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Early reversibility of histological changes
after experimental acute cardiac volume-overload
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Abstract: Unloading the heart may aid recovery after acute cardiac volume-overload (AVO). We experimentally
investigated whether unloading the heart after AVO by heterotopic transplantation histologically impacts myocardial
outcome. Thirty-two syngeneic Fisher 344 rats underwent surgery for abdominal arterial-venous fistula to induce
AVO. Seven hearts were heterotopically transplanted one day after AVO to simulate a non-working state of the left
ventricle (AVO+Tx). In addition, six rats without AVO or surgery (Normal) and five rats with sham surgery (Sham)
served as controls. Myocardial outcome was studied using histology and quantitative reverse-transcription poly-
merase chain reaction (qQRT-PCR) analysis for hypoxia inducible factor 1alpha (HIF 1), inducible nitric oxide synthase
(iNOS), E-selectin, atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), vascular endothelial growth factor
alpha (VEGFa), matrix metalloprotease 9 (MMP9), chitinase-3-like protein (YKL-40) and transforming growth factor
beta (TGFB). Relative ischemia of the right ventricle and septal intramyocardial arteries was decreased in AVO+Tx
as compared with AVO (0.04+0.01 vs. 0.09+0.02, PSU, P=0.040 and 0.04+0.01 vs. 0.16+0.02, PSU, P=0.008, re-
spectively). Quantitative RT-PCR showed an increase in the expression of iNOS, YKL-40 and VEGFa, and decrease in
ANP in AVO+Tx as compared with AVO (5.78+1.23 vs. 2.46+0.81, P=0.039, 22.394+5.22 vs. 10.79+1.70, P=0.039
and 1.15+0.22 vs. 0.60+0.08, P=0.030, and 1.32+0.16 vs. 2.85+0.70, P=0.039, respectively). Unloading the
heart by heterotopic transplantation induces early ischemic recovery of intramyocardial arteries after AVO. A non-
working state reverses acute ischemic myocardial injury after AVO.
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Introduction cardiac septum or rupture of the aortic root to
the right atrium, leading to increased cardiac
Healthy blood circulation includes venous oxygen consumption and early ischemic-like
blood return in a low-pressurized fashion via changes in the myocardium [1, 2]. To release
the vena cava to the right side of the heart. A cardiac stress and to enable salvage surgery
sudden traumatic connection of the aorta and in the acute phase of AVO, it is indispensable
vena cava allows pressurized arterial blood to to reduce circulatory afterload. A mechanical
fill the vena cava excessively, thereby creating assist device may compensate heart function
an acute volume-overload (AVO) of the right in overtaking some of the excessive work during
side of the heart. The excessive acute blood acute volume-overload. A left ventricular assist
flow into the heart increases the functional device (LVAD) may be applied for hemodynamic
working-load of the heart as well as myocar- aid to unload the heart, but early reversibility of
dial oxygen consumption. Irreversible cardiac the myocardial changes due to AVO remains
tissue damage may ensue after AVO despite unknown [3, 4].
early surgery [1]. AVO of the heart is a clinical
emergency occurring after tricuspid valve re- We have previously shown that AVO of rat hearts

gurgitation, atrial or ventricular rupture of the induces early ischemia of intramyocardial arter-
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Figure 1. A. Schematic illustration of a heart during acute volume-overload
(AVO). The intra-abdominal aorta and inferior vena cava are anastomosed to
create a 5 mm long aorto-venous fistula. Arrows indicate main direction of
blood circulation in main vessels and increased filling of the right side of the
heart. Pink and blue colors indicate oxygenated and deoxygenated blood,
respectively. B. Schematic illustration of a heterotopically transplanted heart
after acute volume-overload (AVO+Tx). Hearts with acute volume-overload
were transplanted intra-abdominally by anastomosing the graft aorta to the
abdominal aorta and the graft pulmonary artery to the inferior vena cava of
the recipient, respectively. Arrows indicate main direction of blood circula-
tion in main vessels and coronary arteries of the graft. Due to the presence
of competent aortic and pulmonary valves, the heart is unloaded as the left
atrial filling is avoided. Pink and blue colors indicate oxygenated and deoxy-

Material and methods
Rats

The rats were randomly as-
signed in groups. An abdomi-
nal aorta-vena cava fistula
was surgically created in 32
Fischer-344 male rats (F344/
NHsd, Harlan Laboratories,
The Netherlands) weighing
200-350 g to create AVO as
described previously [2]. One
day after surgery, seven he-
arts with AVO were heterot-
opically transplanted (AVO+
Tx) to obtain a non-working
cardiac graft simulating a le-
ft ventricle assisting device.
Five rats were sham-operated
(Sham) by opening the abdo-
minal cavity and temporarily
clamping the inferior vena ca-
va and the abdominal aorta
for 15 min without creating
AVO, and six unoperated rats
served as Normal. The rats

genated blood, respectively.

ies throughout the whole heart, encompassing
the right and left ventricle as well as the sep-
tum [2]. In this study, syngeneic rat hearts with
AVO were further heterotopically transplanted
to simulate a LVAD, and early myocardial histol-
ogy was studied after a 30-min unloaded state
of the transplanted heart. Gene expressions of
selected markers were investigated to delin-
eate plausible effect of the unloaded heart
state: atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP) mirror compensation
of congestive heart failure [5], hypoxia-induc-
ible factor lalpha (HIF1x) and inducible nitric
oxide synthase (iNOS) serve as markers for oxy-
gen exchange [6, 7], E-selectin for inflammation
[8], vascular endothelial growth factor alpha
(VEGFx) for angiogenesis [9], matrix metallo-
proteinase 9 (MMP9) and transforming grow-
th factor beta (TGFB) for cardiac remodeling
[10, 11], and chitinase-3-like protein (YKL-40)
for inflammation, inhibition of apoptosis, and
cardiac remodeling [12]. The aim of the present
study was to experimentally investigate wheth-
er a non-working state of the heart impacts
intramyocardial ischemia due to AVO.
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were kept in Tampere Univer-

sity vivarium and received
humane care in compliance with the “Principles
of Laboratory Animal Care” formulated by the
National Society for Medical Research and the
“Guide for the Care and Use of Laboratory
Animals” prepared by the Institute of Labora-
tory Animal Resources and published by the
National Institutes of Health (NIH publication
No. 86-23, revised 1996). The study was app-
roved by the Finnish State Provincial Office.

Surgical procedure

The rats were anesthetized with sevoflurane
(Baxter, USA) for inhalation and pentobarbitu-
rate (Mebunat vet®; Orion Espoo, Finland; 50
mg/kg) intraperitoneally. The abdominal cavity
was surgically opened, and the inferior vena
cava and the aorta were exposed. An aorto-
venous fistula was performed by vertically in-
cising 5 mm the abdominal aorta as well as
the adjacent inferior vena cava while joining
these vessels surgically with a 7-0 running vas-
cular suture. 100 U Heparin Leo, (Vianex S.A.,
Greece) was administered intravenously (Figure
1A). After creation of the arteriovenous fistula,
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the pulsation of arterial blood was palpated on
the vena cava; the 5-mm-long arteriovenous
surgical connection enabled a visual increase
in blood flow and surge of clear red arterial
blood to the vena cava immediately after suture
of the fistula, thus confirming the acute increase
in circulating blood flow and volume-overload.
One day after AVO, seven cardiac grafts were
harvested after an immediate 4°C infusion
of cold physiologic saline fluid into the aorta
and kept cold. Thereafter, heterotopic cardiac
transplantation was performed as previously
described [13, 14]. Briefly, heterotopic cardiac
transplantation was performed intra-abdomi-
nally by joining the graft aorta to the abdominal
aorta and the graft pulmonary artery to the
inferior vena cava of the recipient, respectively
(Figure 1B). The cardiac graft received oxygen-
ated blood from the recipient abdominal aorta
via the coronary arteries of the graft. Through
the coronary sinus, right atrium, right ventricle
and pulmonary artery, blood recirculated back
to the recipient rat. Since the aortic valve was
competent, oxygenated blood was not allowed
to fill the left ventricle and, therefore, the trans-
planted heart simulated a non-working resting
state of the left side of the graft [13]. Visual
inspection revealed color change of the heart
from dark brown to light beige in addition to
strong heart pulsation, thus confirming suc-
cessful transplantation surgery. After the pro-
cedure, buprenorfin (Vetergesic®; Orion Espoo,
Finland; 0.1 mg/100 g) and carprofen (Noro-
carp®; Norbrook Laboratories Limited, Newry,
Northern Ireland; 0.5 mg/100 g) were adminis-
tered subcutaneously for pain relief.

Tissue samples

The rats were sacrificed one day after surgery
(AVO, Sham). The rats with AVO+Tx were sacri-
ficed 30 min after transplantation, thereby
allowing a 30-min non-working state of the
heart with AVO. The basal part of the hearts
was stored in RNAlater® (Applied Biosystems,
CA, USA) for quantitative RT-PCR analysis. The
apex part of the heart was fixed in formalin and
embedded in paraffin.

Histology

For histology, 5 um sections were cut and
stained with Haematoxylin and Eosin. Presence
of myocardial edema, ischemia and inflamma-
tion was evaluated and graded according to an
arbitrary scale from O (no edema, ischemia, or
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inflammation) to 1 (presence of edema, isch-
emia, or inflammation). Representative cross-
sectional intramyocardial arteries were chosen
randomly from the right and left ventricular
walls and the septum. Normal, vacuolated and
sharp-edged media cell nuclei of the intramyo-
cardial arteries were investigated and record-
ed. The relative number of ischemic nuclei of
intramyocardial arteries was calculated by di-
viding the total number of sharp-edged media
cell nuclei by the normal round-shaped nuclei.
The relative number of vacuolated nuclei of
intramyocardial arteries was calculated by
dividing the total number of vacuolated media
cell nuclei by the normal round-shaped nuclei.
The evaluation of histology was performed
blinded to the study protocol by two investiga-
tors (CH, AM).

Quantitative RT-PCR analysis

The base of the heart was homogenized and
RNA extraction was carried out with an RNe-
asy mini kit with on-column DNase digestion
(Qiagen, Hilden, Germany), and total RNA was
then reverse-transcribed to cDNA using Maxi-
ma First Strand cDNA synthesis kit (Thermo
Fisher Scientific, Waltham, MA, USA). The cDNA
obtained from the RT reaction (amount corre-
sponding to approximately 1 ng of total RNA)
was subjected to quantitative PCR using Qu-
antiTect® Primer Assays (Qiagen, Valencia, CA,
USA) for HIF1la, iNOS, E-selectin, ANP, BNP,
VEGFa, MMP9, YKL-40, TGFB and GAPDH,
Maxima® SYBR Green/ROX gPCR Master Mix
(Thermo Scientific, Waltham, MA, USA) and
ABI PRISM 7000 Sequence detection system
(Applied Biosystems, Foster City, CA, USA). PCR
reaction parameters for SYBR® Green detec-
tion were as follows: incubation at 50°C for two
minutes, incubation at 95°C for 10 minutes,
and thereafter 40 cycles of denaturation at
95°C for 15 seconds, and annealing and ex-
tension at 60°C for one minute. Each sample
was determined in duplicate. Ct values were
determined, and the relative quantification was
calculated using the 224t method [15]. The val-
ues of six control samples (Normal) were used
as a calibrator, and the expression levels of
HIF1a, iNOS, E-selectin, ANP, BNP, VEGFq,
MMP9, YKL-40 and TGFp were normalized ag-
ainst GAPDH.

Immunohistochemistry

Immunohistochemistry was performed using
the Ventana Life-sciences Benchmark XT©
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Table 1. Early histology of medial cell nuclei of intramyocardial arteries of unoperated hearts (Nor-
mal), sham-operated hearts (Sham), hearts with acute volume-overload (AVO) and heterotopically
transplanted heart after AVO (AVO+Tx)

Mann-Whitney Kruskall-Wallis

Normal Sham AVO AVOHTx U test P-value  test P-value

Right ventricle

Relative number of ischemic nuclei 0.05+0.02 0.07+0.01 0.09+0.02 0.04+0.01 0.040* 0.149

Relative number of vacuolated nuclei ~ 0.10+£0.04 0.07+0.02 0.12+0.02 0.07+0.02 0.493 0.902
Left ventricle

Relative number of ischemic nuclei 0.04+0.01 0.11+0.03 0.09+0.02 0.03+0.01 0.069 0.042*

Relative number of vacuolated nuclei ~ 0.12+0.05 0.09+0.03 0.12+0.05 0.3040.05 0.002* 0.010*
Septum

Relative number of ischemic nuclei 0.03+0.01 0.10+0.02 0.16+0.02 0.04+0.01 0.008* 0.001*

Relative number of vacuolated nuclei ~ 0.10+0.04 0.06+0.06 0.18+0.04 0.14+0.05 0.946 0.260

Values are expressed as mean + error of mean; Mann-Whitney U test comparing AVO vs. AVO+Tx. *P<0.05.

Staining module. The paraffin-embedded slid-
es were deparaffinized with three changes of
xylene, rehydrated in a series of graded etha-
nol, and rinsed well under running distilled
water. The slides were placed in a preheated
retrieval buffer, 0.1 mmol EDTA, pH 8.0, for 30
min and then cooled in a buffer for 5 min, fol-
lowed by a 5-minute rinse under running dis-
tilled water. After heat-induced epitope retriev-
al, the slides were placed on an autostainer
(DAKO Corp., Carpinteria, CA, USA). Sections
were incubated with 3% hydrogen peroxide
in ethanol for 5 min to inactivate the endoge-
nous peroxides, and incubated in YKL-40 anti-
body (dilution 1:100) (Biomedica Gruppe) for
30 min, followed by rinsing with Tris-buffered
saline solution with Tween 20 (TBST) wash buf-
fer. Secondary incubation was made using
DUAL-labeled polymer horseradish peroxidase
(K4061; DAKO Corp.) for 15 min. The slides
were rinsed with TBST wash buffer. Sections
were then incubated in 3,3-diaminobenzidine
(K3467; DAKO Corp.) for 5 min, counterstained
with modified Schmidt hematoxylin for 5 min,
rinsed for 3 min in tap water to blue sections,
dehydrated with graded alcohols, and cleared
in three changes of xylene before mounting.
Positively stained YKL-40 cells were evaluated
from representative cross-sectional area sam-
ples of the right ventricular wall, the left ven-
tricular wall, and the septum. The evaluation
was performed by two investigators blinded to
the study protocol (NK, AM).

Statistical analysis

The data is presented as mean * standard
error of mean (SEM). Statistical analyses were
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performed with SPSS 26.0 statistical soft-
ware (SPSS Inc, Chicago, IL). Nonparametric
data between the groups were analyzed with
Kruskall-Wallis and Mann-Whitney U test. The
P-values <0.05 were considered significant.

Results
Histology

The presence of myocardial edema, ischemia
and inflammation did not differ between the
groups.

Relative number of ischemic nuclei of the rig-
ht ventricle, left ventricle and septal intramyo-
cardial arteries was decreased in AVO+Tx as
compared with AVO (0.04+0.01 vs. 0.09+0.02,
PSU, P=0.040; 0.03+0.01 vs. 0.09+0.02, PSU,
P=0.069 and 0.04+0.01 vs. 0.16+0.02, PSU,
P=0.008, respectively, Table 1). Relative num-
ber of vacuolated nuclei of the right ventricle
and septal intramyocardial arteries did not dif-
fer between the groups. The relative number of
vacuolated nuclei of the left ventricle intramyo-
cardial arteries was increased in AVO+Tx as
compared with AVO (0.30+0.05 vs. 0.12+0.05,
PSU, P=0.002, Figure 2).

gRT-PCR analysis

As presented in Table 2, INOS was upregu-
lated more than double in AVO+Tx as compar-
ed with AVO (5.78+1.23 vs. 2.46+0.81, P=
0.039), whereas E-selectin showed a tendency
of increase in AVO+Tx as compared with AVO
(8.82£2.56 vs. 5.08+1.70, P=0.051). ANP was
downregulated in AVO+Tx as compared with
AVO (1.32%0.16 vs. 2.85+0.70, P=0.039). Th-
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Absolute number of YKL-40 cells
14

12 *p=0.028

the level of the number ob-
served in untouched normal
hearts. The non-working sta-
te of the heart after hetero-
* topic transplantation afforded

\ a reversible circulatory bur-
den simulating the applica-

10 *p=0.044

Number of YKL-40 cells
0 cl o 00
> » I» > >
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Figure 2. Absolute number of YKL-40 positive myocardial cells in Normal,
hearts with acute volume-overload (AVO) and heterotopically transplanted

hearts after AVO (AVO+Tx). Horizontal bars indicate mean.

ough VEGF« expression was higher in AVO+Tx
as compared with AVO (1.15+0.22 vs. 0.60+
0.08, P=0.030), it remained at the level of
Normal. YKL-40 was upregulated more than
double in AVO+Tx as compared with AVO
(22.39+45.22 vs. 10.79+1.70, P=0.039).

Immunohistochemistry for YKL-40

The absolute number of YKL-40 positive myo-
cardial cells was higher in AVO+Tx vs. AVO
(8.80+2.68 vs. 5.92+1.86, P=0.044).

Discussion

AVO induces a sudden circulatory burden that
causes ischemic-like changes of the myocardi-
um [1, 4]. Intramyocardial arteries are particu-
larly vulnerable to early volume overload and
mirror early ischemia-like insult of the myocar-
dium [2]. In this study, we investigated whether
a non-working state of the heart would inter-
fere with intramyocardial ischemia after experi-
mental AVO.

The relative number of ischemic nuclei of the
right ventricle, left ventricle and septal intra-
myocardial arteries of hearts with AVO after
heterotopic transplantation decreased back to

209

’ tion of a LVAD [3]. The relative

T increase of the number of

vacuolated nuclei of the left

ventricle intramyocardial ar-

teries in hearts with AVO+Tx

may confirm the reversed cir-

2 3 culation and the early unload-

ed effect on the left side of

the heart; increased coronary

artery circulation after hetero-

topic cardiac transplantation

induces increased myocardial

perfusion pressure and intra-

AVO+Tx cellular edema, while the left

side of the heart remains in
the non-working state [16].

The decreased expression of

ANP and induced upregula-
tion of INOS suggest that hypoxic myocardial
changes in hearts with AVO interact early af-
ter downloading of the circulation [7, 17]. Major
differences in the expressions of TGF( and
MMP9 were not observed at the early phase
of AVO+Tx as compared with AVO, probably
since the induction of TGFB and MMP9 instead
reflect the onset of fibrosis at a later stage af-
ter AVO [18]. Both preserved upregulation of
VEGFa and increased YKL-40 expressions sug-
gest angiogenesis and compensatory remodel-
ing mechanisms after AVO+Tx [9, 19]. YKL-40
expression and immunohistochemical staining
of YKL-40 increased in hearts with AVO+Tx,
while in the AVO group they were at the level
comparable with untouched normal hearts.
YKL-40 is a sensitive marker of inflammation
and cardiac remodeling after surgical trauma
[12]; YKL-40 induces angiogenesis and has
antiapoptotic properties that inhibit inflamma-
tion [20].

From a clinical perspective, the heart exerts
excessive work against AVO [1, 4]. The result-
ing hemodynamically unstable acute heart with
increased myocardial oxygen consumption is a
life-threatening emergency. Indeed, a circula-
tory support that hemodynamically allows the
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Table 2. Gene expression of unoperated hearts (Normal), sham-operated hearts (Sham), hearts with
acute volume-overload (AVO) and heterotopically transplanted hearts after AVO (AVO+Tx)

Mann-Whitney  Kruskall-Wallis

Normal Sham AVO AVO+TX U test P-value test P-value

HIF 1o 1.00+£0.08 1.19+0.06 1.19+0.15 1.32+0.10 0.448 0.157

iINOS 1.00+0.28 1.68+0.25 2.46+0.81 5.78+£1.23 0.039* 0.014~*
E-selectin 1.00+0.23 2.42+0.29 5.08+1.70 8.82+2.56 0.051 <0.001*
ANP 1.00+£0.22 1.67+£0.75 2.85+0.70 1.32+0.16 0.039* 0.040%*
BNP 1.00£0.70 0.97+0.11 1.33+0.42 1.59+0.45 0.448 0.697

VEGF« 1.00+0.11 2.01+0.15 0.60+0.08 1.15+0.22 0.030* 0.001*
MMP9 1.00+0.39 5.8442.13 13.61+5.05 4.41+0.90 0.278 0.010*
YKL-40 1.00+0.26 10.46+1.81 10.79+1.70 22.3945.22 0.039* <0.001*
TGFB 1.00+0.12 1.52+0.06 3.3310.55 2.61+0.15 0.448 0.001*

Gene expression was measured by qRT-PCR and normalized against GAPDH. The mean expression level in the Normal group
was set as 1 and the other values are expressed in relation to that value. Values are given as mean * standard error of mean.
Mann-Whitney U test comparing AVO vs. AVO+Tx. Kruskall-Wallis test compares all groups. HIF1a = hypoxia inducible factor 1al-
pha, iINOS = inducible nitric oxide synthase, ANP = atrial natriuretic peptide, BNP = brain natriuretic peptide, VEGFa = vascular
endothelial growth factor alpha, MMP9 = matrix metalloproteinase 9, YKL-40 = chitinase 3-like protein, TGFp = tumor growth

factor beta. *P<0.05.

heart to rest enables a non-working state of
the heart with less oxygen consumption, secur-
ing patient recovery from surgical correction of
the aorta-venous connection [3]. The non-work-
ing heart state may also provide reversible
myocardial changes after ischemia-like strain
caused by AVO. In the future, we aim to study
whether the non-working state of the heart
after AVO would further enhance reversed tis-
sue remodeling after long-term follow-up time.

The experimental approach of this study can-
not compensate the need of clinical investiga-
tion of the effect of an LVAD in reversing myo-
cardial changes after AVO. Histologically, how-
ever, well-settled in-vivo experimental models
may serve as a pilot set-up that indicates
whether a non-working heart state offers induc-
tion of reversed tissue remodeling. The appli-
cation of an LVAD-type of device after AVO may
be a worthy means of treatment to compensate
the ongoing ischemia-state of an overloaded
heart.
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