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Abstract

Background

Several antineoplastic drugs have been proposed as new compounds for pulmonary arterial
hypertension treatment but many have cardiotoxic side effects. The chemotherapeutic
agent 6-mercaptopurine may have an effect in treatment of pulmonary arterial hypertension
but at the same time, its effects on the afterload adaption of the right ventricle is unpredict-
able due to interaction with multiple downstream signalling pathways in the cardiomyocytes.
We investigated the direct cardiac effects of 6-mercaptopurine in rats with isolated right
heart failure caused by pulmonary trunk banding (PTB).

Methods

Male Wistar rat weanlings (112+2 g) were randomized to sham operation (sham, n=10) or
PTB. The PTB animals were randomized to placebo (PTB-control, n = 10) and 6-mercapto-
purine (7.5 mg/kg/day) groups with treatment start before the PTB procedure (PTB-preven-
tion, n = 10) or two weeks after (PTB-reversal, n = 10). Right ventricular effects were
evaluated by echocardiography, cardiac MRI, invasive pressure-volume measurements,
and histological and molecular analyses.

Results

PTB increased right ventricular afterload and caused right ventricular hypertrophy and fail-
ure. 6-mercaptopurine did not improve right ventricular function nor reduce right ventricular
remodelling in both prevention and reversal studies compared with placebo-treated rats.

Conclusion

Treatment with 6-mercaptopurine did not have any beneficial or detrimental effects on right
ventricular function or remodelling. Our data suggest that treatment of pulmonary arterial
hypertension with 6-mercaptopurine is not harmful to the failing right ventricle.
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Introduction

Pulmonary arterial hypertension (PAH) is a rapidly progressive and lethal disease [1] with a
prevalence in Europe of approximately 50 patients per million [2, 3]. The disease is character-
ized by increased resistance of the pulmonary arterioles causing increased right ventricular
(RV) afterload. The RV adapts to this increased load via several compensatory mechanisms,
but over time these are not sufficient to prevent progression to RV failure, which is the pre-
dominant cause of death in PAH patients [4]. While current PAH therapeutics reduce pulmo-
nary vascular resistance, they only partially reverse RV dysfunction. In fact, RV function can
further decline even after a reduction in pulmonary vascular resistance [5]. The outcome for
PAH patients remains poor with a 3-year survival rate ranging from 55%-74% when treated
with current therapeutic regimes [1, 6-8]. Therefore, it is essential to search for new therapeu-
tic agents, which target alternative pathways and which may have direct beneficial effects on
RV function.

6-mercaptopurine (6-MP) is a chemotherapeutic agent, which has been used for the treat-
ment of childhood acute lymphoblastic leukaemia and inflammatory bowel diseases for
decades [9]. Metabolism and mechanisms of action of 6-MP are still not fully understood [10].
6-MP exerts its anti-inflammatory effects through inhibition of Racl [11]. Other studies have
shown that 6-MP increases Nur77 expression and activation in smooth muscle- and endothe-
lial cells, and thereby reduces cell proliferation [12, 13]. 6-MP was therefore considered as a
possible new treatment for PAH [14]. The effects of 6-MP on Nur77 expression and activation
in cardiomyocytes are, to our knowledge, unknown. Furthermore, the role of Nur77 on the
heart is not well understood, and some studies propose a detrimental effect on left ventricular
(LV) afterload adaption in cardiac disease [15-18]. One could therefore fear that an increase in
Nur77 has an adverse effect on the RV in PAH patients.

A recent study on experimentally induced pulmonary hypertension indicates that 6-MP
may have beneficial effects on pulmonary vascular remodelling and the subsequent develop-
ment of RV failure [14]. Furthermore, azathioprine, a prodrug of 6-MP, has been shown to
increase LV ejection fraction (EF) in patients with inflammatory myocarditis and reduce car-
diac inflammation, fibrosis, and apoptosis [19-23]. The positive effects seen on the RV could
in the first case be secondary effects caused by reduced pulmonary pressures by 6-MP, and in
the second case be due to the anti-inflammatory effects of 6-MP. Thus, leaving the effects of
6-MP on pressure overload induced RV failure unknown.

Several antineoplastic drugs have been proposed as new compounds for PAH treatment
because of their ability to eliminate excess vascular cells and thereby reduce the causative thick-
ening of the pulmonary vascular wall [24]. Unfortunately, many of these compounds have car-
diotoxic side effects [25, 26].

In this study, we therefore aimed to evaluate the direct cardiac effects of 6-MP treatment on
RV function and remodelling in rats with pressure overload induced RV failure caused by pul-
monary trunk banding (PTB).

Methods
Animals

Male Wistar rats (Janiver Labs, Hannover) were given free access to water and standard rat
chow (Altromin #1324; Altromin, Lage, Germany). Two animals per cage were housed in a
room with a 12-hour light-dark cycle and a temperature of 23°C. The rats were treated accord-
ing to Danish national guidelines, and all experiments were approved by the Institutional Eth-
ics Review Board, the Danish Animal Experiments Inspectorate, and conducted in accordance
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with the Danish Law for animal research (authorization number 2016-15-0201-01040, Minis-
try of Environment and Food of Denmark).

Study design

RV failure was induced by pulmonary trunk banding (PTB). Rats were randomized to one of
four groups: a control PTB group (PTB-control, n = 10); a prevention PTB group (PTB-pre-
vention, n = 10); a reversal PTB group (PTB-reversal, n = 10); or sham group (Sham, n = 10).
In total, 40 rats were included in this study. The two treatment groups, PTB-prevention and
PTB-reversal, received DMSO-dissolved 6-MP (7.5 mg/kg/day) in the drinking water from
one day before the surgery or two weeks after the surgery, respectively. In a previous study, the
dosage of 7.5 mg/kg/day of 6-MP in the drinking water was proven to be a safe and relevant
dosage to use in rats [27]. This dosage is equivalent to the low maintenance dosage of 1.5 mg/
kg/day used in patients with chronic bowel disease [28]. The PTB-control and sham groups
received placebo (DMSO) treatment from two weeks after the surgery. Two weeks after the
surgery, an echocardiography was performed to verify RV dysfunction in the PTB rats. Seven
weeks after the surgery, RV function was evaluated by echocardiography, MRI, and invasive
pressure-volume measurements. Afterwards, the rats were euthanized, the hearts excised, and
histochemical and molecular analyses performed to assess RV remodelling (Fig 1).

Pulmonary trunk banding

Banding of the pulmonary trunk was performed as described previously [29]. The rats (112

g = 12 g) were anesthetized with sevoflurane (7% induction, 3.5% maintenance in 2:1 O,/air
mix), intubated, and ventilated (Abbot Scandinavia, Solona, Sweden; RF 76 min ™' and tidal
volume 2 mL). The rats were injected with s.c. buprenorphine (0.1 mg/kg, Temgesic, Indivior
UK Limited, United Kingdom), shaved on the thorax, and a lateral thoracotomy was per-
formed. The pulmonary trunk was carefully separated from the ascending aorta, and the band-
ing was made with a ligating clip applier modified to compress a titanium clip to a pre-set

Sham

(n=10)

Sham Placebo

PTB

Control
(n=10) PTB Placebo

Pr?:f:g)on PTB 6-mercaptopurine (7.5 mg/kg/day)
Reversal

(n=10)

PTB 6-mercaptopurine (7.5 mg/kg/day)

Week

0 2 7

Fig 1. Study design. Male Wistar rats were randomized to sham or pulmonary trunk banding (PTB) operation. The PTB rats were subsequently randomized to either
placebo or 6-mercaptopurine treatment. Vehicle or 6-mercaptopurine were given via drinking water from one day before the surgery or two weeks after. Two weeks
after the procedure, an echocardiography was performed on all the rats. Seven weeks after the surgery, cardiac function was evaluated by echocardiography, MRI, and
invasive pressure-volume measurements and the rats were euthanized.

https://doi.org/10.1371/journal.pone.0225122.9001
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inner diameter of 0.7 mm. The thorax was closed in three layers, and the rats received s.c. car-
profen (5 mg/kg, Norodyl Vet, ScanVet Animal Health, Fredensborg, Denmark) as additional
analgesics and 2 mL s.c. isotonic saline solution to compensate for fluid loss. Afterwards the
rats were treated with buprenorphine in the drinking water (7.4 ug/mL) for 3 days to relieve
postoperative pain. Sham operated animals underwent the same procedure except for the
application of the clip around the pulmonary trunk.

Evaluation of hemodynamic and anatomic measures

RV dimensions and function were assessed by echocardiography, MRI, and invasive pressure-
volume measurements (S1 Appendix). The heart was quickly excised and the RV separated
from the LV + septum and weighed. RV/tibia length (TL) was used as a measure of RV hyper-
trophy. RV tissue was snap frozen for molecular analyses and immersion fixated in formalin
4% for histology. For estimation of ascites and pleural fluid a gaze swap was weighed before
and after swiping the thoracic and abdominal cavities and a surplus of >1g was used as a cut
off. Remaining organs were weighed, and the liver examined for dark discoloration (nutmeg
liver) as a sign of backward failure. A small amount of blood was used for quantification of
white blood cell count, haematocrit, and red blood cell count using a hematology analyser
(Sysmex KX-21N). Methods for histology, quantitative real-time polymerase chain reaction
(PCR), western blotting, nuclear and cytoplasmic fractioning of tissue lysates, and immunoflu-
orescence are described in S1 Appendix. Except for histology, we chose only to analyse sham,
PTB-control, and PTB-reversal group, as the PTB-reversal group is clinically more relevant
than the PTB-prevention group.

Statistics

Statistical analyses were performed using GraphPad Prism 7.04 for Windows (GraphPad Soft-
ware, La Jolla California, USA, www.graphpad.com). All data were tested for normal distribu-
tion by QQ-plots and Brown-Forsythe test and non-parametric tests were used if data was not
normally distributed. Normally distributed quantitative data are expressed as mean * standard
error of mean (SEM). Non-normally distributed data was transformed and is presented by
box plots. Analyses were performed using one-way ANOVA with Bonferroni post-hoc com-
parison or a non-parametric Kruskal-Wallis test of selected groups to evaluate the PTB model
(PTB-control vs sham), the preventive effects of 6-MP (PTB-control vs PTB-prevention), and
the reversal effects of 6-MP (PTB-control vs PTB-reversal). Dichotomous outcomes were com-
pared between groups by Fisher’s exact test. P<0.05 were considered significant.

Results
Effects of pulmonary trunk banding (PTB)

PTB-control rats were compared with sham-operated rats to assess the effects of the PTB pro-
cedure (Table 1, Fig 2). PTB increased RV afterload (arterial elastance (Ea)) and RV end-sys-
tolic pressures (RVESP) in PTB-control compared with sham rats. Further, we observed
increased RV volumes indicating dilatation of the RV in the PTB rats. The PTB-control rats
had signs of RV dysfunction evident by decreased cardiac index (CI), RV ejection fraction
(EF), and tricuspid annular plane systolic excursion (TAPSE). Invasive pressure-volume mea-
surements showed increased RV end-diastolic elastance (Eed) in PTB-controls compared with
sham indicating diastolic dysfunction. RV end-systolic elastance (Ees), a measure of RV con-
tractility, was increased in the PTB rats but not sufficient to maintain the ventriculo-arterial
coupling measured by Ees/Ea. Two animals died prematurely during the study with signs of

PLOS ONE | https://doi.org/10.1371/journal.pone.0225122 November 12, 2019 4/18


http://www.graphpad.com/
https://doi.org/10.1371/journal.pone.0225122

@ PLOS|ONE

Effects of 6-mercaptopurine in pressure overload induced right heart failure

Table 1. Anatomic and hemodynamic data at the end of the study.

Control PTB

Sham PTB-control PTB-prevention PTB-reversal

n=10 n=9 n=10 n=9
Anatomical data
Body weight (g) 390+6 394+13 3817 354+13A
RV (g) 0.20+0.01 0.49+0.01"*** 0.47%0.01 0.44+0.03
LV+S (g) 0.78+0.01 0.86+0.03 0.92+0.03 0.86+0.04
LV CSA me 630120 664+22 656+16 657+19
RV/(LV+S) 0.25+0.004 0.57+0.02%*** 0.51+0.01 0.52+0.02
TL (mm) 41.0+0.21 40.7+£0.41 40.0£0.11 39.84+0.36
Lungs (g) 1.36+0.03 1.46+0.05 1.45%0.05 1.38+0.04
Liver (g) 14.3+0.54 13.4+0.62 14.1+£0.46 12.7£0.09
Kidneys (g) 2.35+0.03 2.33+£0.10 2.16+0.05 2.10+0.09
Spleen (g) 1.01+0.04 0.97+0.05 0.84+0.04 0.85+0.04
Extracardiac manifestations 0% 0% 20% 10%
Hematology
WBC (-109/L) 9.48+0.76 7.58+0.81 6.65£0.58 4.09£0.76/A1
Hematokrit (L/L) 0.44+0.01 0.48+0.01 0.44+0.01 0.42+0.02
RBC (~109/L) 7.95%0.18 8.50+0.21 8.06+0.22 7.60£0.41
Hemodynamic measures
HR (bpm) 327+12 289+6 3039 298+13
RV SV (uL) 354+15 264+14*** 26119 245+15
RV diastolic pressure (mmHg) 7.38+1.04 6.57+0.65 5.19+0.46 5.58+0.90
RV filling pressure 2.23+0.16 3.74+0.44" 4.56+0.52 4.40+0.48
MAP (mmHg) 11245 114+4 11943 11445
RV dP/dt max (mmHg/s) 1248+90 2546+121%%** 2822+181 2798+266
RV dP/dt min (mmHg/s) -1090+83 -2573+£156"*** -2794+135 -2721+202

RV: Right ventricle; LV+S: Left ventricle + septum; LV CSA: Left ventricle cross sectional area; TL: Tibia length; Extracardiac manifestations: nutmeg liver, ascites and/
or hydrothorax; WBC: White blood cell count; RBC: Red blood cell count; HR: Heart rate; SV: Stroke volume; MAP: Mean arterial pressure; dP/dt max: First derivative

(maximal) of right ventricular systolic pressure; dP/dt min: First derivative (minimal) of right ventricular systolic pressure.

Data are presented as mean + SEM.

*P<0.05

***P<0.001

****P<0.0001; PTB-control vs. sham.
ANP<0.01; 6-MP treatment vs. PTB-control.

https://doi.org/10.1371/journal.pone.0225122.t001

right heart failure, one from the PTB-control group and one from the PTB-reversal group,
without any significant differences in mortality between the groups. The analyses of the differ-
ent groups, therefore, consisted of 10 sham, 9 PTB-control, 10 PTB-prevention, and 9 PTB-
reversal animals.

The increased RV pressures caused RV hypertrophy as seen by increased RV weight nor-
malized to tibia length (RV/TL) in the PTB-control group compared with sham rats. Histology
revealed an increase in RV cardiomyocyte size and fibrosis in the model (Fig 3). To explore the
potential mechanisms for the increased fibrosis, we analyzed genes related to collagen produc-
tion. The analyses showed no changes in myocardial mnRNA expression levels of collagen 1,
collagen 3a, lysyl oxidase (LOX), or fibronectin-1 (FN1). However, gene expression levels of
the two profibrotic proteins, osteopontin-1 and connecting tissue growth factor (CTGF), were

PLOS ONE | https://doi.org/10.1371/journal.pone.0225122 November 12, 2019 5/18


https://doi.org/10.1371/journal.pone.0225122.t001
https://doi.org/10.1371/journal.pone.0225122

@ PLOS|ONE

Effects of 6-mercaptopurine in pressure overload induced right heart failure

g >
]

B

150+
- A = v )
= weww A T i ¥ £
S, 400- : £ 1001 .. 2 @
I ZA Ty
— = = E
E =R - Il e
< 200- m||a w504 9
© >
i P " 2 ﬁ z
0 ] T L] ] 0 T T T T
& ) °~\ z\\ & o 04 0\\
> 8 N BN > 8 N\ X
9“@,&“ Q,ga'Q NS 9“@,&“ Q,@'Q &
i\ i\
51 I 100+ 4+ Jedekk
° *kk ...
= = ®.
&g T - 807 oast v =) 31
vy Q
a3 o 4, v S 60{| | m A o I v
: n u A+ T L L ® 24 A Yiev
[ 2l [v w A v & -
~ 2- [ ] AA E 40' | | A v \{ % vv
— v
(&) v =14
14 201
0 T T % T 0 T T L] 0 ] 1 L] T
> A A N A A > A A
& £ & € L & &€ € S
T L E T L L > L
& < & < Q<
G H |
25 500- 37 —
v * *
- - A v
- — -
E 20 % ¥ 2 400 R .
— [} ) 2'
%’15- I » _$_ i I :E’soo- 1 T 0 _T_ y
2 n Ole v
o - (] @ A
€ 104 / € 2004 a1+ a [ " A
~ A v S— ™ v 14] @ | | \ AN
g PY N/ 8 : [ ] t v L] T A 4
o 'Y ) A v
0" T T T 0 T T T T 0 T T T T
A\ S R} Y XY » XY XY
& &€ L & € £ & &€ L
o o AN %" o & N2 P O &
A\ & < & <
Q Q
6/18

PLOS ONE | https://doi.org/10.1371/journal.pone.0225122 November 12, 2019


https://doi.org/10.1371/journal.pone.0225122

@ PLOS | O N E Effects of 6-mercaptopurine in pressure overload induced right heart failure

Fig 2. Effects of pulmonary trunk banding and 6-mercaptopurine treatment on right ventricular function at the end of the study. PTB:
Pulmonary trunk banding; prev: Prevention group receiving 6-mercaptopurine treatment from one day before surgery; rev: Reversal group
receiving 6-mercaptopurine treatment from two weeks after surgery. (A) Arterial elastance. (B) Right ventricular (RV) systolic pressure. (C)
RV end-systolic (red dots) and end-diastolic volumes (black dots). (D) Cardiac index. (E) RV ejection fraction. (F) Tricuspid annular plane
systolic excursion. (G) End-diastolic elastance. (H) End-systolic elastance. (I) Ventriculo-arterial coupling. Results are expressed as
scatterplots with mean + SEM. *P<0.05; ***P<0.001; ****P<0.0001.

https://doi.org/10.1371/journal.pone.0225122.9002

increased in the PTB rats. An increase in gene expression of the heart failure marker, brain
natriuretic peptide (BNP), and a trend towards increased myosin heavy chain-f (MHC-f), a
hypertrophy marker, were found in the PTB-control group compared with sham rats (Fig 4).
There were no signs of inflammation of the RV in the PTB-control group compared with
sham rats assessed by gene expression levels of interleukin 6 (IL-6) and monocyte chemotactic
protein 1 (MCP-1) or by protein expression of CD45. Protein expression levels of cleaved cas-
pase-3 showed no sign of increased apoptosis in the model (Fig 5). When looking at the mech-
anisms of Nur77, there were no difference in either gene or protein expression levels of total
Nur77 nor in protein expression of Nur77 in isolated fractions from cytoplasma and nucleus.
However, on the immunofluorescence stainings, the Nur77 protein expression seemed
increased in the PTB-control group compared with the sham group (Fig 6).

Effects of 6-MP treatment on RV function

To evaluate the effects of treatment with 6-MP the two treatment groups, PTB-prevention and
PTB-reversal, were compared with the PTB-control group (Table 1, Fig 2). At baseline, 6-MP
treated rats showed no differences in either weight or echocardiographic parameters compared
with PTB-control (Table B in S1 Appendix). At evaluation, no differences in RV function were
found between the PTB-control group and the two 6-MP treated groups assessed by CI, EF,
and TAPSE. Neither did RV volumes differ between the groups. 6-MP-treatment did not show
any effects on either RVESP, RV stiffness (Eed), RV contractility (Ees), or ventriculo-arterial
coupling (Ees/Ea). There were no differences in systemic mean blood pressure (MAP) when
comparing the 6-MP groups with PTB-control.

Looking at RV hypertrophy, treatment with 6-MP did not reduce the RV/TL ratio or the
RV/(LV + septum) weight ratio and 6-MP did not have any effects on cardiomyocyte cross sec-
tional area (CSA) or fibrosis when compared with PTB-control (Table 1, Fig 3). Further molec-
ular analyses of the effects of 6-MP on fibrosis and collagen production in the PTB-reversal
group did not reveal any changes in mRNA levels of collagen 1, collagen 3a, CTGF, osteopon-
tin-1, LOX, or FN1. Analyses of genes related to RV hypertrophy and failure showed no changes
in levels of MHC-B or BNP mRNA expression with 6-MP treatment compared with PTB-con-
trol (Fig 4). The PTB reversal group did not differ from the PTB-control group regarding gene
or protein expression levels related to inflammation or apoptosis (Fig 5). There were no differ-
ences in expression levels of cellular Nur77. Immunofluorescence images showed increased
Nur77 in the nucleus of cardiac cells of PTB-reversal rats compared with PTB-control, but west-
ern blot analysis of the protein expression levels of Nur77 in cytoplasmic and nuclear fractions
did not confirm this finding (Fig 6). The PTB-reversal group showed reduced end-body weight
and white blood cell count compared with the PTB-control group (Table 1).

Discussion

This study showed that: 1) PTB caused RV failure evident by decreased RV function and
adverse remodeling and 2) Treatment with 6-MP did not influence RV function or remodeling
compared with placebo.
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Fig 3. Effects of pulmonary trunk banding and 6-mercaptopurine treatment on anatomy and histology. PTB: Pulmonary trunk banding;
prev: Prevention group receiving 6-mercaptopurine treatment from one day before surgery; rev: Reversal group receiving 6-mercaptopurine
treatment from two weeks after surgery. (A) Right ventricular (RV) cardiomyocyte cross sectional area. (B) RV fibrosis. (C) RV weight/tibia
length. Histological sections stained with hematoxylin and eosine from (D) Sham and (E) Pulmonary trunk banding (PTB) control group
and sections stained with picrosirius red from (F) Sham and (G) PTB-control. Results are expressed as scatterplots with mean + SEM and are
analysed by comparing PTB-control vs sham, PTB-control vs PTB-prevention, and PTB-control vs PTB-reversal.**P<0.01; ***P<0.001;

****P<0.0001.
https://doi.org/10.1371/journal.pone.0225122.9003

Effects of PTB

RV failure in PTB. The PTB procedure caused increased RV afterload and RVESP com-
pared with sham operation. Hemodynamic measures of the PTB-rats showed signs of RV dys-
function with decreased cardiac index and reduced RV EF caused by a reduced longitudinal
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Fig 4. Effects of pulmonary trunk banding and 6-mercaptopurine treatment on fibrosis, hypertrophy, and heart failure markers. Gene
expression levels quantified by real-time polymerase chain reaction (real-time PCR) and normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Results presented by box plots. PTB: Pulmonary trunk banding; rev: Reversal group receiving 6-mercaptopurine
treatment from two weeks after surgery. (A) mRNA expression of collagen 1. (B) mRNA expression of collagen 3a. (C) Collagen 1/collagen 3a
ratio. (D) mRNA expression of osteopontin-1. (E) mRNA expression of connective tissue growth factor (CTGF). (F) mRNA expression of lysyl
oxidase (LOX). (G) mRNA expression of fibronectin 1 (FN1). (H) mRNA expression of brain natriuretic peptide (BNP). (I) mRNA expression
of myosin heavy chain-p (MHC-p).AP = 0.058; *P<0.05; ***P<0.001; ****P<0.0001.

https://doi.org/10.1371/journal.pone.0225122.9g004
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Fig 5. Effects of pulmonary trunk banding and 6-mercaptopurine treatment on inflammation and apoptosis in
the right ventricle. Gene expression levels of interleukin 6 (IL-6) and monocyte chemotactic protein 1 (MCP-1)
quantified by real-time polymerase chain reaction (real-time PCR) and normalized to glyceraldehyde 3-phosphate

dehydrogenase (GAPDH). Results presented by box plots. Western blot analyses of CD45 and cleaved caspase-3
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normalized to GAPDH. Results expressed as scatterplots with mean + SEM. PTB: Pulmonary trunk banding; rev:
Reversal group receiving 6-mercaptopurine treatment from two weeks after surgery.(A) mRNA expression of IL-6. (B)
mRNA expression of MCP-1. (C) Protein expression of CD45 with representative lanes from a single blot. (D) Protein
expression of cleaved caspase-3 with representative lanes from a single blot.

https://doi.org/10.1371/journal.pone.0225122.9g005

shortening of the ventricle (TAPSE). This correlates with RV failure development in PAH
patients [5, 30, 31]. The PTB-rats developed compensated RV failure as only few of the animals
showed extra-cardiac manifestations including nut-meg liver, ascites, or pleural fluid. In PAH
patients, fluid retention is one of the cardinal symptoms of RV failure [32]. As an expected
result of the chronic increase in afterload, the RV contractility (Ees) was increased in PTB-con-
trol rats compared with sham. However, the increase in contractility was not sufficient to
maintain the ventriculo-arterial coupling, confirming that the RV of the PTB rats failed to
compensate for the increase in afterload, which is consistent with data from RV failure patients
[30].

RV remodelling in PTB. In PTB-rats, we saw RV hypertrophy and increased fibrosis,
which have also been demonstrated in RV biopsies from patients with PAH [33, 34] and in
models of experimentally induced pulmonary hypertension including the Sugen-Hypoxia and
the monocrotaline model [35, 36]. Regarding RV hypertrophy, we saw a clear increase in car-
diomyocyte size in PTB-control compared with sham. Increased gene expressions of MHC-8
and BNP confirmed the presence of RV hypertrophy and failure on molecular levels in the
PTB-control group. In PAH patients, a shift from MHC-o. to f is associated with reduced RV
contractile function [33], while increased plasma BNP levels are associated with the degree of
RV dysfunction and mortality [37].

We found increased fibrosis in the PTB-control group compared with sham. An increase in
fibrosis may be due to increased synthesis, enhanced cross-linking, or decreased degradation
of the collagen fibers. Inconsistent with previous PTB studies [38], mRNA expression levels of
collagen 1 or 3a were not increased in this study. These results, however, could have been
influenced by the dispersion of the expression levels as seen by the width of bars in Fig 4A-4C.
LOX contributes to cross binding of the collagen filaments increasing the stiffness, while FN1
is a facilitator of LOX [39, 40]. Osteopontin-1 and CTGF are known profibrotic mediators,
additionally, osteopontin-1 reduces breakdown of collagen [41, 42]. We did not see any
changes in LOX or FNI1 gene levels but osteopontin-1 and CTGF mRNA expression levels
were increased in the PTB-control group compared with sham. Therefore, the increased fibro-
sis development in this study is supposedly caused by reduced collagen turnover evident by
increased osteopontin-1 and CTGF gene levels. A certain level of fibrosis might be beneficial
in response to pressure overload as it provides mechanical support to cardiomyocytes, and as
long as fibrosis is mild will not lead to excessive RV myocardial stiffness [43-47]. Another
function of the fibroblasts is to contribute to myocardial function by releasing paracrine fac-
tors contributing to hypertrophy [48, 49]. However, it has not been possible to determine
whether a ‘threshold’ level of RV fibrosis exists, above which fibrosis becomes detrimental and
drives RV failure [45, 46]. In this study, the increased RV fibrosis may contribute to increased
mechanical support and hypertrophy improving contractility but on the other hand contribute
to diastolic dysfunction by increasing RV stiffness evident by increased Eed. We did not see
any changes in gene or protein expression levels of Nur77 in the PTB-control group compared
with sham. This is inconsistent with other studies, where the expression of Nur77 in the LV
increases in response to different cardiac stressors and in some cases has a detrimental effect
on the LV [15-18, 50-52]. Nur77 may not be affected in this model of pressure overload
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Fig 6. Effects of pulmonary trunk banding and 6-mercaptopurine treatment on Nur77 expression in the right ventricle. Gene expression levels of Nur77
quantified by real-time polymerase chain reaction (real-time PCR) and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) presented by

box plots. Western blot analyses of total Nur77 normalized to GAPDH and Nur77 expression in isolated cytoplasmic and nuclear fraction normalized to
GAPDH and proliferating cell nuclear antigen (PCNA), respectively. Results are expressed as scatterplots with mean + SEM and with representative lanes from
a single blot. PTB: Pulmonary trunk banding; rev: Reversal group receiving 6-mercaptopurine treatment from two weeks after surgery.(A) mRNA expression of
Nur77. (B) Protein expression of total Nur77. (C) Representative images of immunofluorescence staining for Nur77 (green), DAPI (blue), and Wheat Germ
Agglutinin (WGA; red). (D) Protein expression of Nur77 from cytoplasmic fraction. (E) Protein expression of Nur77 from nuclear fraction.

https://doi.org/10.1371/journal.pone.0225122.g006
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induced RV failure but its response and effect in decompensated rats or other types of RV fail-
ure are still unknown.

Inflammation and apoptosis in PTB. The role of inflammation and apoptosis on devel-
opment of RV failure in PAH patients are not well understood [53, 54]. Clinical studies with
PAH patients have shown that increased levels of IL-6 are related to worse NYHA functional
class [55]. In this model, we did not see an increase in inflammation measured by expression
levels of IL-6, MCP-1, and CD45. To our knowledge, this is the first study to investigate
inflammation in compensated RV failure in the PTB model. Recently, a study showed
increased inflammation in decompensated RV failure in PTB animals [56]. In the monocrota-
line rat model, inflammation is only present in the progressive but not in the stable pulmonary
hypertension [57]. Together with our results, this insinuates that inflammation is present only
in decompensated and not compensated RV failure. Increased apoptosis in PTB-rats have pre-
viously been demonstrated in compensated RV failure [54], this is inconsistent with our results
as we did not see any changes in cleaved caspase-3 protein levels.

The PTB model caused RV hypertrophy and failure similar to the failing RV in patients
with PAH. With this model, it is possible to study the molecular events underlying RV remod-
eling, which is highly beneficial when searching for new PAH treatments with cardioprotective
effects [58].

Effects of 6-MP treatment

At end-experiment, most measured parameters were consistent between the two treatment
groups, PTB-prevention and PTB-reversal, when compared with PTB-control. A reduced
white blood cell (WBC) count was found in the PTB-reversal group compared with PTB-con-
trol indicating a side effect from 6-MP treatment. Treatment with 6-MP did not alter the
hemodynamics of the RV in the rats.

The effects of 6-MP on the RV. A recent study on rats with Sugen-hypoxia induced pul-
monary hypertension and RV failure showed that 6-MP treatment reduced pulmonary vascular
resistance. Furthermore, it improved cardiac function evident by a decrease in RV remodelling
and an increase in stroke volume [14]. The animal model used was a non-fixed afterload model
making it difficult to separate direct cardiac effects from secondary effects caused by reduced
pulmonary pressures. PTB, on the other hand, is a fixed-afterload model of RV failure, which
allows for separate evaluation of the direct cardiac effects of 6-MP. With PTB, we saw no benefi-
cial or adverse cardiac effects with 6-MP treatment on isolated RV failure.

The mechanisms of 6-MP in RV remodelling. Treatment with 6-MP did not reduce RV
remodeling examined by hypertrophy and fibrosis development. In our study, the PTB-rats
did not show signs of inflammation, which prevented investigation of the anti-inflammatory
effects of 6-MP on the RV. Treatment with 6-MP did not increase apoptosis measured by
cleaved caspase-3 supporting that 6-MP does not have cardiotoxic side effects. As there were
no changes in gene or protein expression levels of Nur77 in the PTB-reversal group compared
with PTB-control, our study suggests that 6-MP does not alter Nur77 expression or activation
in RV cardiomyocytes from rats with RV failure. This is consistent with Pires et al [13], who
propose that 6-MP may increase Nur77 activity in some but not all cell types [13, 59-61].
From this study, the potentially beneficial but also adverse effects of Nur77 on the RV remain
elusive.

The anti-inflammatory effect of 6-MP in high-dosages mainly consist of incorporating
purine antagonists in immune cells and in low-dosages inhibiting Racl activity in endothelial
cells [9, 11, 59, 62]. Since leukopenia and bone marrow suppression are common side effects
of treatment with 6-MP we measured WBC and red blood cell count [62, 63]. A recent study
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found no evidence of 7.5 mg/kg 6-MP affecting the composition of blood cells in rats [14]. In
our study, we saw a reduction in WBC count in the PTB-reversal group compared with PTB-
control. As we did not see the same pattern in the PTB-prevention group, we primarily see this
as a different reaction to the PTB operation causing a weight difference between the two ani-
mals in a cage in the PTB-reversal group leading to a slight overdose of the smallest rat. We
still consider a dosage of 7.5 mg/kg 6-MP to be safe in rats.

In summary, even with current treatment options PAH remains a progressive and lethal
disease [64]. Therefore, it is still important to look for new treatment options for these patients.
Several other chemotherapeutic drugs tested in PAH later showed cardiotoxic side effects war-
ranting the need to investigate for cardiotoxic side effects in new drugs [25, 26]. It is therefore
worth noticing that we did not see any adverse or toxic cardiac effects with 6-MP treatment
with a dosage of 7.5 mg/kg/day. The only potential side effect we saw with 6-MP treatment was
areduction in WBC count in the PTB-reversal group compared with PTB-control. Inconsis-
tent with the azathioprine studies and the recent study on experimentally induced PAH, we
did not see any beneficial cardiac effects with 6-MP treatment [14, 19-23]. This discordance
might be explained by the importance of the anti-inflammatory effects by 6-MP and the
improvement of RV afterload by reducing smooth muscle cell proliferation in the lung vascu-
lature in the PAH model.

Strengths and limitations

Outbred male Wistar rats were used in this study and the difference between rats and humans
should be taken into consideration before clinical translation. All hemodynamic measures
were performed in anesthetized animals, which could blunt the difference between the groups.
To minimize this problem we carefully followed a well-tested protocol of anesthesia according
to previous recommendations [65]. The PTB model caused RV failure similar to the failing RV
in patients with PAH making it possible to study the molecular events underlying RV remodel-
ing. In the PTB-reversal group, we observed a weight difference between the two co-caging
animals, potentially causing a slight overdose of the smallest rat as the 6-MP concentration in
their shared drinking water was adjusted to the weight of the heaviest rat.

Conclusion

Treatment with 6-MP did not influence RV function nor reduce RV remodeling in rats with
pressure overload RV failure induced by PTB. Our study supports that treatment with 6-MP
has no toxic or adverse effects on the failing RV. However, we did see a reduction in WBC
count, which could be a side effect from 6-MP treatment, and caution is required despite
unchanged RV function.
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