR and TLR pathways exacerbate
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myocarditis in CVB3 infected mice through negative
regulation of type I IFN and stimulation of proinflammatory
cytokines (73, 74, 184).

The innate immune response is usually followed by the
adaptive response against the infective virus. In CVB3-mediated
experimental myocarditis, the protective role of the adaptive
immune response has been well-established. Studies using
immunodeficient mice showed that lack of T and B cells led
to viral persistence and enhanced myocarditis upon CVB3
infection (189, 190). Interestingly, in the CVB3 myocarditis
model CD4+, but not CD8+ T cells play a pivotal role in
viral clearance and thus protect infected mice from persistent
cardiac inflammation (191, 192), whilst CD8+ T cells have
been implicated mainly in the autoimmune response (191,
193). These paradoxical observations can be explained by the
findings that CD4+ T cell response recognizes infected, but not
uninfected myocytes, while CD8+ effector T cells react only
to uninfected myocytes through recognition of cardiac myosin
(193). Furthermore, natural killer (NK) (78) and NK T cells
(79, 80) were also reported to play protective roles in CVB3-
induced myocarditis.

As stated above, heart-specific autoimmunity has been
implicated in the pathogenesis of viral myocarditis. Early data
indeed pointed to the development of functional heart-specific
autoimmune response in CVB3 infected mice (81). Detection
of circulating autoantibodies represents a basic diagnostic
assay indicating ongoing autoimmune disorder. Following
CVB3 infection, high titers of heart-specific autoantibodies
have been detected in host A/J and BALB/c mice (194,
195). Heart-specific autoantibodies are commonly detected also
in myocarditis patients (196) pointing to similarity between
mouse models and clinical scenario. Infection with CVB3
activates also cardiac myosin reactive CD4+ T cells in mice
(69). Data from experimental model provided evidences that
cardiac myosin reactive cells functionally contribute to cardiac
pathology during chronic stage of the disease in CVB3 infected
BALB/c mice (197). Heart specific autoimmunity seems to
be a consequence of significant release of cardiac peptides
from cardiomyocytes lysed during cardiotropic infection or
molecular mimicry (epitope cross-reactivity) between the virus
and cardiac proteins. Cardiac autoantigens in the presence of
certain co-stimulatory, so called “third signal” cytokines can
trigger the effector response of autoreactive T lymphocytes.
It has been suggested that proinflammatory cytokines, mainly
TNFα and IL-1β, produced during the innate response against
viral infection play critical role in induction of the effector
autoimmune response (33). Thus, myocarditis is likely a result
of not only immune response against the infective virus, but also
a consequence of boosted heart-specific autoimmune response.
It seems that viral infection primary triggers myocarditis, while
autoimmune response contributes to disease progression. In
summary, myocarditis and iDCM phenotypes following CVB3
infection is the result of interplay between immune responses
against the virus and heart-specific autoimmunity. Published
data indicate that CVB3 infectious myocarditis mouse models
accurately recapitulate principles of the immune responses
in humans.

Experimental Myocarditis Induced With Other Viruses
CVB3 represents the most common, but not the only virus
used for induction of experimental myocarditis in mice. Cardiac
inflammation associated with cardiomyocyte necrosis can be also
induced with encephalomyocarditis virus (EMCV) (82). EMCV,
like CVB3, are positive single-stranded RNA viruses belonging
to the Picornaviridae family, which induce necrotic myocarditis
with the similar mechanism of action (198). Enteroviruses CVB3
and EMVC are used to induce myocarditis in ≥4 weeks old
mice. Whereas, the murine adenovirus type 1 (MAV-1) and
reovirus 8B have been used to establish the mouse model
for pediatric myocarditis. Depending on the delivery route,
MAV-1 induces lethal [intraperitoneal injection (95)] or non-
lethal [intranasal infection (96)] myocarditis in newborn mice.
Infection of newborn mice with reovirus 8B also induces acute
viral myocarditis. In this model myocarditis is characterized by
marked cardiomyocyte necrosis and mild inflammation leading
to death of infected BALB/c (97), but not C57BL/6 (98) mice.
In contrast to the CVB3 model, autoimmunity seems not to be
involved in myocarditis progression in reovirus 8B infected mice
(97). Myocarditis in children is a deadly disease, particularly for
newborns and infants and viral infections have been suggested
as important causative agents in these young patients (199,
200). In that respect, MAV-1 and reovirus B8 models could be
useful to study pathophysiological mechanisms of the disease
in children.

Experimental Models of Chagas Heart
Disease
Trypanosomal infection can cause myocarditis and iDCM in
mouse organisms. Experimental Chagas heart disease has been
successfully established in a number of mouse lines using various
T. cruzi strains including Colombian, Tulahuen, CL Brener
Brazil, the Y, and SylvioX10, but so far, no model has been
generally accepted as the classical one. Pathogenic trypanosome
strains were isolated from Chagastic patients, insect vectors, and
animal reservoir (99). Trypanosoma cruzi is typically passaged
in mice and bloodstream trypomastigotes (infective form of the
parasite) are transferred into experimental animals by different
delivery routes including intraperitoneal, intradermal, and oral
transmission. Inbred strains BALB/c, C57BL/6, A/J, DBA-2, or
C3H/He are often used as hosts, however many laboratories use
outbred Swiss mice to induce experimental Chagas heart disease.
Disease course, organ involvement and survival rate in different
models are characterized by high variability and strongly depend
on the T. cruzi strain, delivery route and genetic background of
the recipient mice (99–105). An example of the high variability
in mouse Chagastic model was demonstrated in the experiment
with Swiss mice infected with different clones of the Colombian
strain, which showed mouse mortality ranging from 0 to 100%
depending on the clone (102). Apparently, interplay between
the host, parasite genetics and environmental factors ultimately
determine the outcome of a mouse infection with T. cruzi.
Trypanosomal infection may lead to myocarditis development
in recipient mice within 1–3 weeks post-infection (101, 102). In
the chronic form, experimental Chagas heart disease is associated
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with progressive inflammation, iDCM phenotype and heart
dysfunction. This phenotype is observed several months post-
infection (100, 104, 106–110). It seems that chronic models
recapitulate not only the end stage heart phenotype, but also the
course of the disease observed in Chagastic patients.

During the acute phase of Chagas disease, trypomastigotes
spread with the bloodstream throughout the body and enter
into target cells, in which they differentiate into amastigotes
and multiply causing death of the host cells. Infection of
myeloid cells and cardiomyocytes represent two important
check points for the progression of the disease. Myeloid
cells, like macrophages and dendritic cells actively internalize
parasites by phagocytosis. The innate immune response of
macrophages and dendritic cells represent the first line of
defense against the parasite involving TLR-dependent and
TLR-independent mechanisms. Trypomastigote cell surface
membrane glycosylphosphatidylinositol-anchored mucin-like
glycoproteins and glycoinositolphospholipids as well as secreted
Tc52 proteins activate innate immune cells through TLR2-
, TLR4-, and TLR9-dependent mechanisms (111–113). The
classical TLR-dependent response activates NF-κb and MAPK
pathways leading to production of proinflammatory cytokines
including TNFα and Th1 polarizing IL-12. Such responses
are indeed observed during trypanosomal infections in mice
(114, 115). Furthermore, in response to IFN-γ (produced
by Th1 cells, but also by activated NK cells) and TNFα
macrophages produce nitric oxide. This short-lived free radical
effectively suppresses parasite replication and represents the
primary defense mechanism during the acute phase of the
infection (116). During the acute trypanosomal infection, Th1
polarization is facilitated also through TLR-independent innate
mechanisms. For example, a cysteine protease cruzipain released
by trypomastigote generates short-lived kinins, which stimulate
IL-12 production through the bradykinin B2 receptor on the host
cells and subsequently induce the protective Th1 response in
infected mice (117).

Furthermore, T. cruzi triggers a robust adaptive immune
response in the infected mouse organism. Phenotypically,
infected mice show accumulation of lymphocytes in the
spleen and subcutaneous lymph nodes associated with
thymus atrophy (118). Early reports demonstrated persistent,
non-specific polyclonal activation of T and B cells with
phenotypic hypergammaglobulinemia (119, 120). Indeed,
T. cruzi components such as DNA or glycoproteins have
been shown to non-specifically activate T and B cells
(121, 122), whereas more recent data pointed to the key
role of antigen-specific response during parasite infection
in mouse and in human (123, 124, 201). Importantly,
the adaptive immune response plays a crucial role in
pathogen clearance. Depletion of CD4+ or CD8+ T cells
leads to an increase in parasite burden and exacerbation of
myocarditis (125). Similarly, B cells and trypanosoma-specific
antibodies have been shown to protect infected mice from
uncontrolled parasite replication (126–128). Furthermore,
interplay between T and B cells is needed for the effective
adaptive immune response against trypanosomal infection
(127, 128).

During the acute phase of the disease, the immune response
eventually eliminates most of the infective pathogens, but not all.
It has been suggested that a certain degree of parasite persistence,
particularly in cardiac tissue correlates with the development of
DCM phenotype and heart failure. Trypanosomal reactivation
is commonly observed under immunosuppressive conditions
in mouse models (129) and in humans (202) supporting the
concept of parasite persistence. In the clinical scenario, Chagastic
patients are treated with one of two anti-parasitic medications,
benznidazole or nifurtimox, which generate free radicals, killing
T. cruzi pathogens. In the chronic model of experimental Chagas
heart disease, elimination of the pathogen during post-acute
phase with benznidazole was shown to prevent development
of severe chronic DCM in infected mice (110, 130). These
results indicate that chronic experimental model can recapitulate
incomplete eradication of T. cruzi observed in Chagastic patients.
It is important to note that effectiveness of the anti-parasitic
treatment decreases as the disease progresses. Ultimately,
treatment with benznidazole fails to improve cardiac clinical
outcomes in Chagastic patients with established DCM (203).

Heart-specific autoimmunity has been suggested as another
disease progressing factor in Chagas heart disease. Heart-
specific T cells and high titers of heart-specific autoantibodies
have been identified in experimental mouse models (131, 204)
as well as in Chagastic patients (205). In T. cruzi infected
mice, development of heart-specific autoimmunity is associated
with the genetic background of the host organism. Prominent
humoral and cellular anti-cardiac myosin responses develop in
A/J and BALB/c, but not in C57BL/6 mice (132, 206). Such
an anti-cardiac myosin autoimmune response was shown to be
non-essential for development of the acute phase of myocarditis
(133), but has been implicated in the progression of post-acute
cardiomyopathy during chronic phase of experimental Chagas
heart disease (132). In mouse model of Chagas disease, the
adaptive immune response, which plays a crucial role in the host
defense against the infecting parasite, seems to contribute also to
disease progression.

Mouse Models of Experimental
Autoimmune Myocarditis
As presented above, clinical observations and experimental
data from infectious models provide strong evidences for
involvement of autoimmune mechanisms in the development
and progression of myocarditis. In infectious models, T and B
cells are primary involved in pathogen clearance. It is therefore
practically impossible to uncouple the defense from autoimmune
mechanisms using commonly available technologies. The
need to understand contribution and molecular mechanisms
of autoimmunity led to development of rodent models of
experimental autoimmune myocarditis (EAM), in which
myocarditis is induced by heart-reactive T cells in the absence of
infectious pathogen.

In the context of autoimmune myocarditis, the question
arises whether or not heart-specific T cells naturally occur in
mouse and in human. In principle, vertebrates are protected
from autoreactive T cells by the immune tolerance mechanisms.
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In the thymus, central tolerance specifically eliminates newly
developing T cells, recognizing body’s own antigens in a process
called “negative selection.” In this process presentation of self-
antigens by antigen-presenting medullary cells is essential for
maintenance of a central tolerance. Surprisingly, α-isoform
of MyHC (α-MyHC), unlike other cardiac proteins, is not
expressed in cells implicated in T cell tolerance. This results in
undisturbed development of α-MyHC-specific T cells and leads
to their physiological presence in the periphery in mice and
in human (207). Thus, α-MyHC represents the major cardiac
self-antigen. In fact, many currently used EAM models take
advantage of this and activate naturally existing α-MyHC-specific
T cells in order to trigger autoimmune-mediated myocarditis.
Data from experimental animal models clearly demonstrated
that autoreactive CD4+ T lymphocytes were able to trigger
myocarditis and DCM.

The “Classical” Model of Experimental Autoimmune

Myocarditis
The first attempt to induce heart-specific autoimmunity in
animals was reported in 1958 (208), but in 1987 Neu et al.
published the basis for the currently most commonly used
mouse model of EAM (134). In this publication, authors
demonstrated that delivery of cardiac myosin together with the
complete Freund’s adjuvant (CFA) inducedmyocarditis with high
prevalence and high titers of myosin autoantibodies in genetically
predisposed mice (134). Currently, in this “classical” model of
EAM susceptible mice are immunized with α-MyHC peptide
together with CFA at day 0 and 7. Myocarditis in α-MyHC/CFA
immunized mice is characterized by massive infiltration of
mainly myeloid cells together with CD4+ T cells and few B
and CD8+ T lymphocytes. Inflammation of cardiac tissue occurs
typically 14–21 days after the first immunization. Resolution of
the inflammation is followed by the progressive accumulation
of fibrotic tissue in the myocardium, ventricular dilatation and
impaired heart function in some mice (135–146). Thus, this
model allows to study not only autoimmune mechanisms, but
also transition from myocarditis to DCM phenotype. Of note,
α-MyHC/CFA immunization of Ifng−/−Il17a−/− mice results
in myocarditis with extensive infiltration of eosinophils in
the myocardium representing a unique model of eosinophilic
myocarditis (147).

Published data point to a central role of CD4+ T cells in
the α-MyHC/CFA model. Depletion of CD4+ T cells prevents
induction of myocarditis and the adoptive transfer of purified
CD4+ T cells from immunized mice successfully transfers the
disease into immunodeficient hosts (148, 149). A simple passive
transfer of high-titer myosin autoantibodies failed to transfer
myocarditis in the recipient mice (150), however monoclonal
anti-myosin antibodies were shown to induce myocarditis in a
predisposedmouse strain (151). CD8+ T cells, instead, contribute
mainly to myocarditis severity, but are not essential for disease
induction (148). However, recent data showed that using the
specific α-MyHC peptide for EAM induction, CD8+ T cells were
able to limited extends convey myocarditis (152).

Co-delivery of a strong adjuvant, such as CFA represents the
second key element of EAM induction in the “classical” model.

CFA contains heat-killedMycobacterium tuberculosis, which can
activate TLR2, TLR4, and TLR9 on host cells (209). Activation
of TLRs on the innate immune cells triggers secretion of a broad
range of cytokines. In the adaptive immune response, the “third
signal” cytokines produced by dendritic cells program vitality and
expansion potential of antigen-activated T lymphocytes (210).
The “third signal” cytokines have been also shown to polarize
differentiating T cells toward Th1, Th2, or Th17 lineages. The
importance of the “third signal” cytokines in the development
of EAM has been demonstrated in a number of studies. Genetic
deletion or blockage of the “third signal” cytokine signaling,
including TNF-α (153, 154), GM-CSF (155), IL-1 (156), IL-
6 (157), or IL-23 (158) resulted in complete resistance or
amelioration of EAM. It remains, however, unclear whether the
acute response to adjuvant in mice reflects immune processes
during myocarditis induction in humans.

Development of EAM is a multifactorial process, which
depends not only on the presence of heart-specific T cells and
TLR activation, but also strongly on genetic predisposition. α-
MyHC/CFA immunization induces myocarditis in susceptible
strains only. Mice on BALB/c, A/J or A.SW background are
susceptible to EAM, while mice on C57BL/6 background are
resistant (134, 159–161). From a practical point of view, the
resistance to EAM of widely-used C57BL/6 strain limits use of
numerous transgenic models without the need for back-crossing
onto the susceptible background. Differences inMHC haplotypes
(H-2) of susceptible and resistant strains have been suggested to
determine susceptibility of mice to EAM (148, 162). However,
differences in susceptibility of A.SW and B10.S mice, which share
the same H-2 genes, pointed also to the importance of non-H-2
genes in EAM development (163). Summarizing, the “classical”
EAM model offers a well-established, simple and safe method
to study heart-specific autoimmunity and progression of cardiac
inflammation to DCM phenotype, but is limited to few inbred
strains only.

Other Models of Experimental Autoimmune

Myocarditis
The idea that activation of self-antigen presenting cells is critical
for myocarditis induction led to development of “dendritic
cell” EAM model. It has been demonstrated that myocarditis
could be effectively induced by adoptive transfer of bone
marrow-derived dendritic cells (bmDCs) loaded with α-MyHC
peptide and activated with LPS - a major component of the
outer membrane of Gram-negative bacteria and the anti-CD40
antibody. In the “dendritic cell” EAM model, adoptive transfer
of activated α-MyHC-loaded bmDCs at days 0, 3 and 5 results
in acute myocarditis at days 8–12 (145, 164, 165). In contrast
to the “classical” model, mice receiving α-MyHC-loaded bmDCs
develop moderate fibrosis on the follow up. However, additional
administration of CFA significantly accelerates fibrosis and
induces ventricular dilatation and heart dysfunction in this
model (211).

The “classical” and the “dendritic cell” EAM models, both
rely on activation of naturally existing α-MyHC-reactive CD4+

T cells. Non-transgenic mice contain physiologically very low
prevalence of α-MyHC-reactive T cells and TLRs stimulation
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with CFA or LPS is needed not only for polarization, but
also for expansion of activated α-MyHC-reactive T helper
cells. High prevalence of these autoreactive cells can be
alternatively obtained by transgenic overexpression of T cell
receptor (TCR) specific to α-MyHC (TCR-M). A consequence
of the high number of circulating α-MyHC-reactive T cells
in the TCR-M transgenic mice is spontaneous development
of progressive myocarditis associated with ventricular wall
thickening, but without evident systolic dysfunction (166).
The TCR-M transgenic model is particularly useful to study
pathogenesis of autoreactive T cells in the absence of exogenous
TLR agonists.

In contrast to widely studied CD4+ T cells, the role of
CD8+ T cells (known also as cytotoxic T lymphocytes) in heart-
specific autoimmunity is less understood. Unlike CD4+ T cells,
CD8+ T cells recognize antigens presented by MHC class I
molecules and directly induce apoptosis of antigen presenting
cells by secreting cytotoxins, such as perforins and granzymes.
In order to develop CD8+ T cell-dependent myocarditis model,
transgenic mice (on C57BL/6 genetic background) expressing
cardiomyocyte-restricted membrane-bound ovalbumin (OVA)
were injected with in vitro expanded and polarized MHC class
I-restricted, OVA-specific OT-I CD8+ T cells. Adoptive transfer
of high doses (≥5 × 105) of effector OT-I CD8+ T cells caused
massive cardiomyocyte cell death associated with lymphocytic
(both CD4+ and CD8+) and myeloid cell infiltration. Severe
myocarditis caused death of affected mice 3–7 days post T cell
transfer (167, 168). In this model, T cell polarizing factors, such
as IL-12 (167) and T-bet (169) played a key role in disease
pathogenesis. Disease severity in this model correlates with the
number of injected lymphocytes. In contrast to high doses,
low doses (2.5 × 104) of effector OT-I CD8+ T cells induce a
transient and moderate myocarditis only (170). This model is
particularly useful to study CD8+ T cell-mediated cytotoxicity
against cardiomyocytes. Reactivity against non-physiological
antigen (OVA) seems to be, however, a major drawback of
this method.

Under homeostatic conditions, effector functions of CD4+

and CD8+ T cells are controlled by regulatory T cells (Treg).
Accordingly, adoptive transfer of Treg-depleted T cells
induces multiorgan inflammation including fatal autoimmune
myocarditis and high-titer anti-myosin autoantibodies in
the recipient mice. Of note, inflamed myocardium displayed
multinucleated inflammatory cells resembling giant cell
myocarditis in humans (212).

Once T cells become activated, more regulatory mechanisms
control their expansion and effector function. Immune
checkpoint regulators, such as PD-1 represents an example of
regulatory mechanisms. Mechanistically, PD-1-PD-1L signaling
inhibits TCR signaling on activated T cells and thus suppresses
autoimmune response. Accordingly, mice deficient of PD-1
or PD-1L spontaneously develop systemic or organ-specific
inflammations. Progressive myocarditis, iDCM phenotype
and heart failures have been described in PD-1- and PD-1L-
deficient mice on BALB/c (171, 172) and MRL (173, 174) genetic
backgrounds, although for BALB/c not in all housing conditions
(175). In mice lacking PD-1, fatal myocarditis caused high

mortality in particular on MRL genetic background. Cardiac
inflammation in PD-1-deficient mice is entirely dependent on
the adaptive immunity (autoimmunity) and could be transferred
by splenocytes (171, 174). In mouse models, PD-1-PD-1L
signaling protects from myocarditis mediated by CD4+ T
(175) and by CD8+ T (170) cells. PD-1 deficiency results in
myocarditis also in aged C57BL/6 mice, but these mice are
characterized by multiorgan inflammation and represent rather
a model of systemic lupus erythematosus (213). It seems that the
use of PD-1- and PD-1L-deficient mice developing progressive
myocarditis represents a suitable model to study mechanisms of
cardiac side effects observed during anti-PD-1-PD-1L therapies
in oncological patients.

Although α-MyHC represents a main cardioimmunogenic
antigen, other cardiac proteins can also trigger heart-
specific autoimmunity. Immunization of A/J mice with
recombinant cardiac troponin I peptide together with CFA
induces myocarditis, which is followed by myocardial fibrosis,
ventricular dilatation, and impaired systolic function (214).
Unlike α-MyHC, troponin I is expressed in medullary
thymic epithelial cells (207). The occurrence of circulating
troponin I-reactive T cells is, instead, a result of inefficient
elimination of autoreactive T cells during the “negative
selection.” The “leakage” of autoreactive T cells into periphery
is a physiological phenomenon and its degree depends on the
affinity of the TCR to the antigen-presenting medullary cells.
Clinical data show elevated levels of troponin I in around
one third of myocarditis patients (215), but high titers of
anti-troponin I antibodies were detected only in 7% of DCM
patients (216). It seems that troponin I represents rather
a secondary autoantigen in heart-specific autoimmunity in
myocarditis patients.

Presentation of cardiac antigen represent another important
element of autoimmunity. Clinical studies suggested that specific
HLA haplotypes are associated with heart-specific autoimmunity.
This idea was functionally confirmed by introducing specific
HLA complexes into a mouse. Replacement of mouse MHC
class II with the specific HLA-DQ8 in NOD or BALB/c mice
resulted in spontaneous development of myocarditis and iDCM
phenotype (without evident fibrosis), and were associated with
cardiac arrhythmias and high mortality of the transgenic mice
(176–180). This model resembles a course of fatal fulminant
myocarditis in humans. Adoptive transfer experiments pointed
to the key role of CD4+ T cells in pathogenesis of the disease in
this mouse model (178, 179). Interestingly, introduction of HLA-
DR3 or HLA-DQ6 failed to induce cardiac pathology pointing
the specific role of HLA-DQ8 in heart-specific autoimmunity
(177, 178). The HLA-DQ8 transgenic mice seem to be particular
useful to study mechanisms of cardiac antigen presentation and
induction of heart-specific autoimmunity.

A TRIPHASIC MODEL OF MYOCARDITIS

Taking together clinical observations as well as data from animal
models, a triphasic model of myocarditis development and
progression could be proposed (Figure 1). The initial phase
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FIGURE 1 | Schematic presentation of a triphasic model of myocarditis.

is associated with heart injury, caused usually by cardiotropic
infections or non-infectious triggers. Damaged myocardium
induces primary inflammatory response and development of
heart-specific autoimmunity, which results in the development
of myocarditis. In certain cases, myocarditis can be directly
induced by heart-specific autoimmunity. Cardiac inflammation
can be transient or chronic. In the transient form, acute phase of
myocarditis is followed by complete resolution of inflammation
or development of stable DCM. In case of chronic myocarditis,
many patients develop also DCM phenotype (iDCM). Cardiac
dysfunction in DCM and in iDCM is in most cases progressive
leading to end stage organ failure.

WHICH MODEL OF EXPERIMENTAL
MYOCARDITIS TO CHOOSE?

As presented above, a number of different animal models of
myocarditis have been developed. Experimental myocarditis
in mice can be induced with the whole spectrum of disease
triggers ranging from clinically relevant agents, such as infective
pathogens up to artificial models like transgenic animals.
Depending on the model, myocarditis is characterized by
different composition of inflammatory infiltrates and different
extent of necrotic myocardium. In many models, DCM or iDCM
phenotype associated with heart dysfunction represent the end
stage of the disease. The question arises, which model reflects
human myocarditis in the most relevant way. As myocarditis
in humans shows high diversity in terms of causative agents,
autoimmune response, course of inflammation, and progression
to DCM/iDCM, it becomes evident that one animal model
cannot mirror all aspects of the disease in humans.

For modeling of myocarditis with known etiology, as for
example CVB3-mediated myocarditis or Chagas disease, use
of the same infectious agent seems to be the most obvious

choice. Infectious pathogens spread and induce myocarditis
in mice and in humans using similar mechanisms, therefore
these models are particularly useful to study early phase
of disease. However, it is difficult to uncouple immune
mechanisms involved in pathogen clearance and in autoimmune
responses. Furthermore, handling the human infective pathogens
is potentially dangerous for experimentators and requires
exceptionally high biosafety standards.

In contrast, non-infectious models are safe for
experimentators, but induce myocarditis in rather non-
physiologic way. Nevertheless, lack of infectious agents allows to
better study autoimmune mechanisms and involvement of the
immune system to progression of myocarditis to DCM/iDCM
phenotype. Summarizing, the usefulness of the respective mouse
model is mostly limited to certain aspects of the disease in
humans. It is therefore very important to address scientific
question by choosing the relevant model.

ALTERNATIVES FOR ANIMAL STUDIES IN
MYOCARDITIS RESEARCH

In developed countries, public approval to conduct animal
experimentations is today low as never before. Activists raise
ethical concerns and appeal to minimize or even to stop
performing experiments involving animals. Some of these
postulates pointing to protocol optimization and to reduction of
severity in animal experimentation are rational and have been
already implemented in the form of 3R (replacement, reduction,
and refinement) guidelines, but is there a realistic animal-free
alternative in myocarditis research?

It seems that certain aspects of the disease, for example
replication of cardiotropic pathogens, fibroblast-to-
myofibroblast transition, endothelial cell activation, can be
effectively addressed using conventional ex vivo or in vitro
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systems. These systems are suitable for molecular studies,
but rather poorly reflect biomechanical and biochemical
microenvironment of cardiac tissue. Dynamic development of
three-dimensional cell culture methodologies, like organoids
or microtissues represents a recent advancement, which can
address some of these concerns. Furthermore, development of
the human induced pluripotent stem cell (iPSC) technology
represents another important milestone toward animal-free
research. The use of human iPSC-derived cardiomyocytes in
combination with other cell types allows today for a simplistic
modeling of a human heart (217, 218). Furthermore, de
novo tissue fabrication opens new possibilities to integrate
bioscaffolds for improved architecture and microelectronics
for live monitoring of cardiac tissue (219). These advances
offer potentially very attractive replacements for animal models
(220). However, generation of physiologically-relevant human
cardiac tissue faces a number of serious problems, which
include immature state of iPSC-derived cardiomyocytes, limited
availability of non-cardiac primary cells (fibroblasts, endothelial
cells) and high costs of de novo tissue fabrication. Moreover, in
myocarditis active migration of inflammatory cells into the tissue
plays a key role in the disease development. Currently, modeling
of inflammatory response in terms of influx of inflammatory
cells into cardiac tissue in vitro is not available.

Summarizing, it seems that the whole process of myocarditis
is too complex to reproduce it outside of a body by using today’s
technologies. However, certain aspects of the disease can be
reliably studied in vitro and upcoming advances may allow to
reduce animal research in the future.

CONCLUSIVE REMARKS

Animal models represent an important platform in preclinical
research. As presented above, developed models of experimental
myocarditis appear to reliably mirror many specific aspects
of the disease in humans. Currently, these animal models
are commonly used to get an insight into pathophysiology
of myocarditis on molecular and cellular level and to test
pharmaceutic compounds for treatment efficacy and safety.

However, animal studies are commonly unicenter, involving
mostly low group sizes and experiments are rarely reproduced
by others. Furthermore, in some cases, published papers lack
detailed description of used methodologies. Thus, the power of
such exploratory studies is usually low.

In laboratory practice, typical large scale, multicenter
animal studies are not possible due to ethical and economic
reasons. It seems that synthetic research integrating data
from independent studies is needed to increase the power of
experimental findings. In this case, the use of the same or
similar procedures is a basic prerequisite to analyse data from
different laboratories. In the area of experimental myocarditis,
some models show high reproducibility in terms of used
protocols and obtained results. In particularly, published data
by independent laboratories on disease course and severity
of myocarditis induced in specific inbred strains by infection
with CVB3 or by immunization with α-MyHC/CFA show
high consistency. In contrast, other models like experimental
Chagas disease show high variability due to inconsistencies
in methodologies. The use of standardized procedures would
allow to more effectively plan experimentations and more
accurately interpret obtained data. Furthermore, the use of
unified methodologies would be important to effectively
share omics resources and to implement meta-analyses in
animal research. Combined efforts are therefore needed to
more efficiently use the potential of animal models in order
to translate this knowledge into innovative, more effective
treatment therapies.
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3D Cardiac Cell Culture: A Critical
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Applications
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Three-dimensional (3D) cell culture is often mentioned in the context of regenerative

medicine, for example, for the replacement of ischemic myocardium with

tissue-engineered muscle constructs. Additionally, 3D cell culture is used, although less

commonly, in basic research, toxicology, and drug development. These applications

have recently benefited from innovations in stem cell technologies allowing the

mass-production of hiPSC-derived cardiomyocytes or other cardiovascular cells, and

from new culturing methods including organ-on-chip and bioprinting technologies.

On the analysis side, improved sensors, computer-assisted image analysis, and data

collection techniques have lowered the bar for switching to 3D cell culture models.

Nevertheless, 3D cell culture is not as widespread or standardized as traditional cell

culture methods using monolayers of cells on flat surfaces. The many possibilities

of 3D cell culture, but also its limitations, drawbacks and methodological pitfalls, are

less well-known. This article reviews currently used cardiovascular 3D cell culture

production methods and analysis techniques for the investigation of cardiotoxicity, in

drug development and for disease modeling.

Keywords: 3D cell culture, induced pluripotent stem cells, cardiomyocyte, spheroid, engineered heart tissue,

scaffold, high content screening

THE NEED FOR MORE TISSUE-LIKE CELL CULTURE MODELS

Standard cell culture using adherent cells onmulti-well plastic plates, dishes and flasks is an effective
technique for expanding cell lines, bioproduction, and inspection of cells in defined conditions.
However, as soon as cultured cells are expected to respond to drugs, toxins or signaling modifiers
like in vivo, cell culture on flat surfaces, i.e., two-dimensional (2D) culture, turns out to be an
imperfect or downright misleading (1–4). Cells in an intact tissue are embedded in extracellular
matrix proteins (ECM) and are exposed to an abundance of biochemical, mechanical, electrical and
other types of stimuli that lead to appropriate responses and fine-tuned changes in gene expression.
In the heart, cells undergo cyclic deformation, show rapid calcium transients and electrical signals
or experience shear stress from blood flow (1). In order to retain organotypic functionality as much
as possible, a straightforward approach is to use fully differentiated cells directly isolated from
living tissue, as these are considered to be in a native state (2). Animal models, explanted hearts
and later freshly isolated primary cells have been used for the assessments of various parameters
of cardiac cell physiology and electrophysiology for more than a century, which has increased our
knowledge of the basic mechanisms of the heart tremendously (5–7). Large animal models such
as minipigs or goats are also still needed as they provide the essential anatomical structures to
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study surgical interventions and to observe in situ clinically
relevant pathophysiological changes of heart and vessels, such as
the response to pressure overload, myocarditis or atherosclerosis
and infarcts (3). However, animal models are relatively expensive,
need experienced personnel, long-term housing, strict quality
control, and there are ethical concerns (4). Also, there are
differences between the human heart and those of animals, and
these differences can become more pronounced and limiting
in pathological conditions (8). For these reasons, it would be
advantageous to have access to in vitro screening models of the
myocardium that allow the study of long-term effects of drugs,
environmental factors and gene mutations, preferentially on a
human genetic background.

Because of the above-mentioned limitations of classic
models, three-dimensional (3D) culture systems have been
developed that attempt to restore in vivo conditions in some
sort of a multicellular micro-tissue (MT) with and without
additional, natural or synthetic biomaterials, also called scaffolds.
Historically, 3D cultures have first been used in a systematic
manner for drug testing in cancer biology, which is explained
in part by the fact that cellular aggregates with a hypoxic core
show many similarities with avascular solid tumors (9). It has
been repeatedly found, that only 3D technologies using co-
cultures are able to mimic key aspects of the phenotypical and
cellular heterogeneity as well as microenvironmental aspects of
tumor growth (10). In the cardiovascular field, current 3D cell
culture model systems that are in use for drug testing and
toxicology applications mostly fall into two main categories:
They contain A. a scaffold matrix, typically a hydrogel, which
is mixed with and populated by cells and forms a strip or
hourglass-shaped contracting MT between attachment sites, also
called an engineered heart tissue (EHT) (Figure 1) (5), or B.
smaller cellular aggregates (spheroids) forming by self-assembly
without scaffold proteins in hanging drops or in multi-well plates
with non-adhesive surfaces (Figure 2). An increasing number
of studies making use of cardiac scaffold-free spheroids for
drug testing and toxicology has been published in the last
couple of years (6, 7) and frequently, a mix or co-culture of
several cell types is used, such as rodent or human primary-
or human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs), fibroblasts, stem cells, and endothelial cells (19–
23). Additionally, microfluidic systems, micro-patterns, and
microphysiological platforms, including various sensors, pumps
and perfusion, and other technologies have been developed
around the living components of such model systems (24).
Larger tissue formats like multilayered cell sheets, re-cellularized
hearts or large biomaterial patches usually are too expensive
and slow in the making for drug screening purposes and are
instead developed for regenerative medicine (25). Recently, the
term “organoid” is more often used in the literature. However,
this term should not be used for every 3D cell culture as it
implies, at least by the original definition, self-organization of
stem cells that leads to differentiated organotypic structures and
functionality (26). In the cardiovascular field, self-organization
in vitro has been observed in vascular networks (27), but for
cardiac muscle cells, it is mostly limited to self-assembly of
clusters by aggregation, alignment, concerted contractions and
some degree of cellular maturation, while the actual embryonic

development of a vascularized organ with chambers, working
pump function and conduction system currently is not feasible
to replicate in vitro.

THE CELLULAR COMPONENTS OF
CARDIAC 3D CULTURE AND DISEASE
MODELS

The availability of differentiated cells for research is a challenge
in the cardiac field as postnatal mammalian cardiomyocytes do
not proliferate, and primary human cells are not available in
significant quantities (28). The use of primary ventricular
cardiomyocytes from adult animals or patients is not
recommended for 3D culture as these rod-shaped cells do
not integrate well in spherical aggregates and many cells
become necrotic when kept floating for longer time (own
observation). Fortunately, the development of hiPSC-CMs has
helped to improve this issue and promoted research with human
cardiomyocytes and 3D models in the cardiovascular field, even
if the currently available hiPSC-CM are relatively immature
(28–30). Also, the cell population is not entirely uniform as
ventricular-type, nodal and atrial-like action potentials are
found when single cells are analyzed using electrophysiological
methods (29). Furthermore, there is heterogeneity in the
expression of cytoskeleton and sarcomeric proteins such
chamber-specific myosin light chains or troponins, and different
grades of structural organization of sarcomeric proteins has been
observed (30, 31). Another practical issue encountered with
current protocols is the inconstant efficacy of the differentiation
process and batch-to-batch variations that lead to baseline
variations when cells from the same patient are repeatedly
re-programmed (11, 32). The incomplete maturation of the
cells may reduce the predictive power of the model system,
considering that cardiovascular diseases predominantly occur
in the elderly human population, although this demerit is not
limited to hiPSC-CMs (33, 34). Several strategies, particularly
with 3D cultures, have been employed to enhance the maturation
of cultured hiPSC-CM such as novel iPSC reprogramming
methods, changing the energy sources in specialized media,
finding the ideal developmental time window for experiments,
and electric and mechanical training of EHTs (35–38).

With the technology of hiPSC-CMs arrived the option of
using patient-derived cell lines with disease-specific phenotypes
and known mutations on a human genetic background, and
with the full knowledge of the patient’s medical history. This
is an exciting prospect as it might enable new options in
personalized medicine and gene therapies in vitro (39, 40).
Similarly, hiPSC-CM technology has been used to model a
number of inherited heart diseases, among them are Duchenne
muscular dystrophy, Fabry disease, Danon disease, familial
hypertrophic cardiomyopathy and others (41). Many of these
hiPSC cell lines are publicly available in stem cell banks for
use in different model systems including 3D culture approaches
(42). The hypothesis that 3D culture models can provide tissue-
like features was supported by using hiPSC-CMs with a disease-
specific genotype in an EHT-model: The contractile deficit of
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FIGURE 1 | Overview of different types of EHTs. Reprinted with permission from Weinberger et al. (11). (A) Plane EHT on Velcro-covered rods (5), (B) fabrication of

ring-shaped EHTs (12), (C) fibrin-based mini-EHT on polydimethylsiloxane (PDMS) racks (13), (D) cardiac micro tissues (CMT) on fluorescent pillars (14), (E)

cardiobundles on a PDMS frame (15), (F) micro heart muscle (16), (G) cardiac biowires (17), (H) cardiac patch (18).

FIGURE 2 | Overview of different spheroid production methods. (A) Hanging drops (InSphero, GravityPlus), (B) U-shaped multi-well plate with non-adhesive coating

(Greiner bio-one, Cellstar), (C) view inside a U-shaped well at day 2 of culture, (D) Spheroid made in hanging drop for 3 days was transferred to a non-adhesive

multi-well plate for further culture (InSphero, GravityTrap), (E) Silicone micro-mold (3D Petri-dish, microtissues.com) for making an agarose cast for 81 spheroids, (F)

Cardiac spheroids reside inside the 3D petri-dish agarose cast submerged in medium 4 days after seeding of the cell solution, (G) Small cardiac spheroids forming 3

days after seeding in a micro-patterned multi-well plate with 12 × 750 microwells (Kugelmeiers, Sphericalplate 5D). All photos by the author.

hiPSC-CMs with a truncation in the sarcomeric protein titin

was not visible in 2D cultured cardiomyocytes but became

obvious in EHTs working against the elastic resistance of PDMS
or silicone pillars (39). Regarding disease models, applications

in the field of cardio-oncology have motivated our lab to

explore different cardiomyocyte model systems from primary
adult rat cardiomyocytes to monolayers and cardiac spheroids
made of hiPSC-CM and to study cancer therapy-associated
changes of contractility and calcium handling (40, 43–45). Other
cardiomyopathies that have been modeled in 3D cultures include
cardiac fibrosis (46), hypertrophy (47), Chagas disease (48),

atrial fibrillation (49), cardiotoxic cancer therapies, and other
toxins (19, 20, 22, 44, 50).

PRODUCTION METHODS

A number of different types of 3D culture models and production
methods have been developed in the cardiovascular field
(Table 1). The most basic form of 3D culture is the multicellular
aggregate as it occurs by self-assembly of floating cells on low-
attachment surfaces (also called liquid-overlay method). Such a
suspension culture can be made in inexpensive ways, for example

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 June 2019 | Volume 6 | Article 8764

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zuppinger Applications of Cardiac 3D Culture

by using a sterile dish with a thin film of agarose. Spontaneous
formation of this type of multicellular aggregate has already
been observed at the time of early cardiomyocyte isolations from
fetal or newborn animals (57). Many suppliers of cell culture
products make variants of U-shaped bottom multi-well plates
with special coating for ultra-low attachment that leads to self-
assembly of spheroids (Figures 2B,C), or special formats for the
mass-production of small aggregates (Figure 2G). Similarly, soft
silicone molds can be used to make agarose-casts with many
small wells for the production of microtissues (Figures 2E,F).
The hanging drop technique has allowed producing uniform
microtissues in a reliable way (44, 55), and sophisticated systems
have been developed with hanging drops as part of microfluidic
systems including perfusion and sensors (56). Overall, an
advantage of the spheroid as 3D cell culture is the option of
using semi-automatic methods to produce spheroids by using a
pipetting robot for filling multi-well plates, exchanging medium,
drug treatments, and finally analyzing the samples in high-
content readers. Advantages and disadvantages of the spheroid
culture vs. the EHT-models are listed in Table 2. The EHTmodel
was conceived in the 90ies for the purpose of tissue engineering
(5). Soon it was also used for drug testing and disease models
with the option to measure contractile force, either directly or
by the deflection of silicone poles, as well as calcium transients
and electrical signals (13, 32, 61). Variants of the EHT model
were developed that have in common the casting of a hydrogel,
usually containing fibrin/thrombin and/or collagen and Matrigel
components, with the addition of either primary newborn rodent
cardiomyocytes or stem-cell derived cells as single and co-
cultures and different geometries and analysis options (Figure 1).
Elastic silicone posts deflect with the contractions and allow
the tissue to contract auxotonically and perform contractile
work, the physiological form of cardiac contraction (11). Smaller
formats were developed for the purpose of drug treatment
and optimization of maturation protocols (38, 41), while larger
formats are suitable for regenerative therapies (11).

Vascular in vitro models have improved in recent years with
the advent of microfluidic systems and the hope is, that these
systems may partially replace animal experimentation that has
been common in this field of research (62). Current vascular
in vitro models apply different molding techniques, bioprinting,
and combinations of these technologies for producing micro
vessels on organ-on-chip platforms (51–53, 59). The challenge
of oxygen supply in larger artificial tissues has been a matter
of active research in tissue engineering for some time (24, 63).
However, establishing a perfused vascular network in vitro
turned out more difficult than initially anticipated since these
processes are inherently multi-factorial and require a fine-tuned
expression and post-translational processing of growth factors,
a complex spatial localization of angiogenic signals in the ECM,
and the collaboration of multiple cell types (organ-specific
endothelial cells, pericytes, vascular smoothmuscle cells) (64, 65).
Instead of relying on cellular self-organization for establishing
vascular networks, recent studies rather use pre-formed channels
or bioprinting approaches to reach this goal (60). Additional
concepts have been published that are making use of combined
techniques, such as cell layers with pre-formed vascular trees

obtained from animals, bioprinted and microcontact models as
components of micro-physiological platforms and larger tissues
for surgical applications (51, 66, 67).

ANALYSIS METHODS

For endpoint analysis, classic lab methods like tissue fixation,
paraffin embedding, histology, cryosectioning, immunolabeling,
and cell viability/cytotoxicity assays are feasible with most types
of 3D cultures where the cells are accessible. Protein chemistry,
RNA isolation and histology usually require pooling of groups
of smaller cellular aggregates (own observations). A number of
cell viability/toxicology assays are commercially available that
can be performed with either live MT or lysed material (67).
Cell physiology methods for the investigation of cardiac features
in living tissues such as contractions, force, calcium cycling or
electric signals require specialized instrumentation depending
on the sensitivity of the sensors and the desired temporal
and spatial resolution (68). Although methods exist to directly
measure contractile force in single cardiac cells and small muscle
strips, these methods require a skilled workforce in order to
provide good reproducibility and have a slow throughput (69).
Instead, a variety of optical methods have been developed to
measure length changes of the whole cells or sarcomers during
the contractile cycle of mammalian cardiomyocytes (70–72).
These video-based systems are either commercially available as
complete bundles of hardware and software (IonOptix, Sony,
EHT technologies), or as open access software for image analysis
that can be used with existing microscopes and cameras (73, 74).
Such a video-based analysis can be realized in inexpensive ways
using modified consumer cameras (so-called action cameras
with high frame rates up to 240 frames per second) and open
source software (68). Optical measurement using white light
has the advantage of being label-free and non-invasive, so the
measurement can be repeated many times, even while the
cell culture is in the incubator if a camera is placed inside
an atmosphere- and temperature-controlled environment (68).
Besides classic electrophysiology methods using patching and
impaling with sharp microelectrode pipettes, multi-electrode
arrays, and impedance spectroscopy have been used to measure
electrical signals and contractile activity in cardiac 3D models
(75–78). Calcium-binding fluorescent dyes and voltage-sensitive
dyes have been used in 2D- and 3D-cultures as this method
allows to measure a greater number of samples in relatively short
time, and for some applications high-content readers can be
used for this purpose (Hamamatsu Photonics,Molecular Devices,
PerkinElmer) (50, 79). Although these optical methods provide
good results for live 3D cultures as a whole tissue, obtaining
data at (sub-)cellular level from inside these MT is challenging
without relying on time-consuming histology methods. High
optical resolution comes at the price of limited penetration depth
and technical issues such as the permeability for fluorescent
dyes and antibodies, the working distance of lenses and the
geometry of sample holders limit these whole-mount microscopy
applications. Recently, several approaches to “clearing” MTs (i.e.,
homogenizing the refractive index of the fixed tissue so that
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TABLE 1 | Overview of cardiovascular 3D cell culture technologies.

Type Specific bio-functional properties Companies References

Molded natural or synthetic hydrogels populated by

cells, attached to elastic micro-poles or a frame

Microtissues showing linearly aligned cardiomyocytes

and improved tissue and cellular maturation after

training, force measurements are feasible

EHT-technologies,

novoheart

(5, 12, 13, 15, 17, 38)

Enclosed cells and hydrogels (in molds, tubing, or

microfluidic channels), with perfusion

For microvascular models, self-organizing cells, may

include shear-stress and stretch, measurement of barrier

function

Mimetas, AlveoliX, TissUse (51–54)

Self-assembling multicellular aggregates on low

attachment plates, hanging drops or micropatterned

surfaces

Small aggregates and spheroids showing spontaneous

beating activity, can be mass-produced, treated and

analyzed by semi-automatic systems

InSphero,

microtissues.com, Corning,

Kugelmeiers, Stemcell,

Greiner, Nunclon, Cytoo

(6, 44, 55–57)

Magnetic levitation, bioprinting of larger structures,

layering of sheets

Large tissues consisting of different cell types and

biomaterials, making entire organs as the ultimate goal

n3D Biosciences,

RegenHU, CellInk, Biolife4D

(58–60)

Literature references and companies represent a non-exhaustive list and the author apologizes for any omissions.

TABLE 2 | Comparison of advantages and disadvantages of scaffold-based models and cardiac spheroids.

Advantage Features of cardiac spheroids Disadvantage

Uses only a small number of potentially costly cells per

data point

Small size of multicellular aggregates Methods like protein chemistry and RNA extraction

need pooling of spheroids

No interference of scaffold proteins with the

development of the microtissue or the outcome

of assays

Made without additional scaffold proteins Some ECM factors could improve survival and

self-organization of the tissue

Spheroid is quickly formed and ready for drug

treatment and analysis

Assembles spontaneously by gravity or on

non-adhesive surface

Little control over the distribution of cell types or overall

shape, may result in multiple spheroids

Manipulation by pipetting and sedimentation,

no touching

Spheroids are floating in culture Spheroids may get lost or stuck on surfaces in

pipetting steps

Mimics thicker tissues (and tumors) Larger spheroids develop zones of o2, PH, metabolites Reduced viability, variable results, limited diffusion

Motion activity and calcium cycling correlates with cell

viability and drug treatment

Show long-term spontaneous contractions No direct force measurement, non-linear cell alignment

Miniaturized multi-well formats and compatible with

plate readers

Spheroids can be cultured in single wells -

Advantage Features of scaffold-based models (EHT) Disadvantage

Shape can be tailored for applications (screening,

maturation, regen. Medicine)

Shape is determined by the scaffold/hydrogel mold Uses large number of cells per tissue

Hydrogel can be adapted for organotypic functions and

pathologies (vascularization, stiffness)

Made with scaffold biomaterial and ECM proteins Limited diffusion, risk of breaking, unequal distribution

of cells, potential interference with assays

Sensors can be integrated in microphysiological devices Tissues attached to support structures Manual steps necessary, small number of tissues of

the same batch of cells

Mech. And electrical training, physiological function in

disease models, force assessment

Linear alignment of muscle cells -

Technology development toward tissue engineering

applications

Training protocols show improved maturation of

hiPSC-CM

-

it becomes transparent) have been published, and commercial
solutions have become available, especially for the use with
spheroids and fluorescence high-content confocal imaging (80).

When it comes to choosing a 3D culture model system, the
requirements of the project dictate crucial analysis methods.
For a study of mechanical features of a muscle-construct, a
hydrogel-based EHT model system might be chosen, where
the cells experience mechanical load and have the ability to
align longitudinally. Contractile force can then be measured

either directly or using video methods by measuring the
deflection of attached micro-posts or pillars of known strength
(39, 40, 49, 50). Otherwise, if mainly the spontaneous or
electrically paced beating pattern and viability of cardiac
tissues is of interest in a larger number of samples, cardiac
spheroids may be the model of choice. Cardiac functionality of
these spheroids can be analyzed A) using label-free methods
either by computational video analysis or electrical impedance
spectroscopy methods, or B) using calcium- or voltage-sensitive
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dyes in multi-well plate readers, or by using more advanced
microscope equipment for multiparametric assessment (19, 44,
56, 68, 81–84). A comparison of features and comparative
advantages or disadvantages of these scaffold-containing or
scaffold-free models is shown in Table 2. Finally, it could be
summarized that spheroid models are easier to integrate in
existing drug developmental pipelines and to upscale the number
of tests in the same batch, while the ETHmodels provide a better
physiological representation of the myocardium and thereby
enable the analysis of advanced disease models.

WHY IS 3D CELL CULTURE NOT USED
MORE OFTEN?

Although many tools and reagents for making and analyzing
3D cell culture models are commercially available, and the
number of publications in all fields of life science is increasing
(85), the technology is infrequently used, outside of regenerative
medicine, in academic research labs or industry several decades
after the publication of the first studies (86). Reasons for this
situation include that standard 2D culture is well established,
with ample literature available, and previous studies to compare
results (87). Furthermore, 2D culture has gained uncritical
acceptance in the past, is less expensive, is more standardized,
and is often easier and less time-consuming to analyze and
to handle in the lab. When considering practical aspects
of working with 3D culture, seemingly trivial tasks such as
regular checking for culture health and growth are more
difficult with most 3D models, because even smaller tissues
usually are opaque and single cells not discernable unless
stained (Figures 2C,D). Additionally, manual handling of the
microtissues and culture medium can be challenging when
the MTs are free floating, fragile or access to the tissue(s) is
obstructed by surrounding containers and technical equipment.
Some systems facilitate the handling of spheroids by trapping
them in conical wells, in perfused chambers inside organ-on-
chip designs or by incorporation of magnetic nanoparticles
(88, 89) (Table 1). Fortunately, there are more technologies
and products coming to the market that are targeted at 3D
cell culture applications such as different formats of spheroid
and EHT production systems, microfluidic technology and
suitable ready-to-use equipment, reagents for the clarification of
thicker tissues and adapted microscopes and software for live
imaging. Finally, and despite the above-mentioned technological
advancements, the research community has to agree to a set
of standards and read-outs to use in efficacy and toxicity
screening (90). Replacement of animal research by in vitro

technologies using human cells is another substantial incentive
for 3D cell culture, and already had a significant impact, for
example, on how cosmetics are tested in vitro as the use of
animals is banned for this purpose in Europe (4, 67). Still, it
can be debated if existing 3D models already provide sufficient
evidence for superior predictions of the clinical outcome of a new
drug, and if these models show enough physiological relevance
compared to animal or human tissue, or still lack complexity,
for example regarding the role of the vasculature or the immune
system (12, 90).

CONCLUSIONS AND OUTLOOK

Each in vitro model has advantages and disadvantages for
using it with certain assays, regarding organotypic features and
production methods. Therefore, it needs to be decided upfront,
which parameters and organotypic features are essential to be
included in the study and if going 3D is making sense in
the context of a particular project. Apparently, if the project
deals with features of single cells isolated from its myocardial
environment, then 2D cultured cardiomyocytes offer the option
to use classic electrophysiology, high-resolution microscopy, and
other methods. Instead 3D culture mimics features of larger
tissues or entire organs and is the method of choice for co-culture
models. 3D cardiac cell culture technologies hold great potential
for applications in tissue engineering, drug development, cardio-
toxicology and disease modeling. But a considerable effort is still
needed to assure the accuracy, relevance, and reproducibility of
thesemodels and to improve automation and readout techniques.
Instead of pushing many different systems to the market, careful
analysis of core concepts may be instrumental for establishing 3D
cell culture as a widespread and validated tool in life science.
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Background: Cardiac fibroblasts represent a main stromal cell type in the healthy

myocardium. Activation of cardiac fibroblasts has been implicated in the pathogenesis

of many heart diseases. Profibrotic stimuli activate fibroblasts, which proliferate and

differentiate into pathogenic myofibroblasts causing a fibrotic phenotype in the heart.

Cardiac fibroblasts are characterized by production of type I collagen, but non-transgenic

methods allowing their identification and isolation require further improvements. Herein,

we present a new and simple flow cytometry-basedmethod to identify and isolate cardiac

fibroblasts from the murine heart.

Methods and Results: Wild-type and reporter mice expressing enhanced green

fluorescent protein (EGFP) under the murine alpha1(I) collagen promoter (Col1a1-EGFP)

were used in this study. Hearts were harvested and dissociated into single cell

suspensions using enzymatic digestion. Cardiac cells were stained with the erythrocyte

marker Ter119, the pan-leukocyte marker CD45, the endothelial cell marker CD31 and

gp38 (known also as podoplanin). Fibroblasts were defined in a two-color flow cytometry

analysis as a lineage-negative (Lin: Ter119−CD45−CD31−) and gp38-positive (gp38+)

population. Analysis of hearts isolated from Col1a1-EGFP reporter mice showed that

cardiac Lin−gp38+ cells corresponded to type I collagen-producing cells. Lin−gp38+

cells were partially positive for the mesenchymal markers CD44, CD140a, Sca-1 and

CD90.2. Sorted Lin−gp38+ cells were successfully expanded in vitro for up to four

passages. Lin−gp38+ cells activated by Transforming Growth Factor Beta 1 (TGF-β1)

upregulated myofibroblast-specific genes and proteins, developed stress fibers positive

for alpha smooth muscle actin (αSMA) and showed increased contractility in the collagen

gel contraction assay.

Conclusions: Two-color flow cytometry analysis using the selected cell surface antigens

allows for the identification of collagen-producing fibroblasts in unaffected mouse hearts

without using specific reporter constructs. This strategy opens new perspectives to study

the physiology and pathophysiology of cardiac fibroblasts in mouse models.

Keywords: cardiac fibroblast, collagen I, gp38/podoplanin, FACS sorting, flow cytometry
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Stellato et al. Protocol for Isolation of Cardiac Fibroblasts

INTRODUCTION

Cardiac fibroblasts represent the main stromal cell type in the
adult heart, which control extracellular matrix (ECM) turnover
and maintain tissue structure (1–3). Fibroblasts are commonly
defined as type I collagen-producing cells. For a long time,
fibroblasts have been thought to be a homogenous cell population
of mesenchymal origin with similar functions in different
organs. However, several recent studies have demonstrated
that fibroblasts present an extensive phenotypic heterogeneity
(4–6). Disbalance in production and degradation of ECM
components is associated with tissue remodeling. Activation
of cardiac fibroblasts often leads to excessive accumulation
of ECM proteins (mainly type I collagen) and proliferation
of stromal cells in the myocardium. Fibrosis in the heart
causes not only impaired mechanical contraction, but also can
disturb conduction of electrical impulses. Progressive fibrosis is
considered as one of the major causes of heart failures. This
process is regulated by both, intrinsic mechanisms, such as
transcriptional regulatory networks (7) and epigenetic processes,
and by extrinsic factors, such as cell-to-cell signaling, soluble
signaling mediators or ECM components. Transforming growth
factor beta (TGF-β) represents a key profibrotic cytokine
that activates and differentiates fibroblasts into pathological
myofibroblasts. Myofibroblasts are characterized by excessive
ECM production and enhanced contractility potentials and their
presence is a key feature of cardiac fibrosis (8). Filaments positive
for alpha smooth muscle actin (αSMA) is a commonly used
marker of myofibroblasts.

A routine method to obtain cardiac fibroblasts is based on
their selective adhesion and high expansion potential in cell
cultures. Typically, outgrowing cells isolated from cardiac muscle
are considered as fibroblasts. Indeed, while using optimized
protocols, many cells obtained with this method show features
of fibroblasts (2). This method is, however, not specific, and does
not allow for analysis of freshly isolated cells.

Flow cytometry and fluorescence-activated cell sorting (FACS)
represent widely used technologies to identify and isolate cells
from a single cell suspension based on fluorescence. Antibodies
conjugated with different fluorescent dyes allow detecting
multiple markers simultaneously on a single cell. Analysis of
living cells by flow cytometry and FACS requires, however, the
use of antibodies recognizing cell membrane markers. Many cell
types express specific cell membrane antigens, as for example
haematopoietic cells (CD45) or endothelial cells (CD31). Cardiac
fibroblasts were characterized by expression of certain cell surface
antigens (9), but so far, the unique, fibroblast-defining cell surface
marker is not available.

A subset of stromal cells recently identified in secondary
lymphoid organs (SLOs) is defined by gp38 (called also
podoplanin) positivity (4). At first, gp38 expression was found
to be essential during development (10). In the developing
heart, gp38 plays an important role in development of sinus
venous myocardium (11). In the adult heart, gp38 is expressed in

cardiac lymphatic vessels and in interstitial cells (12). Conversely,
recent studies demonstrated that gp38 expression is limited

to lymphatic endothelial cells and fibroblastic reticular cells,

suggesting that gp38+ cells may play an important role in
different organs during homeostasis and disease processes such
as inflammation or fibrosis (5, 13). Flow cytometry study
in SLOs demonstrated that fibroblastic cells are negative for
hematopoietic and endothelial lineage markers CD45 and CD31
defining a population of lymphatic fibroblasts (14). Characteristic
of cardiac gp38+ cells with flow cytometry has not been clarified
yet. We hypothesized that lineage-negative and gp38+ cells in the
heart might specifically define a population of cardiac fibroblasts.

METHODS

Preparation of Single Cell Suspension
From Mouse Heart
Wild-type C57BL/6 mice were purchased from Charles Rivers.
Col1a1-EGFP (pCol9GFP-HS4,5) reporter mice (15) were kindly
provided by Prof. D.A. Brenner, San Diego, USA. All mice were
housed in pathogen-free conditions. Animal experiments were
performed in accordance with the Swiss federal law and with the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication, 8th
Edition, 2011). The Cantonal Veterinary Office in Zurich had
approved animal experiments.

Hearts of 6–8-week-old wild-type and Col1a1-EGFP reporter
mice were perfused with ice-cold phosphate buffered saline (PBS)
through the left ventricle, were harvested and kept in PBS on
ice. Hearts were cut into small pieces, resuspended in 0.025
mg/mL of Liberase TM solution (Roche) containing collagenase
I and II and DNAse (40 ug/mL, Stemcell Technologies) in
pure Dulbecco’s modified Eagle’s medium (DMEM, Sigma) and
incubated for 45min at 37◦C. Enzymatic digestion was supported
bymechanical tissue fragmentation usingmagnetic beads (VWR)
and magnetic stirrer. Digested tissue was filtered through
a 70µm cell strainer followed by low speed centrifugation
(50 g, 2min) to remove cardiomyocytes, cell clumps and
the remaining undigested tissue. Next, the supernatants were
passed through a 40µm cell strainer, centrifuged at 450 g for
4min and washed with PBS. Single cell suspension for flow
cytometry staining was obtained by resuspending cell pellet
in FACS buffer: (PBS supplemented with 1% fetal bovine
serum (FBS, ThermoScientific/Life Technology) and 1mM
EDTA (ThermoScientific/Invitrogen).

Flow Cytometry and Cell Sorting
Cells in single cell suspensions were blocked with anti-mouse
CD16/CD32 (1:200; Clone 93, Thermo Fisher Scientific) for
10min at 4◦C, followed by incubation on ice for 30min with the
appropriate combination of fluorochrome-conjugated antibodies
diluted in FACS buffer: TER119-PE, (1:600, clone TER-11,
eBioscience), CD45-PE (1:300, clone 30-F11, eBioscience),
CD31-PE (1:300, clone 390, Thermo Fisher Scientific), gp38-
APC (1:100, clone 8.1.1, eBioscience), CD90.2-eFluor 450
(1:300, clone 53-2.1, eBioscience), Sca-1- PerCP-Cy5.5 (1:300,
clone D7, eBioscience), CD44-PE-Cy7 (1:300, clone IM7,
eBioscience), CD140a-PE-Cy7 (1:300, clone APA5, eBioscience).
4′,6-diamidino-2-phenylindole (DAPI 1µg/mL, Roche) was used
to distinguish live/dead cells. Cells were analyzed with the BD
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LSR Fortessa flow cytometer (BD Biosciences) and sorted with
the FACSAria III 4L (BD Biosciences). FlowJo (version 10.08) was
used for data analyses.

Cell Culture
Sorted Lin−gp38+ cells were cultured in DMEM (Gibco)
supplemented with 10% FBS, 50 U/mL penicillin, 50µg/mL
streptomycin (both Gibco) and 50mM β-mercaptoethanol
(Thermo Fisher Scientific). Cells were passaged up to 4 passages.
Cells from passages 3 and 4 were used in differentiation
experiments. Cell differentiation was induced with 10 ng/mL
mouse recombinant TGF-β1 (Peprotech). All cells were cultured
in humified incubators under standard culture conditions at
37◦C and 5% CO2.

RNA Extraction and qPCR
Cells were washed with PBS, mixed with RNA lysis buffer
(Zymo) and frozen at −80◦C. Zymo Quick-RNA MicroPrep
isolation kit was used to extract total RNA. 100% ethanol
was added to the lysates and samples were than processed on
the MicroPrep columns. DNA contamination was removed by
DNAse I digestion. RNAwas washed and eluted in 10µl of water.
RNA concentration and purity were assessed with Nanodrop
1000 (Thermo Fisher Scientific). Reverse transcription of 125 ng
total RNA was performed using the Transcriptor First Strand
cDNA Synthesis kit (Roche) and random hexamers, according
to the manufacturer’s protocol. qPCRs were performed with
2x SYBR Green master mix (Promega) and oligonucleotides
for the genes of interest using an Agilent Technologies
Stratagene Mx3005P qPCR system. Acta2 oligonucleotides:
forward (5′->3′): CGCTGTCAGGAACCCTGAGA,
reverse (5′->3′): CGAAGCCGGCCTTACAGA; Gapdh
(housekeeping gene) oligonucleotides: forward (5′->3′):
CTGCACCACCAACTGCTTAGC, reverse (5′->3′):
GGCATGGACTGTGGTCATGAG. Relative Acta2 expression
was normalized to Gapdh levels.

Western Blotting
Cellular proteins were extracted with RIPA buffer (Sigma-
Aldrich) supplemented with protease inhibitor cocktail
(Complete ULTRA Tablets, Roche) and phosphatase
inhibitors (PhosphoStop, Roche) from cultivated cells. Protein
concentration was quantified by colorimetric bicinchoninic acid
assay according to the manufacturer’s protocol (Thermo Fisher
Scientific). SDS-PAGE electrophoresis and wet-transfer method
were used to separate and transfer proteins on nitrocellulose
membranes followed by 45min incubation in blocking solution:
[tris buffered saline, Tween-20 (TBST, Thermo Fisher Scientific)
containing 5% skim milk powder (Becton Dickinson AG)].
Membranes were incubated overnight with the following
primary antibodies: anti-αSMA (1:1000, clone 1A4, Sigma-
Aldrich) or GAPDH (1:10000, clone 14C10, Cell Signaling).
Horseradish peroxidase (HRP)-conjugated secondary antibodies
were used for detection with ECL substrate (SuperSignal West
Pico Plus, Thermo Fisher Scientific) and development on the
Fusion Fx (Vilber). Densitometric analyses were performed with

ImageJ 1.47t. Fold changes were computed after normalization
to GAPDH.

ELISA

Lin−gp38+ cells were cultured for up to 4 passages and seeded
with or without TGF-β1 (10 ng/mL) in 1% FBS medium for 7
days. Supernatants were collected and diluted 1:100 for assessing
the amount of pro-collagen I alpha 1 using ELISA (Abcam)
according to the manufacturer’s instructions. The amount of pro-
collagen I alpha 1 in the samples was calculated as interpolation
of the standard curve.

Immunofluorescent Staining
Cells

Cells were seeded in 8-chamber slides (Lab-Tec) at the density
of 2,500 cells/well, fixed in ice-cold methanol:acetone 7:3 (both
Sigma-Aldrich) for 10min at −20◦C, washed with PBS and
blocked with 10% FBS in PBS for 20min at room temperature.
Subsequently, incubation with the primary mouse anti-αSMA
antibody (clone: clone 1A4, 1:100, Sigma-Aldrich) was performed
for 1 h at room temperature followed by staining with the
secondary Alexa 488 goat anti-mouse antibody (1:400, Thermo
Fischer Scientific) and 50µg/ml of fluorescent labeled phalloidin
(Sigma-Aldrich) to visualize stress fibers for 45min at room
temperature. Nuclei were counterstained with DAPI solution
(1µg/ml, Roche). Images were acquired with an Olympus BX53
microscope equipped with a DP80 camera.

Heart Tissue

Hearts were collected after PBS perfusion through the left
ventricle, washed in cold PBS and incubated 24 h in 4%
paraformaldehyde-PBS followed by incubating for another 24 h
in 30% Sucrose-PBS at 4◦C. Tissues were embedded in OCT
and 15µm sections were cut and kept in PBS at 4◦C until
used for immunohistochemical staining. First, cardiac sections
were permeabilized with 0.1% TritonX-100 (Sigma-Aldrich) in
PBS for 5min, washed 3 times in PBS and blocked using 5%
bovine serum albumin (BSA) together with 2% FBS in PBS for
30min at room temperature (RT). Successively, golden syrian
hamster anti-gp38 primary antibody (clone: 8.1.1., eBioscience;
1:50) was incubated overnight at 4◦C. Sections were then washed
three times in PBS and incubated with anti-hamster Alexa Fluor
546 secondary antibody (1:500, Thermo Fischer Scientific) for
45min. Finally, after 3 washings in PBS, DAPI was used to
label nuclei. Stained sections were transferred onto microscope
slides and mounted with Vectashield mounting medium (Vector
Laboratories). Images were acquired with an Olympus BX53
microscope equipped with a DP80 camera.

Cell Contraction Assay
To assess contractile properties, the Contraction Assay Kit (Cell
Biolabs) was used following the manufacturer’s protocol. Cells
were cultivated with or without 10 ng/mL TGF-β for 72 h and
re-seeded in collagen gels for further 72 h. Each condition was
analyzed in triplicates or quadruplicates. Images were taken at
time 0, 24, 48, and 72 h after re-seeding in a collagen gel. Areas
of the gels were measured by ImageJ. Percentage of contraction
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of all conditions was measured compared to the average of
unstimulated cells at day 0.

Bromodeoxyuridine (BrdU) ELISA
Proliferation Assay
Cells were seeded in 96-well plates (5,000 cells/well), stimulated
with 10 ng/mL TGF-β for 24 h and BrdU was added to the culture
medium for the next 24 h. BrdU incorporation was measured
by Colorimetric Cell Proliferation ELISA (Roche) according
the manufacturer’s protocol. Briefly, cells were fixed with a
fixative/denaturing solution for 30min and further incubated
with anti-BrdU-POD antibodies for 90min at room temperature
followed by addition of the substrate solution. Absorbance
was measured at 450 nm with correction at 690 nm with the
Synergy HT microplate reader (BioTek). Each sample was
measured in quadruplicates. Mean absorbance was calculated
and unstimulated cells served as control. All experimental
conditions were calculated as fold change to controls.

Caspase Glo 3/7 Assay
For the detection of apoptosis, Caspase 3/7 activity was
determined by using the Caspase-Glo R© 3/7 Assay Systems
(Promega) following the manufacturer’s protocol. Briefly, Lin-
gp38+ cells were seeded in 96-well plates (5,000 cells/well),
and stimulated with 10 ng/mL TGF-β for 24 h. Next, cells were
incubated with the Caspase-Glo R© reagent for 2 h in the dark
at room temperature. Luminescent signals were measured with
the Synergy HT microplate reader (BioTek). All conditions were
analyzed in quadruplicates. Mean luminescence was calculated
and unstimulated cells served as control. All experimental
conditions were calculated as fold change to control.

Statistics

Statistical significance of non-normally distributed data was
analyzed by non-parametric Mann-Whitney U-test or Kruskal-
Wallis test. For Western Blot data analysis, Dunn’s post-hoc test
was used for multiple comparisons. For ELISA data analysis,
paired t-test was used. For contraction assays, all time-points
were compared to each other using Sidak’s multiple comparison
test. All analyses were computed using the GraphPad Prism 8
software. Differences were considered statistically significant for
p < 0.05; n refers to the number of biological replicates.

RESULTS

Identification of a Stromal Cell Subset in
the Mouse Heart
To isolate fibroblasts from the whole heart of wild-type mice,
we established a protocol suitable for obtaining a single cell
suspension to process and analyse by two-color flow cytometry.
The single cell suspension was first gated in SSC-A, FSC-A plots
to exclude cellular debris (below 50 k in FSC-A). Afterwards, live
cells were selected as DAPI-negative in FSC-H/DAPI plots. In our
two-color strategy, we combined antibodies against the stromal
cell marker gp38 conjugated with one fluorescent dye (color 1)
with three antibodies against markers of erythrocytes (Ter119),
leukocytes (CD45) and endothelial cells (CD31) conjugated

with another fluorescent dye (color 2). Anti-Ter119, anti-CD45
and anti-CD31 are thereafter referred to as lineage markers.
Two-color flow cytometry analysis of cardiac tissue obtained
from a healthy mouse showed a distinct population of gp38+

cells negative for lineage markers called further Lin−gp38+

(Figure 1). Subsequently, we assessed the expression of gp38 in
rest of the cell suspension. Lin−gp38+ cells represented a rare,
but distinct population in hearts of wild-type mouse (median
4.2%, Q1,3 3.4%, 4.9% for n = 5 of positive cells gated on live,
single cell total population; Figure 2).

Cardiac Lin−gp38+ Cells Represent Type I
Collagen-Producing Fibroblasts
Fibroblasts are characterized by collagen I production. In the next
step, using Col1a1-EGFP reporter mice, we analyzed whether
cardiac Lin−gp38+ cells produce collagen I. To this aim cardiac
cells of Col1a1-EGFP mouse were stained with the two-color
panel and analyzed by flow cytometry. As shown in Figure 3, the
vast majority of EGFP-positive cells were Lin−gp38+ (median
95.4%, Q1,3 90%, 97% for n = 5, Figures 3B,D). Importantly,
Lin−gp38+ cells were absent in the EGFP-negative population
(median 1%, Q1,3 0.6%, 1.6% for n = 5, Figures 3C,D). These
results demonstrated that type I collagen-producing cardiac
fibroblasts could be specifically identified using indicated two-
color panel and flow cytometry analysis. Moreover, we performed
immunofluorescence staining for gp38 on heart sections from
Col1a1-EGFP reporter mice. The pictures presented in Figure 3E
show that most of EGFP+ cells co-express gp38, and are
localized between cardiomyocytes. In the next step, we further
characterized cardiac Lin−gp38+ cells for expression of selected
mesenchymal markers using flow cytometry. We found that the
majority of Lin−gp38+ cells were positive for CD44 (median
94.5%, Q1,3 76.5%, 97.2% for n = 5) and CD140a (median
96.7%, Q1,3 94.7%, 99.8% for n = 5). Furthermore, our data
demonstrated that only a subset of cardiac Lin−gp38+ cells
expressed Sca-1 antigen (median 51.2%, Q1,3 50.5%, 57.4% for
n = 5) and CD90.2 (median 30.6%, Q1,3 21.9%, 46.4% for n = 5,
Figure 4A). These results confirm previous findings that cardiac
fibroblasts are phenotypically heterogeneous.

TGF-β1 Turns Cardiac Lin−gp38+ Cells Into
Myofibroblast-Like Cells
In the next step, we established in vitro cultures of cardiac
Lin−gp38+ cells. To this aim, Lin−gp38+ cells were sorted by
FACS from the heart of adult wild-type mice and expanded in
vitro for up to 4 passages. Cultivated Lin−gp38+ cells showed
similar expression of mesenchymal markers upon 4 passages
compared to freshly isolated cells for Sca-1 (median 50.2%,
Q1,3 49.5%, 52.2% for n = 5), CD44 (median 98.1%, Q1,3
96.8%, 99.2% for n = 5), CD140α (median 43.3%, Q1,3 42.8%,
51.8%, for n = 5) and CD90.2 (median 42.3%, Q1,3 39.1%,
45.0% for n = 5, Figure 4B). The profibrotic cytokine TGF-
β1 is known to enhance proliferation of cardiac fibroblasts
and converse them into myofibroblast. We investigated how
sorted and expanded cardiac Lin−gp38+ cells responded to
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FIGURE 1 | Schematic protocol for stromal cell isolation from the mouse heart. Adult C57BL/6 mice were sacrificed and PBS perfusion via left ventricle was

performed. Subsequently, hearts were cut with scissors and digested enzymatically, using pure DMEM complemented with a mixture of collagenase I, II, and DNAse.

The incubation was performed for 45′ at 37◦C in the presence of magnetic beads on a magnetic stirrer. Next, flow cytometry staining of antibodies included in the

panel for stromal cell subset identification was implemented. Markers in red were used for the negative selection (Ter119, CD45, and CD31). In addition single cell

suspension was evaluated for the expression of gp38 (in black). Cartoons adapted from SERVIER MEDICAL ART (https://smart.servier.com/), Creative Commons

Attribution 3.0 License (https://creativecommons.org/licenses/by/3.0/legalcode).

FIGURE 2 | Cardiac Lin−gp38+ represents a distinct stromal cell population in the mouse heart. Representative pictures and quantification of flow cytometry analysis

of hearts from wild-type C57BL/6 mice. Mice of mixed gender were sacrificed, hearts were harvested and processed as described in Figure 1. Cellular debris below

50 k in FSC-A were excluded in SSC-A, FSC-A plots. After that, live cells were selected as DAPI-negative in FSC-H/DAPI plots. The percentage of Lin−gp38+ cells

was quantified from the population of live cells (gated as DAPI-negative in FSC-H/DAPI plots) (n = 5).

stimulation with TGF-β1. As shown in Figure 5A, TGF-β1 up-
regulated Acta2 (gene encoding αSMA) expression 24 h after
treatment induction. In line with this finding, αSMA protein
was significantly up-regulated 72 h after TGF-β1 treatment
(Figure 5B). Stimulation with TGF-β1 induced secretion of pro-
collagen I by Lin−gp38+ cells (Figure 5C). Treatment with TGF-
β1 induced also formation of well-structured αSMA-positive
fibers, which co-localized with stress fibers (Figure 5D). αSMA
protein incorporated into stress fibers has been implicated in
increased isometric contraction of myofibroblasts. We measured
the contraction strength of Lin−gp38+ cells using a collagen gel
contraction assay. As shown in Figure 5E, treatment with TGF-
β1 for 72 h increased contraction of Lin−gp38+ cells. Finally,

we assessed the effect of TGF-β1 on proliferation and apoptosis
of Lin−gp38+ cells. We observed increased proliferation of
Lin−gp38+ cells treated with TGF-β1 in comparison to untreated
control (Figure 5F). In contrast, TGF-β1 treatment did not
affect apoptosis of Lin−gp38+ cells (Figure 5G). Altogether,
these results indicate that TGF-β1 can effectively differentiate
Lin−gp38+ cells into myofibroblasts-like cells.

DISCUSSION

Several studies have investigated cellular composition of the
adult mammalian heart. It is widely accepted that myocytes
account for about 35% of the total number of cells in the
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FIGURE 3 | Cardiac Lin−gp38+ cells represent collagen I producing cells. Representative flow cytometry analysis of cells isolated from hearts of Col1a1-EGFP tg

mice. Cellular debris below 50 k in FSC-A were excluded in SSC-A/FSC-A plots. Live cells were first gated as Col1a1-EGFP+ or Col1a1-EGFP− (A) and then

analyzed for expression of Lin and gp38. The percentage of Lin−gp38+ cells was quantified from Col1a1-EGFP+ cells (B) and Col1α1-EGFP− cells (C). (D) Shows

quantification of Lin−gp38+ cell percentages from EGFP− (white circles) and EGFP+ (green circles) cells (n = 5). (E) Shows representative staining of gp38 (red) and

EGFP expression (green) indicating the collagen I-producing cells in the cryosections from hearts of Col1a1-EGFP tg mouse. DAPI stains cell nuclei. Bar = 50µm.

heart, while endothelial cells, fibroblasts, vascular smooth
muscle and myeloid cells represent remaining fractions.
Accordingly, endothelial cells account for up to 60%,
myeloid cells for up to 10% and fibroblasts for up to 20%
based on immunohistochemistry analyses (16, 17). A recent
multiparametric flow cytometry analysis suggested that
fibroblasts represent about 15% of non-cardiomyocyte cells
(16). This analysis was, however, performed on cells obtained
from ventricles only. Recently, these methods were overcome

by more modern techniques, such as single cell RNAseq, which
allowed a better understanding of the cellular frequencies
in the heart (18). Fibroblasts seem to constitute the main
stromal cell type in the myocardium (19). Nevertheless, the
exact number of stromal cells and fibroblasts in particular
in the heart is still debated. In fact, diverse studies have
demonstrated that fibroblasts are not only phenotypically but
also functionally different, according to their origin, localization
in the body and tissues. Furthermore, the lack of reliable, specific
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FIGURE 4 | Expression of mesenchymal cell markers on cardiac Lin−gp38+ cells. Representative flow cytometry histograms (data are representative for 1 out of 5

independent experiments; gray color indicates unstained controls) and quantification of the indicated mesenchymal markers on Lin−gp38+ cells of single cell

suspension obtained from mouse heart (A) and cardiac Lin−gp38+ cells expanded in vitro for 3 passages (B) (n = 5).

and exclusive markers for fibroblasts has made their clear
identification difficult.

To date, Fibroblast Specific Protein 1 (FSP1), CD90 (also
named Thy-1), CD248 and others have been suggested as
fibroblast-specific markers (9). However, subsequent studies
demonstrated that endothelial cells and hematopoietic cells
might share the expression of these markers. Moreover, several
cell types might acquire or loose markers during disease-
driven differentiation mechanisms. Kong et al used GFP-driven
expression by FSP1 promoter in cardiac homeostasis and disease.
The authors demonstrated that following myocardial infarction,
half of the FSP1+ cells were identified as hematopoietic
cells and many endothelial cells were also positive for FSP1,
indicating that FSP1 could not be considered exclusive for

fibroblasts. CD90 was shown to be expressed in various cell
types, including fibroblasts, ovarian cancer cells, endothelial
cells, neurons, and hematopoietic cells (20). A recent study
of single cell analyses revealed the up-regulation of fibrotic
gene profiles: Postn, Acta2, Adam12, Lox, Wisp1, and Ddr2
during cardiac remodeling in response to angiotensin II and
after myocardial infarction (21, 22). Lineage tracing studies
revealed that periostin-expressing myofibroblasts play a pivotal
role during healing and fibrosis in the heart following
myocardial infarction. These periostin-expressingmyofibroblasts
originated from Tcf21-expressing tissue-resident fibroblasts (21).
However, the lack of specific monoclonal anti-mouse periostin
antibodies, disables the use of this marker for the efficient
isolation procedure.
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FIGURE 5 | Cardiac Lin−gp38+ cells response to TGF-β1 stimulation. Cardiac Lin−gp38+ cells were isolated from hearts of C57BL/6 mice as described in Figure 1

and expanded in vitro. (A) Shows Acta2 mRNA expression in cardiac Lin−gp38+ cells cultured in the presence or absence of TGF-β1 (10 ng/mL) for 24 h (n = 5,

p-value calculated with Mann-Whitney U-test). (B) Shows quantification and representative immunoblots for αSMA protein levels in lysates of Lin−gp38+ cells

cultured in the presence or absence of TGF-β1 (10 ng/mL) for the indicated time [n = 5, p-values computed using Kruskal-Wallis test followed by the Dunn’s multiple

comparisons test, *p < 0.05 (post-hoc test vs. control)]. In (C), results from ELISA for pro-collagen type 1 are presented. Lin−gp38+ cells were seeded at passage 3

and treated with or without TGF-β1 (10 ng/mL) for 7 days. Supernatants were used to assess the amount of pro-collagen type 1 secreted from Lin−gp38+ cells

(n = 5, p-value calculated with paired t-test). (D) Shows representative staining of αSMA (green) and phalloidin (red) in Lin−gp38+ cells cultivated in the presence or

absence of TGF-β1 (10 ng/mL) for 3 days. DAPI stains cell nuclei. Bar = 50µm. (E) Shows quantification of Lin−gp38+ cells contractility precultured in the presence

or absence of TGF-β1 (10 ng/mL) for 3 days (n = 6, p-value calculated with Sidak’s multiple comparison test). (F) Indicates quantification of BrdU incorporation by

Lin−gp38+ cells cultured in the presence or absence of TGF-β1 (10 ng/mL) for 24 h (n = 5, p-value calculated with Mann-Whitney U-test). (G) Shows quantification of

cleaved caspase 3/7 activity in Lin−gp38+ cells cultured in the presence or absence of TGF-β1 (10 ng/mL) for 24 h (n = 4, p-value calculated with Mann-Whitney

U-test).
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Gp38 (podoplanin) is a mucin-type transmembrane
glycoprotein receptor (10). This marker was recently described
to stain a subset of stromal cells in SLOs. The gp38+ stromal
cells play a central role in the formation, reorganization and
metabolism of ECM in SLOs as well as in liver, dermis and
muscles (5) and are crucial in the functional regulation of T
and B cell responses during immunity (23). Importantly, gp38+

cells have been also identified in non-lymphoid organs such
as pancreas, liver and spleen and were associated with chronic
inflammation and fibrosis (24). In fibrosis, gp38+ cells function
as potent producers of ECM, hyaluronan and connective tissue
growth factor, which is required for TGF-β-induced proliferation
and differentiation into myofibroblasts (24). In mouse models
of biliary and parenchymal liver fibrosis and in steatohepatitis,
gp38 expression was linked with CD133 on newly characterized
stromal cell population, which considerably expanded in all
analyzed models of liver injury and returned to baseline levels
during regression of inflammation (13). In the context of fibrotic
disease, the gp38 marker has been reported to be expressed in
CD34−gp38+CD90+ reticular cells in the skin of the patients
with systemic sclerosis and in mouse skin wounds (25) as well as
a subset of ADAM12+gp38+PDGFRα+ in skin and muscle acute
injury stromal cells (5).

In this study, we demonstrated that lineage (Ter119, CD45
and CD31)-negative and gp38-positive cells represented a
population of type I collagen-producing fibroblasts in the adult
mouse heart. Accordingly, our results showed that the two-color
staining strategy could successfully replace the use of Col1a1-
EGFP reporter mice allowing for analysis of cardiac fibroblasts
in non-transgenic mice. The two-color staining can be also used
to isolate cardiac fibroblasts by FACS. Our proof-of-concept
experiment confirmed that these cardiac Lin−gp38+ cells can
be expanded in vitro for up to 4 passages and respond to
TGF-β1 stimulation by inducing a myofibroblast-like phenotype.
Currently, a commonly used method to isolate cardiac fibroblasts
is based on differential adhesive properties of isolated cells.
In this method, cardiac tissue is disintegrated by enzymatic
digestion and obtained single cell suspension is plated onto a cell
culture dish. Adherent (typically after 90min) and proliferating
(after days/weeks) cells showing a spindle shape phenotype are
considered as fibroblasts (26). In this method no specific cell
selection is performed, which may lead to impurity of isolated
cells bringing potentially biased outcomes.

Flow cytometry analysis allows for the analysis on multiple
markers on a single cell level. Our data showed expression
of CD44 and CD140a on cardiac Lin−gp38+ cells. CD44 is a
receptor for hyaluronic acid and other ECM ligands expressed
on cardiac fibroblast in homeostasis and increased after
heart infarction (27–29), while CD140a was demonstrated
to be expressed in a sub-fraction of immature stromal
cells with the qualities of mesenchymal stem cells (30). It
is well-known that cardiac fibroblasts represent rather a
heterogeneous cell population. In line with that, we found
only a subset of cardiac Lin−gp38+ cells expressing Sca-1
and CD90, both well-known markers for mesenchymal
stromal cells (31). Sca-1 has been used as a marker for

fibroblastic cells, displaying a mesenchymal phenotype (32).
Moreover, Sca-1 is expressed on cardiac progenitor cell
populations, which attenuate the functional decline and
adverse remodeling in post-infarction murine models showing
beneficial effects for cardiac repair (33, 34). Interestingly,
cardiac Lin−gp38+ cells resulted to be almost completely
negative for the expression of CD29 (fibronectin receptor,
not shown), which is considered as another mesenchymal
marker (27).

Altogether, here we provide an easy and effective protocol for
the identification and isolation of living cardiac fibroblast using
two-color flow cytometry. We recommend to use this strategy
specially to study the fibroblast populations in healthy or (and)
diseased heart. We believe that this protocol will be used in
various mouse models of cardiovascular diseases.
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Introduction: An inadequate wound healing following myocardial infarction (MI) is

one of the main etiologies of heart failure (HF) development. Interventions aiming at

improving this process may contribute to preserving cardiac function after MI. Our

group, as well as others, have demonstrated the crucial role of Wnt/frizzled signaling

in post-MI remodeling. In this overview, we provide the results of different studies aimed

at confirming an initial study from our group, in which we observed beneficial effects of

administration of a peptide fragment of Wnt5a, UM206, on infarct healing in a mouse

MI model.

Methods: Mice were subjected to permanent left coronary artery ligation, and treated

with saline (control) or UM206, administered via osmotic minipumps. Cardiac function

was assessed by echocardiography and hemodynamic measurements, while infarct size

and myofibroblast content were characterized by (immuno)histochemistry.

Results: In total, we performed seven follow-up studies, but we were unable to

reproduce the beneficial effects of UM206 on infarct healing in most of them. Variations in

dose and timing of UM206 administration, its manufacturer and the genetic background

of themice could not restore the phenotype. An in-depth analysis of the datasets revealed

that the absence of effect of UM206 coincided with a lack of adverse cardiac remodeling

and HF development in all experimental groups, irrespective of the treatment.

Discussion: Irreproducibility of experimental observations is a major issue in biomedical

sciences. It can arise from a relatively low number of experimental observations in the

original study, a faulty hypothesis or a variation in the experimental model that cannot

be controlled. In this case, the lack of adverse cardiac remodeling and lung weight

increases in the follow-up studies point out to altered experimental conditions as the

most likely explanation.

Keywords: myocardial infarction, cardiac remodeling, heart failure, Wnt/frizzled signaling, receptor blockade,

peptide fragment
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INTRODUCTION

Heart failure (HF) is a devastating condition that frequently
results from myocardial infarction (MI). The development
of HF is generally thought to be the consequence of adverse
cardiac remodeling (1). Although the initial remodeling
of the infarct area after MI is generally considered to
be beneficial, excessive remodeling leads to dilatation of
the entire left ventricle, inducing a deleterious effect on
cardiac function (2). This has resulted in the concept
that interventions targeting post-MI wound healing can
be cardioprotective.

In the past decades, extensive efforts have been made to study
the post-MI wound healing process, in order to discover novel
therapeutic targets. Several pathways have been identified and
tested in animal models (2). Our lab has a longstanding interest
in the role of Wnt signaling in cardiac remodeling following
MI and the potential of this pathway for interventions aiming
to improve wound healing. Following the initial description
of the activation of Wnt signaling post-MI (3), several studies
from our group and others have provided evidence for the
beneficial effects of Wnt-signaling-related interventions on the
wound healing post-MI (4). Our group has published data on an
intervention with a peptide fragment ofWnt5a– named UM206–
in a mouse MI model (5). UM206 was designed to interfere
with the interaction between Wnt and its receptors, members
of the frizzled protein family. In this study, subcutaneous
administration of UM206 (n = 26) or saline (n = 17)–via
an osmotic minipump–resulted in a reduction of the infarct
size by almost 40% and a >3-fold increase in myofibroblast
content in the infarct area, when compared to saline treatment.
The end-diastolic volume of the LV more than doubled in
saline-treated mice at 5 weeks post-MI, but only increased
∼35% in the UM206-treated animals. The ejection fraction
(EF) was 31 ± 3% in the UM206-treated group, compared to
17 ± 3% in saline-treated animals. Furthermore, the increase
in lung weight, a sign of fluid retention in the lung due to
compromised pump function, was significantly reduced and the
mortality, which amounted 35% in the saline-treated group at 5
weeks post-MI, was completely prevented in the UM206-treated
group. These observations indicated that HF development was
attenuated in this relatively large group of UM206-treated
animals (5).

Following this successful study, we decided to test variations in
the dosage regimen and timing and thus gain more insight into
the cellular target(s) of UM206 and the phase(s) of the wound
healing where the compound displays the optimal activity, in
order to shed light onto its exact mechanism(s) of action. We
initially observed that interventions with UM206 starting at 2
weeks post-MI were almost as successful as administration of
UM206 for 5 weeks following MI. However, after two positive
studies the beneficial effect of UM206 appeared to be lost.
In this manuscript, we provide an overview of the available
experimental data regarding the variable effects of UM206
on infarct healing and discuss the possible interpretations of
our findings.

METHODS

Overview of the Studies
In this overview, we present the results from seven different
studies in which we assessed the effects of UM206 on infarct
healing. UM206 was administered subcutaneously via an osmotic
minipump at a dose of 6 µg/kg/day, with the exception of
study G where a higher dose (150 µg/kg/day) was used.
In all studies except for study D, Swiss mice were used as
they show a strong tendency to develop left ventricular (LV)
dilatation and HF after MI (6). In all studies, the administration
of UM206 started either directly or after a specified period
following the induction of MI. The dosage regimens are
graphically represented inTable 1, where the orange bars indicate
the UM206-treatment periods and the gray bars indicate the
saline-treatment periods.

In studies A and B, infarct healing was followed for 8 weeks
with UM206 administered for the final 5 weeks (first 3 weeks
were treatment-free). In study C, Swiss mice from two different
suppliers (Charles River and Harlan) were subjected to a 5 weeks
UM206 treatment (starting shortly after MI induction). In study
D, the influence of the genetic background was explored by
using BALB/c rather than Swiss mice. In study E, the oxidized
(circular) form of UM206 was administered whereas in all other
studies the linear (reduced) form was applied. Because UM206
obtained from different sources was used in the previous studies
(see below), the UM206 from the batch used in the original
study as well as in study A was used again in study F. Finally,
in study G, UM206 was administered at a maximally soluble dose
of 150 µg/kg/day.

Origin and Administration of UM206
UM206 was produced either by ChemPep Inc., Miami FL, USA
or by Pepscan Therapeutics, Lelystad, The Netherlands. UM206
is a 13 amino acid peptide derived from an area of high homology
between multiple Wnt molecules. It has a molecular weight of
1,427 Da and the following sequence: Ac-CNKTSEGMDGCEL-
NH2. In previous experiments, this peptide was found to inhibit
the frizzled-1 and−2 mediated canonical Wnt signaling induced
by Wnt3a in vitro (5). The UM206 compound was administrated
subcutaneously via osmotic minipumps (Alzet 2006; Durect,
Cupertino CA, USA).

Animal Surgery
An overview of the executed studies can be found in Table 1.
Male Swiss mice were used (10–12 weeks of age at the start of
the study) in all studies with the exception of study D, where
male BALB/c mice were used. The animals were supplied by
Charles River, Leiden, The Netherlands, but in study C, Swiss
mice from Charles River and Harlan (Horst, The Netherlands)
were compared to each other. Animals had free access to food and
water. MI was induced under isoflurane gas anesthesia (2–3%)
using a stereomicroscope (Leica MZ FL III, Leica Switzerland)
as previously described (6). Briefly, animals were placed on a
heating pad in supine position, endotracheal intubation was
performed under direct laryngoscopy andmechanical ventilation
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TABLE 1 | Schematic overview of the included studies, illustrating the treatment protocols with either UM206 (orange bars) or saline (gray bars).

Study/Week 1 2 3 4 5 6 7 8 Subject Source of UM206

Regression

A Effect of UM206 Chempep

on infarct regression

B Effect of UM206 Chempep

on infarct regression

Mouse strain

C Comparison Swiss mice Chempep

from Charles River and Harlan

D BalbC mice Pepscan

Source of UM206

E Test UM206 from Pepscan Pepscan

F UM206 from original Chempep

Chempep vial (study A)

G High dose experiment Pepscan

150 µg/kg.day

No treatment Saline UM206 End of experiment

Periods where no treatment was administered are represented by black bars. In total, data from seven different studies were included in this overview. The length of the studies, the

specific subject of each study and the source of UM206 are indicated in the respective columns.

was maintained with a small animal respirator (Hugo Sachs,
MiniVent, tidal volume: 180–250 µl, rate: 200–250 breaths/min,
depending on the strain). After thoracotomy, the lateral branch
of the left anterior descending (LAD) coronary artery was
ligated with a 6-0 prolene suture, just proximally to the
main bifurcation. Successful ligation was verified by visual
inspection of the LV apex for myocardial blanching, indicating
interruption of the coronary blood flow. The chest cavity and
skin were closed in layers with 5-0 polysorb sutures. Animals
were gradually weaned from the respirator. All experimental
procedures were approved by the Committee for Animal
Research of Maastricht University and were performed by
highly trained and experienced users that were blinded to the
treatment groups.

Echocardiography
Left ventricular (LV) dimensions and function were assessed
under isoflurane anesthesia (2–3% for induction and 1–2%
for maintenance) as previously described (5). B-mode
echocardiographic recordings were made in midpapillary
short-axis and parasternal long-axis using a Vevo 2100 imaging
platform (VisualSonics, Toronto, ON, Canada) with a 30 MHz
transducer. Data were derived from images in end diastole and
peak systole and average values over at least three different
cycles were used. From the long-axis images, LV area (LVA)
as well as the length of the LV lumen from base to apex
(LVL) were determined. The end-diastolic volume (EDV) and
end-systolic volume (ESV) were calculated from the area and
length measurements as (8 × LVA2)/(3π × LVL) in diastole and

systole, respectively, and ejection fraction (EF) was deducted.
All measurements and analysis were performed by experienced
users that were blinded to the treatment groups.

Hemodynamics
Hemodynamic measurements were performed as previously
described (7). Briefly, mice underwent urethane anesthesia (2.5
mg/kg i.p.), then a high-fidelity catheter tip micromanometer
(Mikro-tip 1.4F; SPR-671, Millar Instruments, Houston TX,
USA) was inserted through the right carotid artery into
the LV cavity. The heart was then stimulated by an i.v.
ramp infusion of dobutamine (Sigma Aldrich, Saint Louis,
MO, USA) using a microinjection pump (model 200 Series,
KdScientific, Boston, MA, USA). Every 2min the infusion rate
of dobutamine was increased by 2.5 ng/g body weight−1 min−1

up to 20 ng/g body weight−1 min−1 and contractility data
were recorded.

Histological Analysis
Histological analysis of the infarcted hearts was performed
as previously described (6). Briefly, mouse hearts were
longitudinally cut in half, perpendicular to the septum,
fixed in 4% paraformaldehyde solution for 24 h and embedded
in paraffin. Sections (4µm) were cut and stained with the
AZAN technique. Infarct size (percentage of the LV length) was
measured using a computerized morphometry system (Qwin,
Leica). Alpha smoothmuscle actin (αSMA)monoclonal antibody
(Sigma, dilution 1:1,000) was used to identify myofibroblasts in
the infarct area. The relative myofibroblast area was determined
using the Qwin morphometry system with manual exclusion of
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vascular smooth muscle cells and expressed as myofibroblast
area/total tissue area (%).

Statistical Analysis
Data are expressed as means ± SEM. For comparisons
between individual groups, Student’s t-test was used. A P <

0.05 (two-sided) was considered to be statistically significant.
Comparisons of multiple groups were performed using one-
way ANOVA with Dunnett’s post-hoc test. Again, P < 0.05
(two-sided) were considered to be statistically significant.
All statistical analyses were performed using GraphPad
software (version 7).

RESULTS

Effects of UM206 Treatment on Mortality
After MI
One of the most remarkable effects of the UM206 treatment in
our previously published study was the complete prevention of
mortality post-MI (5). In Swiss mice, mortality due to HF is
typically around 30%, 5 weeks after induction of MI (6), a figure

TABLE 2 | Overview of mouse mortality in all follow-up studies.

Study % saline

(dead/total)

%

treated

(dead/total)

Mortality

before start

of treatment

Total

mouse

number

Total

mortality

Regression

A 0% (0/6) 0% (0/9) 11 26 11

B 0% (0/6) 14% (2/14) 2 22 4

Mouse strain

C N/A 5% (1/20) N/A 20 1

D 15% (2/13) 0% (0/13) N/A 26 2

Source

E 0% (0/10) 13% (1/8) N/A 18 1

F 0% (0/7) 0% (0/4) N/A 11 0

G 0% (0/6) 0% (0/8) 3 14 3

N/A, “not available” (no deaths recorded).

that was confirmed in the saline-treated group in our original
study. An overview of the mortality rates of the mice in all seven
studies is provided in Table 2. It is remarkable to note that in all
studies the mortality was found to be considerably lower than
in the previously published study, irrespective of whether the
animals received UM206 or saline treatment.

Effects of Late Administration of UM206
(Studies A and B)
These experiments were designed to study the effects of UM206
on the later phases of infarct healing to explore whether this
intervention could induce regression of the infarct size. To
this end, the administration of UM206 started at 3 weeks after
infarction and continued until 8 weeks post-MI. As shown
in Figure 1, in the initial experiment (study A) an improved
EF was observed (Figure 1A), which was accompanied by a
significant reduction in EDV and ESV (Table 3). In study A,
UM206 treatment also resulted in a significant reduction in lung
weight. However, these findings were not paralleled by a smaller
infarct size (Figure 1B), an increase in myofibroblast numbers
(Figure 1C) or improved hemodynamics (Table 3), as observed
in our original study (5). Moreover, a second experiment with
an identical experimental setup (Study B) showed a significant
decline in EF (Figure 1A) and no significant effects on any of the
other parameters tested (Figure 1B and Table 3). Unfortunately,
due to a technical failure in the tissue processing we could not
determine the myofibroblast content in study B.

Effect of Mouse Strain and Supplier
(Studies C and D)
In previous studies, we observed profound effects of mouse strain
and supplier on infarct healing (6). Therefore, we compared
Swiss mice from two different suppliers (Charles River and
Harlan, Study C) and studied the effects of UM206 on infarct
healing in BalbC mice (study D). The EF was found to be
significantly higher in the UM206-treated Swiss mice supplied
by Harlan (Figure 2A), but this was not accompanied by a
significant difference in infarct size (Figure 2B), myofibroblast
content (Figure 2C) or any of the other parameters listed in
Table 4. Along similar lines, no beneficial effects of UM206

FIGURE 1 | Regression studies (Studies A and B): Cardiac function, infarct size, and myofibroblast counts. (A) Cardiac function (as measured by ejection fraction

[EF%]), (B) Infarct size determination (measured by IHC and expressed as % of tissue length), and (C) Myofibroblast count (measured by IHC and expressed as % of

infarct area). EF, ejection fraction; IHC, immunohistochemistry; N/A, not available. Data are presented as mean ± SEM. *P < 0.05.
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TABLE 3 | Regression studies (Studies A and B): echocardiographic parameters (EDV and ESV), hemodynamic characteristics determination (dP/dt max and dP/dt min),

and heart and lung weight measurements.

Study A Study B

Saline UM206 Saline UM206

EDV (cm3) 0.278± 0.024 0.195±0.014*** 0.192± 0.021 0.204± 0.012

ESV (cm3) 0.250± 0.027 0.151±0.015*** 0.149± 0.023 0.171± 0.012

dP/dt max (mmHg/sec)† 3345± 1210 5088±942 5495± 620 3797± 326*

dP/dt min (mmHg/sec)† −2020± 500 −2292±472 −2839± 353 −2330± 149

HW/BW 0.0051± 0.0002 0.0047±0.0002 0.0047± 0.0003 0.0047± 0.0001

LW/BW 0.0072± 0.0011 0.0050±0.0001* 0.0050± 0.0003 0.0060± 0.0005

The dP/dt max
†
and dP/dt min

†
data represent the effect of dobutamine on the dP/dt corrected for the baseline (dP/dt max or min value minus the dP/dt baseline value respectively).

EDV, end diastolic volume; ESV, end systolic volume; HW/BW, heart weight to body weight ration; LW/BW, lung weight to body weight ratio. Data are presented as mean ± SEM.

*P < 0.05, ***P < 0.001.

FIGURE 2 | Mouse strain studies (Studies C and D): Cardiac function, infarct size, and myofibroblast counts. (A) Cardiac function (as measured by ejection fraction

[EF%]), (B) Infarct size determination (measured by IHC and expressed as % of tissue length), and (C) Myofibroblast count (measured by IHC and expressed as % of

infarct area). EF, ejection fraction; IHC, immunohistochemistry. Data are presented as mean ± SEM. *P < 0.05.

administration were observed in BalbC mice for any of the tested
parameters (Figure 2 and Table 4).

Effect of Oxidative State, Source, and Dose
of UM206 (Studies E–G)
To rule out any effects of the oxidative state, source and dose
of UM206, we performed three additional experiments; the
results are presented in Figure 3 and Table 5. UM206 contains
two Cys residues which, when oxidized, can form a disulfide
bond that circularizes the peptide. In study E, we compared
the administration of this circular form of UM206 with saline
treatment and did not observe any effect of the administration
on the parameters tested. In study F, we administered UM206
from the original badge produced by Chempep, identical to the
compound used in our original study (5). Again, no effect of this
therapy was observed on any of the parameters tested. Finally,
we decided to increase the dose of UM206 from 6 µg/kg/day,
as used in all previous experiments, to 150 µg/kg/day (Study
G). This dose was achieved by inserting a saturated solution
of UM206 in the minipumps. Unfortunately, similarly to the
previous experiments we did not observe any beneficial effects
of this high-dose administration of UM206 when compared to
saline administration.

DISCUSSION

In this manuscript, we provide an overview of seven studies,
performed in our laboratory, on the effects of UM206 on
the wound healing after MI. These studies were performed
to confirm the strong protective effect of this treatment on
adverse cardiac remodeling, as previously illustrated by less
dilatation of the left ventricle, improved cardiac function and
lower lung weights, as well as improved survival (5). This
beneficial effect of UM206 treatment on infarct healing could
partially be confirmed in the first follow-up study, although the
increase in myofibroblast numbers could not be reproduced. In
the other studies, no significant differences have been observed
in the infarct healing UM206-treated groups compared to saline-
treated controls.

Irreproducibility of experimental data is a major issue
in biomedical sciences. Researchers from the pharmaceutical
companies Bayer and Amgen have systematically investigated
this issue and found that the results of 75–91% of published
experimental studies could not be reproduced in their own
laboratories (8, 9). This illustrates that we are dealing with a
considerable number of variables that are difficult to control,
but that are of paramount importance for the outcome of an
experiment. It is quite evident that when one is confronted
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TABLE 4 | Mouse strain studies (Studies C and D): echocardiographic parameters (EDV and ESV), hemodynamic characteristics determination (dP/dt max and dP/dt

min), and heart and lung weight measurements.

Study C Study D

Swiss Harlan Swiss C.-R BalbC BalbC

UM206 UM206 Saline UM206

EDV (cm3) 0.228± 0.012 0.210±0.017 0.123± 0.009 0.130± 0.006

ESV (cm3) 0.202± 0.013 0.159±0.018 0.099± 0.008 0.108± 0.007

dP/dt max (mmHg/sec)† 2999± 499 4291±861 5017± 876 4293± 656

dP/dt min (mmHg/sec)† −1774± 310 −2666±775 −2646± 436 −2464± 330

HW/BW 0.0042± 0.0001 0.0046±0.0001 0.0062± 0.0004 0.0065± 0.0005

LW/BW 0.0081± 0.0007 0.0058±0.0005 0.0100± 0.0019 0.0106± 0.0017

The dP/dt max
†
and dP/dt min

†
data represent the effect of dobutamine on the dP/dt corrected for the baseline (dP/dt max or min value minus the dP/dt baseline value respectively).

EDV, end diastolic volume; ESV, end systolic volume; HW/BW, heart weight to body weight ration; LW/BW, lung weight to body weight ratio. Data are presented as mean ± SEM.

FIGURE 3 | Different source/dose of UM206 studies (Studies E, F, and G): (A) Cardiac function (as measured by ejection fraction [EF%]), (B) Infarct size determination

(measured by IHC and expressed as % of tissue length), and (C) Myofibroblast count (measured by IHC and expressed as % of infarct area). EF, ejection fraction; IHC,

immunohistochemistry. Data are presented as mean ± SEM.

with a discrepancy between subsequent studies, a scrutinous
comparison of the experimental conditions is executed to identify
potential differences. First, the surgical team that performed the
operations is highly experienced and has not changed over the
years so this is an unlikely factor. Originally, the Swiss mice were
obtained from Charles River, but in order to exclude a possible
effect of the genetic background we also tested Swiss mice from
Harlan as well as BALB/c mice, with similar results. This excludes
the animal background and surgery as a plausible explanation for
the variations observed in the effects of UM206.

Another variable that we addressed was the source of UM206.
In most of the studies, we made use of UM206 produced by
ChemPep (Miami FL, USA) but we also tried UM206 produced
by Pepscan (Lelystad, the Netherlands). No consistent differences
in effects were observed between the peptides produced by these
two companies, which is in complete agreement with the identical
analytical data sheets provided with the compounds.

Since, UM206 is a peptide of 13 amino acids with two Cys
residues located at positions 1 and 11, the peptide can form
an internal disulfide bond when it is placed under oxidative
conditions. Alternatively, dimeric or even multimeric complexes
can also be–theoretically–formed, although this is obviously

more likely to occur when the compound is dissolved at a high
concentration. Given the low concentration of UM206 in the
minipumps (4 µmol/l), the formation of multimers is unlikely.
In vitro incubation of UM206 in osmotic minipumps under
oxidative conditions revealed that virtually all of the UM206 will
have formed disulfide bonds–mostly the internal variant–within
24 h (personal communication Dr. Nicolas Dailly and Dr. Peter
Timmerman, Pepscan Lelystad). In previous in vitro studies,
we have found the oxidized form of UM206 to be inactive as
an antagonist, so this could explain the lack of effect observed
in the follow-up studies. However, then the question remains
unanswered how the compound could be administered in the
active form in the initial studies, since themode of administration
(osmotic minipump) was the same.

A third issue is the position of the UM206 peptide
in the Wnt/frizzled complex. The crystal structure of the
XWnt8/frizzled-8 cysteine-rich domain was published (10),
showing that it is unlikely that the loop of the Wnt protein
where UM206 is derived from is in direct physical contact with
the frizzled protein. This finding obscures the pharmacological
mechanism of action of this peptide. In the meantime, several
researchers have provided evidence thatWnt and frizzled interact
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TABLE 5 | Studies on different sources and dosing of UM206: echocardiographic parameters (EDV and ESV), hemodynamic characteristics determination (dP/dt max

and dP/dt min), and heart and lung weight measurements.

Study E Study F Study G

Pepscan 6 µg/kg/day Chempep 6 µg/kg/day Pepscan 150 µg/kg/day

Saline UM206 Saline UM206 Saline UM206

EDV (cm3) 0.187± 0.011 0.182± 0.007 0.142±0.008 0.137±0.020 0.194±0.020 0.190±0.019

ESV (cm3) 0.145± 0.012 0.144± 0.008 0.109±0.010 0.115±0.026 0.152±0.021 0.148±0.022

dP/dt max (mmHg/sec)† 3915± 587 3349± 622 2201±432 4039±1711 3150±561 3826±446

dP/dt min (mmHg/sec)† −1941± 302 −1841± 335 −924±232 −1861±559 −1537±356 −1767±247

HW/BW 0.0044± 0.0001 0.0043± 0.0001 0.0051±0.0004 0.0053±0.0005 0.0048±0.0003 0.0045±0.0001

LW/BW 0.0057± 0.0005 0.0049± 0.0002 0.0070±0.0019 0.0080±0.0022 0.0065±0.0011 0.0071±0.0011

The dP/dt max
†
and dP/dt min

†
data represent the effect of dobutamine on the dP/dt corrected for the baseline (dP/dt max or min value minus the dP/dt baseline value respectively).

EDV, end diastolic volume; ESV, end systolic volume; HW/BW, heart weight to body weight ration; LW/BW, lung weight to body weight ratio. Data are presented as mean ± SEM.

in a complex with other proteins, including the co-receptor
LRP5/6 (11), and it is quite likely that UM206 interferes somehow
with this complex formation. We cannot exclude that variations
in the components involved in the formation of this complex
determine the effectiveness of UM206, but it is unclear how this
could have changed over time.

A remarkable observation in the current set of experimental
data is that the lung weights in the saline-treated animals in the
original study were considerably higher than the lung weights
in the follow-up studies, despite similar infarct lengths. This
suggests that overt HF induced by MI was only present in the
first studies, but the development of the cardiac remodeling
response was less severe in the latter ones. It is obvious that
a therapy aiming at preventing adverse cardiac remodeling is
ineffective when this adverse remodeling does not take place.
This raises the question whether there have been any changes
in the experimental conditions between the initial and follow-
up studies that could explain these deviating outcomes. At this
point, we can only speculate about experimental conditions,
such as e.g., housing conditions, which could influence the
infarct healing to the extent that heart failure development
after MI was prevented. An alternative explanation could be
that changes in the gut microbiome, which is increasingly
recognized as factor regulating the wound healing after MI
(12), have affected the heart failure development after MI
over time.

A plausible explanation for irreproducible results can be
that the underlying hypothesis is wrong and the positive
results, observed in the initial experiment, are actually the
result of chance. In this case, this explanation for the lack of
reproducibility does not seem to hold. First of all, in the initial
study, a relatively large number of animals (saline: n = 17,
UM206-treated: n = 26) was included (5), supporting the
robustness of the statistical analysis of these data. Moreover,
we tested UM206 in a swine model of ischemia/reperfusion
and one of the most prominent findings of this study was
a reduced infarct size, similar to what we observed in our
initial mouse study (13). In this context, it is relevant to
note that several other authors have demonstrated beneficial
effects on infarct healing of pharmacological inhibition of
Wnt signaling (14). This includes interventions at the level of
Wnt secretion (15–17), the β-catenin destruction complex (18),

and the β-catenin transcription complex (19, 20). Repression
of the methylation of the Wnt inhibitory factor 1 gene was
shown to improve the differentiation of cardiac progenitor cells
into cardiomyocytes, resulting in preserved LV wall thickening
and improved LV functional parameters (21). In all of these
studies, the inhibition of Wnt signaling induced a reduction
in infarct size, similar to what we observed in our initial
UM206 study. Furthermore, Foxy-5, a peptide derived from
the same region of Wnt5a as UM206, has been shown to
reduce metastatic spread of prostate cancer cells, underscoring
the pharmacological potency of Wnt5a fragments (22). Taken
together, explaining the inconsistent results from our mouse
studies by an incorrect underlying hypothesis is becoming
increasingly unlikely.

CONCLUSIONS

The current overview of multiple studies on the effect of
UM206 on infarct healing in mice suggests that changes in
the experimental model had a profound effect on the results.
In this case, the lack of HF development in the follow-up
studies most likely has obscured the beneficial effects of the
compound on wound healing post-MI. In the meantime, studies
by several other groups have confirmed the beneficial effects of
pharmacological Wnt inhibition on infarct healing by targeting
the pathway at different levels. This supports the validity of
the concept that inhibition of Wnt signaling after MI can be
a promising novel approach to improve wound healing and
preserve cardiac function.
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Introduction: Coronary arterial stenosis may impair myocardial perfusion with

myocardial ischemia and associated morbidity and mortality as result. The myocardial

fractional flow reserve (FFR) is clinically used as a stenosis-specific index.

Aim: This study aims to identify the relation between the FFR and the degree of coronary

arterial stenosis using a simple mathematical model of the coronary circulation.

Methods: A mathematical model of the coronary circulation, including an arterial

stenosis of variable degree, was developed. The relation between the FFR and the degree

of stenosis (defined as the fractional cross sectional area narrowing) was investigated,

including the influence of the aortic and venous pressures and the capillary resistance. An

additional study concerning 22 patients with coronary artery disease permits comparison

of clinical data and in silico findings.

Results: The FFR shows an S-shaped relationship with the stenosis index. We found

a marked influence of venous and aortic pressure and capillary resistance. The FFR

is accompanied by a clinically relevant co-metric (FFRC), defined by the Pythagorean

sum of the two pressures in the definition formula for FFR. In the patient group the

FFRC is strongly related to the post-stenotic pressure (R = 0.91). The FFRC requires

establishment of a validated cut-off point using future trials.

Conclusion: The S-shaped dependence of FFR on the severity of the stenosis makes

the FFR a measure of the ordinal scale. The marked influences of the aortic and venous

pressures and the capillary resistance on the FFR will be interpreted as significant

variations in intra- and inter-individual clinical findings. These fluctuations are partly

connected to the neglect of considering the FFRC. At otherwise identical conditions the

FFR asmeasured at baseline differs from the value obtained during hyperemic conditions.

This expected observation requires further investigation, as the current hyperemia based

evaluation fails to take advantage of available baseline data.

Keywords: coronary circulation, coronary stenosis, degree of stenosis, fractional flow reserve, mathematical

model, clinical metrics, in silico study

INTRODUCTION

A coronary artery stenosis may seriously affect myocardial perfusion with myocardial ischemia
or even cardiac death as possible sequelae (1). Consequently, a function limiting coronary
arterial stenosis is associated with a significant increase in morbidity and mortality, although the
underlying mechanisms may partly differ for men and women (2–5). Traditionally, a stenosis
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has been evaluated by angiography leading to a preoccupation
with coronary luminology (6). Inadequacy of this method led to a
number of alternative approaches, both invasive such as pressure
determinations, and non-invasive techniques including Doppler
echocardiography. Often the fractional flow reserve (FFR) is
clinically used as a stenosis-related index of maximum attainable
local myocardial perfusion. By using pressure wires, the FFR
is assessed by measuring invasively the coronary pressures
proximal and distal of the stenosis. The FFR is defined as
the ratio of mean coronary pressures measured directly distal
and proximal of the stenosis, i.e., FFR = PDistal/PProximal [a
dimensionless number in the numerical range from 0 (complete
occlusion) through 1 (no occlusion)]; an FFR-value below 0.80
is considered to reflect a clinically significant stenosis. The FFR
is thought to be a stenosis-specific index that reflects the effect
of the coronary stenosis on the myocardial perfusion. Moreover,
the FFR is reported to be independent of hemodynamic
characteristics of the coronary circulation, such as blood pressure,
heart rate, and cardiac contractility (7). In clinical practice,
however, the use of the FFR is somewhat limited by the high costs,
the extra time involved, and the need to administer adenosine
to induce hyperemia with an associated risk and burden for the
patient. Furthermore, the ratio FFR does not address its intrinsic
companion, being the Pythagorean sum of PDistal and PProximal

(8) (see section Methods for details).
By using a simple mathematical model of the coronary

circulation, this study aims to identify the relationship of the
FFR on the degree of stenosis, while evaluating hemodynamic
characteristics of the arterial coronary circulation. Recently,
Duanmu et al. presented a lumped-parameter model of the
coronary circulation (9). In their model, the coronary circulation
is described by defining a number of compartments, and by
characterizing the hemodynamics of each compartment with the
use of a three-element Windkessel model (10). Each Windkessel
consists of a dissipative Poiseuille resistance (R), a blood storing
compliance (C), and a blood mass inertance (L). The values of
these three elements (R, C, L) were calculated from the length
and diameter of the coronary vessel using CT-images (9). To
study the effect of a stenosis on the coronary hemodynamics
and the FFR, we extended their model by including an extra
dissipative resistance to more precisely mimic the stenosis. The
focus of our present study is more limited than explored in
Duanmu’s model. Our plain model is used to gain insight in the
fundamental characteristics of the FFRmetric. This discernment
will guide our future simulation studies employing the Duanmu

Abbreviations: α, degree of cross sectional area narrowing for a coronary

artery stenosis; A, cross-sectional area; B, baseline; C, vascular compliance; CFD,

computational fluid dynamics; F, myocardial blood flow; FN , non-stenotic flow;

FFR(C), fractional flow reserve (companion); H, hyperemia; L, full length of a

coronary vessel; LS, length of local stenosis; L, blood mass inertance; N, non-

stenotic case; cf. S; PA, coronary pressure proximal from the stenosis; PD, coronary

pressure distal of the stenosis; PV , venous pressure; R, Poiseuille resistance; RA,

hemodynamic resistance (mmHg.s/ml) of the arterial part; RC , hemodynamic

resistance (mmHg.s/ml) of the capillary and venous parts; R0, hemodynamic

resistance (mmHg.s/ml) of the coronary artery without stenosis; RCA, right

coronary artery; S, stenosis; cf. N; S (%), diameter-based percentage of stenosis;

cf. α.

model as a convenient starting point for both the left and right
coronary artery.

Our present study aims are:

• To discuss the FFR’s definition with its assumptions and their
theoretical consequences;

• To identify the relation of the FFR and the underlying degree
of coronary arterial stenosis;

• To discuss the consequences of defining the FFR as a ratio of
two pressures;

• To hint for an alternative for the FFR.

For verification of the outcomes, the theoretical issues will be
related to available clinical data.

METHODS

The FFR is determined by measuring the mean aortic pressure,

P
(H)
A , and the mean pressure distal to the stenosis, P

(H)
D , during

hyperemia, and by the subsequent calculation of the ratio FFR =

P
(H)
D /P

(H)
A . In the following we will discuss: firstly, the rationale

of FFR as ratio of distal-to-stenosis pressure to aortic pressure
and, secondly, the mathematical relationship between this FFR
and the stenosis’s geometry (i.e., the ratio of the stenotic cross
sectional area to the non-stenotic area) as determinant of the
flow limitation.

The Rationale of the FFR as Pressure Ratio
In their landmark study Pijls and De Bruyne start from the
definition of FFR as the maximum myocardial blood flow in the
presence of a stenosis, FSmax, divided by the theoretical maximum
myocardial blood flow in the absence of the stenosis, FNmax.
Subsequently, they show that the FFR is approximately equal to
the ratio of the mean pressure measured distal to the stenosis,

P
(H)
D , and the mean aortic pressure P

(H)
A both measured during

hyperemia (as indicated by the letter H in the superscript), i.e.,

FFR =
FSMAX

FNMAX

≈
P

(H)
D

P
(H)
A

(1)

The maximum flows are achieved by the administration of a
hyperemic agent, e.g., adenosine.

To accomplish this result, Pijls and De Bruyne use a two-
compartment model to characterize the blood flow in the
vascular bed of the coronary circulation: one compartment
represents the coronary arteries, with or without stenosis,
and the second compartment represents the remaining distal
capillary network and venous vessels of the coronary circulation
(Figure 1). This model defines the following quantities: Let PA
and PV be the mean aortic and the venous pressure (mmHg),
respectively, and let PD be the mean pressure (mmHg) distal
of the epicardial artery stenosis. Moreover, let RA and RC be
the hemodynamic resistances (mmHg.s/ml) of the arterial part
(either non-stenotic or stenotic) and the capillary and venous
part, respectively. Finally, after the administration of a hyperemic
agent the capillary resistance reduces to RCmin and the flow
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FIGURE 1 | Electrical analog of the coronary circulation. The model consists of

an aortic pressure PA and a venous pressure PV with two resistances, serially

connected between these pressure sources, to represent the stenotic RS and

capillary RC fluid resistances. F is the flow through the resistances, while 1PS

and 1PC are the pressure drops over the resistances RS and RC, respectively.

PD is the pressure distal to the stenosis and proximal to the capillaries.

increases to Fmax, while the distal pressure PD decreases to P
(H)
D .

Within this model, simple hemodynamic reasoning yields the
following results:

1. By application of Poiseuille’s law (i.e., flow equals pressure
drop divided by fluid resistance; see Equation 11) to the
capillary compartment, the baseline andmaximumflows equal

the perfusion pressures PD – PV and P
(H)
D – PV divided by the

capillary hemodynamic resistance RC and RCmin, respectively.
That is,

F =
PD − PV

RC
& FMAX =

P(H)
D

− PV

RCMIN

(2)

2. For the non-stenotic case, the pressure drop over the arterial
part is negligible compared to the capillary pressure drop, so,

PD ≈ PA >> PV and P
(H)
D ≈ P

(H)
A >> PV (where>> indicates:

much larger). Hence, by substitution of P
(H)
D ≈ PA in Equation

(2), the non-stenotic flow FN becomes,

FN =
PD − PV

RC
≈

PA − PV

RC
&

FNMAX =
P(H)
D

− PV

RCMIN

≈
P

(H)
A − PV

RCMIN

≈
PA − PV

RCMIN

(3)

assuming an unchanged aortic pressure during hyperemia.

3. For the stenotic case, the pressure drop over the arterial part
is non-negligible compared to the capillary pressure drop, so,

PA > PD > PV and P
(H)
A > P

(H)
D > PV . Hence, with Equation

(2), the stenotic flow FS becomes,

FS =
PD − PV

RC
& FSMAX =

P(H)
D

− PV

RCMIN

(4)

4. By substitution of these flows (Equations 3 and 4) in the
definition of FFR (Equation 1) yields,

FFR
(1)
=

FSMAX

FNMAX

(2)
=

P
(H)
D −PV
RCMIN

P
(H)
A −PV
RCMIN

(3)
=

P
(H)
D − PV

P
(H)
A − PV

(4)
≈

P
(H)
D

P
(H)
A

(5)

with the following rationale applied at the numbered signs of
equality: (1) definition of FFR (Equation 1); (2) substitution of
Equations (3, 4); (3) cancelation of the common term RCmin; (4)

neglecting PV , as considered small compared to P
(H)
D and PA.

Note that, occasionally, the FFR is measured as the ratio of
the distal-to-stenosis pressure and the aortic pressure in baseline
(B) instead of the hyperemic state. Let FFR(H) and FFR(B) refer
to hyperemic and baseline state, respectively. Then, Equation (5)
implies that FFR(H) ≤ FFR(B) since

FFR(H)
=

P
(H)
D

P
(H)
A

≈
P(H)
D

PA
≤

P(B)
D

PA
= FFR(B) (6)

as hyperemic P
(H)
D is lower than the baseline P

(B)
D and as

hyperemic and baseline aortic pressure are approximately equal,

P
(H)
A ≈ PA. Thus, the FFR during hyperemia is smaller than FFR

during baseline.
To summarize: under the assumptions of the model with

Poiseuillean resistances, the FFR as ratio of the maximum
stenotic blood flow and the theoretical maximum non-
stenotic blood flow is approximated by the ratio of the mean

hyperemic post-stenotic pressure P
(H)
D and the mean aortic

pressure P
(H)
A .

Consequences of Defining the FFR as
Ratio of Pressures
From amathematical-physiologic viewpoint, one might interpret
the FFR as a summary of two pressures, PD and PA,
in only one number, being the ratio PD/PA. Subsequently,
one might wonder whether relevant information is lost by
summarizing two pressures in a single number which concerns
a dimensionless ratio.

A convenient way to analyze the consequences of using the
ratio, is to employ the analogy with the Cartesian and polar
coordinate systems (see Figure 2). To be specific, consider the
pressures (PA, PD) as a point in a graph with PA and PD
on the abscissa and ordinate (horizontal and vertical axis),
respectively. Hence, (PA, PD) act as the Cartesian coordinates.
Alternatively, the same point can be defined by the polar
coordinates: (i) the length of the line from the origin to the
point (PA, PD); (ii) the angle between this line and the positive
abscissa (or equivalently by the slope of this line). By using
the Pythagorean theorem, the line’s length, say FFRC, equals√
(PA

2 + PD
2) and the tangent or slope of the angle PD/PA

equals FFR (see Figure 2). Hence, FFRC =
√
(PA

2 + PD
2) and

FFR act as the polar coordinates. So, in the graph the point
is characterized complete by either the Cartesian coordinates
(PA, PD) or the polar coordinates FFRC =

√
(PA

2 + PD
2) and

FFR= PD
/PA.
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FIGURE 2 | (A) Cartesian and polar coordinates. The pressure PA and PD represented in Cartesian coordinates (PA, PD) (see dotted lines) and in polar coordinates

(PA

√

(

1+ FFR2
)

, FFR). Note that the pair of pressure (PA, PD) define exactly one point in the graph, while the single FFR defines a complete line in the graph. So,

mathematically speaking, the single FFR without the companion FFRC leaves ambiguity. As a result, all points on a line through the origin share the same value of FFR.

(For details see Methods section). (B) Ambiguous change of FFR from point (PA, PD) for three different cases of a pressure decrease: The FFR is unchanged (see

notation FFR =), if the change in PD is equal to the change of PA times FFR. Similarly, the FFR decreases (see FFR ↓) and increases (see FFR ↑), if the change in PD is

smaller and larger than the change of PA times FFR, respectively (see section Methods for details).

For later use, note the following mathematical relations:

FFR =
PD

PA
⇒ PD = PA FFR and PA =

1

FFR
PD

FFRC =

√

P2A + P2D =

√

P2A + P2AFFR
2 =

PA
√

1+ FFR2 ≈ PA (1+ 1�2 FFR) (7)

where the approximation of the square root results from
Newton’s Binomial Series, and becomes more accurate for
smaller values of FFR. Note: if two out of the four variables
PD, PA, FFR, FFRC are known, then the remaining variables can
be calculated.

Using these two coordinate systems, the original question—
whether information is lost by using the FFR—can be answered
from a mathematical point of view. By using the FFR, as a
summary measure of PA and PD, information is clearly lost,
because only one of the two polar coordinates is used while the
other polar coordinate is neglected. Thus, all points on the same
line through the origin share the same FFR and, therefore, cannot
be distinguished by the FFR alone. So, the FFR summarizes the
information carried by PD and PA “one-dimensionally” along the
lines passing the origin in the PA-PD-plot.

This mathematical result provides guidance to answer the
remaining question whether the FFR can be interpreted as a
sound measure of stenosis. As a counterexample, consider a
patient developing a stenosis resulting in a decreased post-
stenotic pressure, from PD to γPD (direct result of increased
stenotic fluid resistance), and a decreased aortic pressure, say
from PA to βPA (indirect result of reduced cardiac performance
due to a decreased perfusion of the cardiac muscle tissue). Then
the FFR changes from PD/PA to γPD/βPA, that is a change from
FFR to (γ/β) FFR. Depending on the actual numerical values of γ
and β, the FFR will decrease (γ < β), remain unchanged (γ = β),
or will increase (γ > β) (see Figure 2B). Clearly, this ambiguity of

the FFR is an undesired and unanticipated property for a sound
measure of degree of stenosis.

The common clinical experience of a decreasing FFR with a
worsening of the stenosis, may be explained by the assumption
that the decrease in PD is often larger than the change in PA
(γ < β) and, hence, the FFR will decrease with a worsening of
the stenosis.

Relationship Between FFR and Degree of
Stenosis
In order to find the relationship between the FFR and the degree
of narrowing in the stenosed artery, further modeling of the
stenosis is required. Various approaches may be chosen: (1) a
uniform narrowing of the vessel’s cross-sectional area from the
normal value A0 to the “narrowed value” AS over the full vessel’s
length L and, then, using Poiseuille’s law to calculate the narrowed
vessel’s hemodynamic resistance; or (2) a local narrowing of the
vessel’s cross-sectional area from the normal value A0 to the
“narrowed value” AS over the stenosis length LS and, then, using
Bernoulli’s law to calculate the hemodynamic resistance. The first
approach will be used in this study.

Degree of Stenosis
Let AS (dS) and A0 (d0) be the cross-sectional area (diameter) of
the coronary artery with and without a stenosis. Then, the degree
of cross sectional area narrowing (α) is defined as

α =
AS

A0
=

(

dS

d0

)2

, with: 0 ≤ AS ≤ A0 and 0 ≤ dS ≤ d0 (8)

with α in the range 0 (complete stenosis) to 1 (no stenosis).
Alternatively, the stenosis degree S is defined as

S = 1−
ds

d0
(9)
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Clearly, both measures are related,

α = (1− S)2 and S = 1−
√

α (10)

The advantage of using α is, however, that the subsequent
formulae will be simpler.

Poiseuille’s Law Applied to a Uniform Narrowed

Vessel
Let RS(α) be the hemodynamic resistance (mmHg.s/ml) of the
stenotic artery with a narrowing of degree α over the vessel’s
length L (cm). Then, by applying Poiseuille’s law, the resistance
RS(α) is,

RS (α) =
1P

F
=

8πηL

A2
S

=
8πηL

A2
0

1

α2
=

R0

α2
,

with: R0 =
8πηL

A2
0

(11)

where1P is the vessel’s pressure difference (mmHg), F is the flow
(ml/s), η is the viscosity (mmHg.s/cm2), L is the vessel length
(cm), and AS the cross-sectional area (cm

2) of the stenotic artery.

Pressures and Flow
With reference to Figure 1, the flow (F) equals the perfusion
pressure PA – PV divided by the sum of the two resistances RS(α)
and RC, i.e.,

F =
PA − PV

RC + RS(α)
(12)

Moreover, the distal pressure PD equals the aortic pressure PA
minus the pressure drop over RS(α), i.e., RS(α) F. Hence,

PD = PA − RS (α) F (13)

and by substitution of Equation (12) in Equation (13) yields,

PD = PA −
RS(α)

RC + RS(α)
(PA − PV )

=

(

1−
RS(α)

RC + RS(α)

)

PA +
RS(α)

RC + RS(α)
PV

=
RC

RC + RS(α)
PA +

RS(α)

RC + RS(α)
PV (14)

The dependence of FFR upon the degree of narrowing α is found
by first the substitution of Equation (14) in Equation (1), i.e.,

FFR =
PD

PA
=

RC

RC + RS (α)
+

RS (α)

RC + RS (α)

PV

PA
(15)

and, subsequently, the substitution of Equation (11) in Equation
(15), i.e.,

FFR =
PD

PA
=

RC

RC +
R0
α2

+

R0
α2

RC +
R0
α2

PV

PA
(16)

or, equivalently,

FFR =
PD

PA
=

1

1+ R0
RC

1
α2

+

R0
RC

1
α2

1+ R0
RC

1
α2

PV

PA
(17)

Note: The FFR in Equations (15) or (16) applies to both FFR(H)

or FFR(B), depending on whether the pressures were measured
under hyperemia or baseline conditions.

Patient Study
This retrospective sub-study evaluates data from 22 patients (age
67 ± 11 years) from Aalst Cardiovascular Center (Belgium),
having right coronary artery (RCA) stenosis in proximal (p, N =

8), medial (m,N = 12), or distal (d,N = 4) part of the vessel. FFR
was derived from the ratio of the average blood pressure distal
to the coronary artery stenosis (PD) and the average pressure
in the aorta (PA), both obtained during i.c. adenosine infusion
or after an i.v. bolus injection. Technical details are described
elsewhere (5). All patients gave permission to use their data
in anonymized investigations by signing a consent form. This
retrospective study was exempt from institutional review by the
Clinical Review Board.

RESULTS

In silico Study
The dependence of the FFR, FFRC and PD on the degree-of-
stenosis α (α = 1 is no stenosis, α = 0 is complete occlusion)
is specified in Equation (17) combined with Equation (7) (see
section Methods). To discuss the nature of the dependence of
FFR, FFRC, and PD on α, three graphs are created, and an
additional graph is drawn to document FFR vs. PD (Figure 3).
In the following four points, the merits of each of these graphs is
presented in detail:

1. The upper-left panel shows the clearly non-linear dependence
of FFR upon α (Equation 17), for various settings of the
parameters: R0/RC = 0.04 or 0.1 with PV /PA = 0 or 0.1 (see
legend in upper-left panel). Note the following:

• The four lines share a similar S-shape (which is common for
a hyperbolic function of the form in Equation 17) but the S-
shaped curves start and end at different levels. In particular,
the curves start (α = 0) at PV /PA [i.e., the origin for PV /PA=
0 and point (0, 0.1) for PV /PA= 0.1] and the lines end (α =

1) at approximately (1+ R0/RC)
−1 (i.e., approximately 0.96

and 0.83, almost independently of PV /PA). Note that PV /PA
dominates the starting values (left) while R0/RC dominates the
end values (right), resulting in a crossover of the dotted and
dashed line. These four example curves can be used to predict
other parameter settings. The lower left and upper right point
is determined by the value of PV /PA and (1+ R0/RC)

−1 while
the steepness of the curve decreases with an increasing R0/RC.
In summary: the dependence of FFR on α is an S-shaped
relation with the start and end points dependent upon the ratio
of the aortic and the venous pressures, as well as the ratio of the
non-stenotic arterial and capillary-venous resistances.
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FIGURE 3 | Simulation results for the non-linear dependence of:

• the FFR with common reference values at 0.75 and 0.8 (upper-left panel),

• its companion FFRC (upper-right panel),

• the distal-to-stenosis pressure PD (lower-left panel),

to the degree of stenosis α (α = 1 is no stenosis, α = 0 means complete occlusion) for different values of R0/RC and PV /PA (see legend).

• The relation of FFR as function of PD (lower-right panel),

(The legend in upper-left panel applies also to the upper-right and lower-left panel). See section Results for details.

FIGURE 4 | Simulation of distal-to-stenosis pressure PD vs. mean aortic

pressure PA (Equation 17) with each dot representing a case with PA running

from 55 to 115mmHg for different values of the degree of stenosis α (α

running from 1 to 0), and with lines (Equation 7) indicating FFR at 1, 0.75, 0.5,

and 0.25.

• The S-shaped form of the curves implicates that the change
of the FFR for a change of α is strongly dependent on the
particular location considered. In the steep middle part of
the curve, a change of α results in a relatively large change

in FFR, while a same sized change in α will result in much
smaller change in FFR in the flat lower and upper parts of
the curve. This notion is illustrated by the horizontal line
with dots, where the dots are separated by an equal step size
in FFR while the associated step size in α varies with the
steepness of the curve. Thus, the sensitivity of the FFR, as a
measure of stenotic narrowing, is strongly dependent upon
the degree of stenotic narrowing. Technically speaking, this
makes that FFR is a measure on an ordinal scale (i.e., equal

changes in α yield unequal changes in FFR). This fact implies
that common statistics like means and standard deviations, as
well as parametric statistical tests, like Student’s t-test, are here
strictly speaking inappropriate. In summary, a unit change of
FFR does not correspond to a unit change in α.

• The venous pressure is of influence on the FFR; the larger
the PV /PA, the larger the FFR although this effect is more

pronounced for lower α. This influence may lead to an
overestimation of the actual value of the FFR. Technically
speaking, the FFR is a biased measure of α. Similarly, the

capillary resistance is of strong influence on the FFR; the larger
R0/RC (i.e., the smaller RC) the less steep the FFR-curve is,

with as result quite different values of FFR. In particular, the
FFRs as measured during baseline and hyperemia are expected

to differ significantly, where the baseline FFR is larger than
the hyperemic FFR [see Equation (6) in section Methods].
In summary, the FFR is a biased measure of α, and the
uncontrolled bias will present itself as random variations in
inter-individual results.
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FIGURE 5 | Post-stenotic pressure (PD) vs. mean aortic pressure (PA) during

hyperemia with stenosis at different anatomical locations. Data points refer to

22 patients with right coronary artery (RCA) stenosis. The three symbols

specify the anatomical location of each stenosis, being distal (d), medial (m), or

proximal (p). The black (identity) line corresponds with a fractional flow reserve

(FFR) of 1.00 (i.e., no stenosis). Regression line: PD = 0.873 PA – 6.836, R =

0.728, P < 0.001, N = 22. In the section Discussion, this graph is compared

with Figure 4 which shows results from the in silico study.

2. The upper-right panel shows a somewhat similar non-linear
S-shaped dependence of FFRC upon α (Equations 7 and 17),
for four different setting of the parameters: R0/RC = 0.04 or
0.1 with PV /PA = 0 or 0.1 (see legend in upper-left panel) with
PA = 100 mmHg is all four cases. Comparison of FFRC with
FFR shows a marked shape difference for the smaller valued
α’s, and a completely different FFRC scale, running from 100
to 140 mmHg, i.e., ranging between PA and almost PA

√
2 (see

Equation 7). In summary, the dependence of FFRC upon α is
somewhat similar to the dependence of FFR upon α.

3. The lower-left panel shows that the dependence of PD upon α

(Equations 7 and 17) is a scaled version of FFR for the four
different setting of the parameters: R0/RC = 0.04 or 0.1 with
PV /PA = 0 or 0.1 (see legend in upper-left panel) with PA =

100 mmHg is all four cases. The only difference with FFR is the
fact that the scale runs from 0 to 100 mmHg while the curves
start (α = 0) at PV and end (α = 1) at approximately (1+
R0/RC)

−1 PA (see Equation 14). In summary, the dependence
of PD upon α is a scaled version of the dependence of FFR
upon α.

4. The lower-right panel shows the dependence of FFR upon PD
(Equations 7 and 17), which is exactly a straight line through
the origin for the four different settings of the parameters:
R0/RC = 0.04 or 0.1 with PV /PA = 0 or 0.1 with PA = 100
mmHg in all cases. This single straight line is easily explained

FIGURE 6 | Fractional flow reserve (FFR) and the intrinsic companion (FFRC).

The interpretation of FFR is not unique, as a large spread of the co-metric

FFRC can be discerned. In the past the region between 0.75 and 0.80 was

termed the “gray zone.” Data points having FFR > 0.80 (purple line) are often

considered to refer to patients who do not require revascularization. However,

the situation becomes different if the FFR companion (FFRC) is accepted as a

second criterion. When, for example, the green line is taken as an additive

cut-off level, then the data located in the red shaded area do not

simultaneously fulfill both criteria. Obviously, establishment of combined cut-off

levels requires robust evaluation in large patient groups. The yellow curve is

calculated for PA= 90 mmHg on the basis of Equation (7), i.e.,

FFRC = PA
√
1+ FFR2.

by rewriting the previous result PD = PA FFR (Equation 7) as
FFR = PA

−1 PD. Now it becomes evident that in a graph this
relation is a straight line through the origin with a slope PA

−1.
In summary, the dependence of FFR upon PD is reflected by a
straight line.

Figure 4 shows the dependence of PD on PA for a particular
degree of stenosis α (each dot represents a particular case of
values of α, PD and PA. Note that the distance between the points
is increasing or, equivalently, the density is decreasing, for a
decreasing α.

Patient Study
The distribution of PA and PD data pairs is presented in
Figure 5. The spread of FFRC for the recorded FFR values
is shown in Figure 6, while Figure 7 illustrates that FFR
sharply declines in a non-linear manner when the diameter
reduction decreases beyond 60%. Note that in this study
2 out of 3 data pairs indicate that FFR can still be
above the 0.80 cut-off level, while the associated diameter
reduction is as large as 70%. Also is shown that the cross
sectional area based stenosis metric α (running in opposite
direction along the abscissa) follows a sigmoid pattern, as
theoretically predicted (Equation 17). Figure 8 presents FFR
against mean pressure as measured distal from the coronary
stenosis, using adenosine induced hyperemia. The blue curve
refers to the best fitting regression (yielding R2 = 0.581),
calculated on the basis of the theoretically derived formula
FFR = PD/(c1+c∗2PD) described elsewhere (11). This approach
ensures that the theoretical point where the value for FFR
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FIGURE 7 | Fractional flow reserve (FFR) in dependence of degree of coronary

artery stenosis. For the patients studied (N = 22), the FFR is shown vs.

percentage diameter stenosis (squares) as well as vs. the metric α as defined

in Equation (8) (triangles). On the abscissa the scales for these metrics run in

opposite directions, and therefore all data points are shown twice. Note that

FFR sharply drops if the stenosis exceeds 70% diameter reduction. The curve

for α (Equation 17) shows a sigmoid pattern. In the section Discussion, this

graph is compared with results from the in silico study (Figure 3, upper-left).

FIGURE 8 | Fractional flow reserve (FFR) against post-stenotic mean pressure

(PD). Data points for cardiac patients (N = 22) with right coronary artery (RCA)

stenosis. The blue curve refers to the best fitting regression (R2 = 0.581),

predicted on the basis of the theoretically derived formula FFR =

PD/(c1+c2PD). The black broken line indicates the traditional cut-off level at

0.80 for FFR. The various data points near this line can be further characterized

by specifying the prevailing PD value. The red line reflects a tentative

complementary cut-off for the co-variable PD, assuming that a driving PD
below 50 mmHg is inadequate for appropriate perfusion. Acceptance of this

criterion implies that the patients within the red rectangular area are in jeopardy.

Clearly, any suggested combination of cut-off levels requires future robust

evaluation in large patient groups. In the section Discussion, this graph is

compared with results obtained from the in silico study (Figure 3, lower-right).

vanishes occurs at PD= 0 mmHg, while FFR also asymptotically
approaches the upper limit of 1.0 as PD increases to its
physiological maximum. FFRC vs PD yields R= 0.91.

Evaluation of FFR Data Presented in the
Literature
As the relationship between FFR and the degree of stenosis
is the main subject of this study, we also collected a

FIGURE 9 | Survey of relationship between FFR and diameter stenosis.

Average values reported in 38 studies on the basis of four measurement

techniques: optical coherence tomography (OCT), intravascular ultrasound

(IVUS), computed tomography angiography (CTA), and intracoronary

angiography (ICA). Most authors employ linear regression or fit a second order

polynomial for their study participants. The yellow shaded area refers to values

of 0.78 ≤ FFR ≤ 0.82 around the common cut-off point, which narrow range

corresponds with (averaged) diameter reduction anywhere between 45 and

55%. Data from Chu et al. (17).

variety of data from the literature. In a computational fluid
dynamics (CFD) modeling study (12) it was shown that
uncertainty in minimum lumen diameter had the largest
impact on hemodynamic simulations, followed by boundary
resistance, viscosity and lesion length. Also, uncertainties
were not additive, and only slightly higher than the highest
level found for a single parameter. Also based on CFD
and using angiographic images it was demonstrated (13)
that sensitivity analysis for physiological lesion significance
was influenced less by coronary or lesion anatomy (33%)
than by microvascular physiology (59%). Using a reduced-
order model for the estimation of FFR (rather than 3D)
based on blood flow simulations that incorporated clinical
imaging and patient-specific characteristics, others found that
model errors were small, and that uncertainty related to
the factor by which peripheral resistance is reduced from
baseline to hyperemic conditions proved to be the most
influential parameter for FFR predictions, whereas uncertainty
in stenosis geometry had greater effect in cases with low
FFR (14). Similarly, 296 lesions were studied (15) and the
authors compared (by linear regression) various clinically
relevant measures, including diameter stenosis (R = 0.565),
lesion length (R = 0.306), reference vessel cross sectional
area (R = 0.195), and the myocardial supply area subtended
by the coronary vessel under study (R = 0.504). In an
attempt to further simplify calculations a 1D model was
compared with a 3D model, and found to yield nearly similar
findings for FFR (16). Findings reported in 38 studies (17) are
summarized in Figure 9 which further illustrates the discrepancy
between FFR and diameter-based indicators of coronary
luminal obstruction.
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Clinical Implications
For coronary arteries we analyzed the relationship between
local diameter stenosis and the associated pressure gradient
using a simple mathematical model. In clinical practice the
pre- and post-stenotic pressures are obtained during induced
hyperemia, and the key metric FFR, calculated for medical
decision making, considers the minimum value of the ratio of
these two pressures. We derived that the resulting dimensionless
ratio requires consideration of an associated companion FFRC,
which is the Pythagorean mean of the two pressures involved.
Similar considerations apply to the separate category of coronary
flow reserve metrics, as well as to recently introduced alternative
metrics such as adenosine-free PD/PA and wave-free approaches.
As on theoretical grounds any companion (as defined in our
study by the pertinent hypotenuse) may not be neglected just for
simplicity or convenience reasons, it is necessary to evaluate the
precise clinical impact of FFRC in large scale patient studies.

DISCUSSION

Limitations of myocardial perfusion, due to coronary arterial
stenosis, are best described by pressure-flow relationships. In
clinical practice, such investigations are limited to the estimation
of either coronary artery diameter, pressure, or flow. Historically
diameter reductions were calculated from coronary angiograms
with emphasis on anatomy. Subsequent analysis referred to
physiology and was based on (surrogates of) flow measurements
aimed at determination of the reserve capacity, i.e., themaximum
flow increase during hyperemia. One of the most popular
approaches does not directly measure flow, but rather the ratio
of two pressures measured proximally and distally from the
stenosis during hyperemia, and is referred to as FFR (the primary
measure evaluated in this study). Next simplified versions
were explored, including ratios obtained during the (wave-
free) diastolic phase (18), and even ratios without induction of
hyperemia. Agreements and differences among resting coronary
physiological indices led to the query: Are all things equal?
(19). Recently, prudent thoughts were formulated regarding
comparisons of various techniques, while pointing to the
question what is precisely compared with what, and that question
was formulated against the background and role of the acclaimed
“gold standard” (20). Therefore, the aim of our study was a
model-based evaluation of the FFR, because the model provides
a complete knowledge and a full control (“gold standard”) of the
conditions. Moreover, the model enables the detailed evaluation
of the characteristics of the FFR, although in silico. Then, the
in silico study outcomes have been compared with patient data
regarding coronary diameter (reduction), pressures proximal and
distal to the stenosis during baseline and adenosine. So, the in
silico study is used to generate predictions that are subsequently
verified using available clinical data.

The outline of the discussion is as follows: first, the answers
to our four research questions (see section Introduction) are
discussed point-by-point; secondly, the in silico study outcomes
are compared with clinical data; thirdly, the results of our study
are put into the perspective of other model studies; finally, the
limitations of our study are discussed.

The FFR was evaluated as a measure of arterial coronary
stenosis by using a simple mathematical model of the coronary
system. The coronary circulation was modeled with two
Poiseuillian hemodynamic resistances, one for the arterial part
and one for the capillary and venous part and an aortic and
venous pressure (see Figure 1), all in close correspondence with
the original approach (7). The arterial stenosis was described by
reduction of cross-sectional surface in Poiseuilles law (Equations
8–11). This simple model allowed the calculation of explicit
formulae (with graphs) for the flow F (Equation 12), the distal-
to-stenosis pressure PD (Equation 14), the FFR (Equation 17), all
as a function of the degree of stenosis α. This model and these
formulae and associated graphs, allow the evaluation of the FFR
as a measure of arterial stenosis. First, our main objectives in this
study (see section Introduction) are discussed point-by-point:

• Firstly, the FFR’s definition and its theoretical consequences. The
FFR is defined as the ratio of the maximum myocardial blood
flow in presence of a stenosis and the theoretical maximum
myocardial blood flow an absence of the stenosis. Pijls and De
Bruyne argued that the intended FFR can be approximated
by the ratio of the mean distal-to-stenosis pressure and the
mean aortic pressure, both measured during a drug-induced
hyperemia. Our analysis confirmed, not surprisingly, the Pijls
and De Bruyne results but also clearly showed that: (1) the
FFR is not a simple linear measure of the degree of stenosis
(Figure 3 upper-left panel); and (2) the FFR measured at
baseline conditions and during hyperemia are related similarly
to the degree of stenosis and, as expected, the FFR is larger at
baseline than in hyperemia FFR (see Equation 6).

• Secondly, the relation between the FFR and the degree
of coronary arterial stenosis was identified. This relation
was found to be an S-shaped curve, possibly significantly
influenced by both the size of the capillary resistance relative
to the stenotic resistance and the size of the venous pressure
relative to the aortic pressure. The S-shaped curve implicates
that the sensitivity of the FFR, as a measure of stenotic
narrowing, is strongly dependent upon the degree of stenotic
narrowing itself. Technically speaking, this makes FFR a
measure of α on an ordinal scale (i.e., equal changes in α

yield same-direction but unequal changes in FFR) implying
that common statistics like means and standard deviations
and, parametric statistical tests, like Student’s t-test, are strictly
speaking inappropriate. The influence of the venous pressure
may lead to an overestimation of the actual value of the
FFR. Technically speaking, the FFR is a biased measure of
α. The influence of the capillary resistance on the steepness
the FFR-curve changes the sensitivity of the FFR, resulting
in quite different values of FFR. In particular, the FFR values
measured during baseline and hyperemia are expected to differ
significantly, with the baseline FFR larger than the hyperemic
FFR (see Equation 6). All these influences make the FFR a
biased measure of α and these uncontrolled biases will present
themselves as random variations in intra- and inter-individual
clinical results.

• In addition, one needs to consider the following trade-off
in answering the question whether to determine the FFR
under hyperemic or baseline conditions: In the upper-left
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panel of Figure 3, the two upper and two lower curves can be
interpreted as the FFR at baseline and at hyperemic conditions,
respectively (using the following rationale: the R0/RC value for
the lower lines are larger than for the upper lines. Thus, by
the inverse proportionality of RC, the RC values of the upper
lines are larger than for the lower lines, and therefore the upper
and lower lines refer to the baseline and hyperemic conditions,
respectively). The disadvantage of the “baseline lines” (i.e., the
upper lines) over the “hyperemic lines” (i.e., the lower lines)
is that these “baseline lines” are far more curved than the
“hyperemic lines.” So, the sensitivity of the FFR for changes
for α is expected to be more uniform in the “hyperemic lines.”
However, the disadvantage of the “hyperemic lines” (lower
lines) is that the biasing influence of the venous pressure
(PV ) is more pronounced compared to the “baseline lines”
(upper lines); notice that the distance between the lower
“hyperemic lines” is larger compared to the distance between
the higher “baseline lines.” The relevance of these findings—a
more curved hyperemic line vs. a more pronounced influence
of venous pressure—is in need of a clinical evaluation study,
in particular for the region around the reference value FFR
= 0.80. In addition, the difference between the baseline and
hyperemic lines in the graph indicates that the reference value
for FFR needs to be chosen significantly different for the
hyperemic and baseline conditions.

• Thirdly, the FFR is a summary of two pressures, PD and
PA, in one ratio, PD/PA. Our analysis (Figure 2) showed an
ambiguous interpretation of the FFR. That is, a decrease
(increase) of the FFR not necessarily results from an increase
(decrease) of the degree of stenosis. In fact, an unambiguous
interpretation of the FFR is only possible under the extra
condition of a constant arterial pressure PA. This is a
somewhat surprising finding because intuitively one expects
the FFR to be controlled for variation in PA by the fact that
the FFR normalizes PD to PA. In conclusion, in the present
clinical experience with FFR the decrease in PD may be larger
than in PA and, hence, the FFR will decrease with a worsening
of the stenosis and the disturbing and ambiguous influence
of varying PA is interpreted as random variations (noise).
As a suggestion for further clinical research, the relative
contribution of PD and PA on FFR can be easily assessed in
clinical data by taking the logarithm of the FFR, i.e., ln(FFR)
= ln(PD) – ln(PA) and, then performing a linear regression
analysis to the line ln(FFR) = A∗ln(PD) – B∗ln(PA) + C;
the size and significance of parameters A and B indicate the
relative importance of PD and PA to FFR.

• Fourthly, given the complex dependence of the FFR on the
degree of stenosis and the additional biasing influences of the
venous pressure and capillary resistance, one might wonder
whether the FFR as pressure ratio can be improved. To
hint for an alternative: clearly the stenotic pressure drop,
i.e., PA – PD in the model (Figure 1) is of key importance,
but needs to be compared with the pressure drop over the
capillary and venous part of the circulation, i.e., PD – PV .
Hence, an obvious choice seems to define the alternative
FFR as (PA – PD)/(PD – PV ), which equals (F R0(α))/(F RC)
= R0/RC 1/α2 (by Equation 11) or, reversely, by rewriting

to get α at the left side, the measure of the degree of
stenosis is α =

√
{R0/RC (PD – PV )/(PA – PD)}. Although

this alternative provides explicitly the degree of stenosis
and is free of a biasing influence of the venous pressure,
this alternative still suffers from the influence of the intra-
and inter-individually varying baseline stenotic and capillary
resistances. Probably this is a drawback of all attempts
to characterize stenotic resistances by a measure based on
pressure measurements alone. Fundamentally, limitations of
myocardial perfusion due to arterial coronary stenosis are
best described by pressure-flow relationships but, in clinical
practice, such investigations are often limited to the estimation
of coronary artery diameter, pressure, or flow. So, the
best practice needs to be found by a mathematical-physical
approach, further guided by a subsequent clinical evaluation of
stenotic measures.

This completes the discussion of our main objectives regarding
the in silico study.

The comparison of the outcomes of the in silico study with
the clinical patient data regarding coronary diameter (reduction)
yields the following results:

• The in silico model predicts a relation of FFRC =

PA

√

(

1+ FFR2
)

(see Equation 7). Indeed, the clinical

data in Figure 6 reveals such a quadratic relation, but with a
large amount of scatter due to inter-individual variation of PA.

• The in silico model predicts a S-shaped dependence of FFR
on α (Figure 3, upper-left panel). Indeed, the clinical data in
Figure 7 shows the upper part of the S-shaped form, while
the lower part of the S-shape (severe stenosis) is not visible
in Figure 7 simply because these severe cases of stenosis are
not present in our clinical data set. So, the clinical data is
in accordance with the in silico model prediction. Note that
different measures of stenosis are used. Figure 7 shows both
the stenotic diameter reduction and α, while in Figure 3 the
free lumen area based metric α is used.

• The in silico model predicts, for an increasing degree of
stenosis, a decreasing density of cases in the plot of PD vs. PA
(see Figure 4) and, indeed, this is observed in the clinical data
of Figure 5.

• The in silicomodel predicts a linear relation between FFR and

PD with a slope PA
−1, for the case of a constant PA (that

is a straight line from the lower-left corner to the upper-

right corner). In Figure 8 the clinical data indeed shows this

relation in presence of a large amount of scatter due to inter-

individual variation of PA. Based on the calculation of c1
and c2 (derived from Figure 5) a best fitting curve (blue)
was constructed. If a tentative second criterion (PD cut-off

e.g., at 50 mmHg) is applied, then the data points in the red

shaded rectangular are do not meet both requirements. This
choice implies that two patients are judged to have a functional

coronary stenosis despite the fact that their FFR > 0.80.
Obviously, this approach assumes that the cut-offs for FFR
and PD are independent. Therefore, it is very well-conceivable
that the criterion for FFR may vary with the prevailing PD
level. Based on machine learning methods we have already
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demonstrated the applicability of a non-linear divider when
analyzing ejection fraction in heart failure patients (21).

• For FFR, a “gray zone” has been discussed in the literature
with values between 0.80 and 0.75 (1). Although this range
covers only 5% of the complete theoretical range, the more
important issue is the fact that a substantial portion of patients
is located within this range of uncertainty. This completes
the confirmation of the in silico study predictions by our
clinical data.

To put our study in perspective: Various modeling approaches
have been employed to evaluate the severity of coronary stenosis
(22). Some investigators (23) applied numerical modeling of
the flow in a stenosed coronary artery in relation to main
hemodynamic parameters. Using a resistive model of an
epicardial stenosis (0–80% diameter reduction) in series with
the coronary microcirculation at maximal vasodilation, FFR
was evaluated for changes in coronary microvascular resistance
(0.1–0.6 mmHg.min/ml), aortic pressure (between 70 and 130
mmHg), and coronary outflow pressure (0–15mmHg), and it was
found that the sensitivity of FFR to these hemodynamic changes
was highest for stenoses of intermediate severity (23). Recent
studies employ either a patient-specific lumped-parameter model
of the coronary circulation (9) or applied the SimVascular
Cardiovascular Modeling Package (24). Meta-analysis of FFR
vs. quantitative coronary angiography and non-invasive imaging
for evaluations of myocardial ischemia resulted in relatively
poor concordance among outcomes (22). Furthermore, a visual-
functional mismatch has been reported between coronary
angiography and FFR (25). Pellicano et al. documented that
angiography derived expressions for FFR matched those using
traditional pressure ratios, thus claiming to integrate anatomy
and physiology (26).

In contrast, our investigation concerns in silico studies,
combined with actual patient data for the RCA; the
characteristics (i.e., the scale property and the bias) of the
FFR are described as a man-made measure (technical term
estimator) of arterial coronary stenosis in a simple resistive
model of the coronary circulation similar to the original model
used by Pijls and De Bruyne. The higher FFR sensitivity for
stenoses of intermediate severity was confirmed (23). Moreover,
the profound influence of venous pressure was emphasized but
the main difference with earlier approaches is the introduction
of FFRC as a co-measure of FFR. Our graphical-mathematical
analysis (with use of Cartesian and polar coordinates) indicates
clearly that summarizing two pressures (PD and PA) in one
ratio (FFR) only partly captures the information actually
collected, and that the complementary information contained
in the companion FFRC appears to be clinically relevant. As
a provocative example: Consider the case of an FFR = 0.80
calculated form PD = 40 mmHg, and a worrisome low PA
= 50 mmHg. This situation implies that the patient is both
hypotensive (27) and that the perfusion pressure is low. Yet, the
FFR is not abnormal. One would object, of course, that the PD
and PA pressures themselves are clear warning signs. But that is
precisely the point we emphasize, as their ratio (the FFR) is an
inadequate summary of two separately already relevant pressures.
One must take into account both pressures, or the combination

of FFR and the FFRC to acquire the full picture. Only under the
very restrictive condition that the FFRC is constant, the FFR is an
unambiguous measure of the degree of stenosis. In summary, our
investigation evaluates the characteristics of the FFR as measure
of the degree of stenosis; our main conclusion is that the FFR is
insufficient a measure of stenosis because: (1) the FFR (without
FFRC) cannot be interpreted unambiguously; (2) the FFR is on
ordinal scale (unit differences in FFR are not proportional to unit
changes in stenosis with as result that standard statistics, like
means, standard deviations, Student’s t-test) do not apply and
non-parametric methods must be applied; (3) the uncontrolled
influences of venous and aortic pressure and the capillary
resistance on the FFR present themselves in the final results
as random variations (noise) while, factually, these variations
originate from imperfections of the FFR as metric.

Pressure loss across a stenosis is a function of resistance,
whose components include morphologic factors (including
stenosis entrance angle, orifice configuration, length of stenosis,
exit angles) as well as physiologic factors such as flow and
associatedmyocardial supply area (28). Recently, the incremental
value of also considering the subtended myocardial mass
for identifying FFR-verified ischemia was confirmed using
quantitative CT angiography (29). Furthermore, as explicitly
formulated in an editorial, the question arises “which of the
two instruments for gauging stenosis, FFR or angiography, is
at fault” (30). Given the rather constant diameter (among
comparable individuals) of the unaffected vessel (which variable
is the rather constant number in the denominator for %
diameter reduction), it would seem that changes for the pertinent
hypotenuse, here associated with diameter reductions due to
occlusion, are less pronounced compared to the hypotenuse
variation associated with FFR determinations, as PA (which
is the denominator in FFR) is subjected to a wide range
of variations.

This completes the discussion of our analysis against the
background of studies which employ FFR as a gold standard
to evaluate functional limitations associated with epicardial
coronary artery stenosis.

LIMITATIONS

Our model-based evaluation of the FFR as measure of the degree
of stenosis was based on the simple model of the coronary
circulation originally used (7). As a result, our study is limited
because of (1) the use of Poiseullian resistances in a model
that neglects the influences of a non-Poiseuillian pressure-flow
relation in the coronary arteries, (2) the neglect of neural and
hormonal factors and the autoregulation in the microvascular
bed (prearterioles), (3) the neglect of the geometry of the
coronary tree, (4) sex-specific differences, extensively reported
in the literature (2, 31), were not investigated. Preliminary
analysis showed that our approach is still feasible to arrive
at similar results for the more complicated cases with non-
Poiseuillian and autoregulatory effects on resistance. Moreover,
the present model’s focus is on hemodynamic resistances only
while neglecting the Windkessel dynamics of the coronary
system, but a preliminary analysis shows that similar results are
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found by using a model including the Windkessel properties, yet
the manuscript’s margin is too small to provide details.

Also, it must be noted that all studies relating FFR to relative
stenosis severity, including our own investigation, compare
two dimensionless ratio-based metrics (32). Such comparisons
neglect the corresponding companion metrics. While both
constituents of FFRC may assume a wide range of values (see e.g.,
Figure 5), it can be stated that the denominator term in the α or
S% metrics have a rather fixed value for each vessel, given any
particular patient while taking into account body mass and sex
(31). The rather fixed reference level in case of diameters or areas
clearly renders a more insightful interpretation to this sub-group
of ratios.

The FFR approach is limited from a technical point
of view, as it only considers hyperemic data. Inclusion
of baseline values recorded for PA and PD may assist in
developing amore comprehensive characterization ofmyocardial
perfusion abnormalities.

CONCLUSIONS

The dependence of the FFR on the degree of stenosis shows an
S-shaped form. Consequently, FFR is a measure of the ordinal
scale. Moreover, the marked disturbing influences of the aortic
and venous pressures and the capillary resistance on the FFR

will be significantly manifested as random variations (noise) in
intra- and inter-individual clinical results. These problems are
partly caused by the neglect of the FFR’s companion, namely
the FFRC (32). Taken together, the combined use of FFR and
FFRC, or alternatively PD and PA when considered in unison,
provide more complete information on a flow limiting coronary
stenosis. When analyzing ratios, it may also be useful to consider
a logarithmic transformation.
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