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Abstract
Purpose Nrf2 is a nuclear transcription factor and plays an important role in the regulation of oxidative stress and inflam-
mation. We recently demonstrated that sulforaphane (SFN) protected mice from developing pulmonary arterial hypertension 
(PAH) and right ventricular (RV) dysfunction by elevating cardiac Nrf2 expression and function. Here we further investigate 
Nrf2 dependence for SFN-mediated prevention of PAH and RV dysfunction in an Nrf2 knockout mouse model.
Methods We used male global Nrf2-knockout mice and male C57/6 J wild type mice in the following groups: Control 
group received room air and vehicle control; SuHx group received SU5416 and 10% hypoxia for 4 weeks to induce PAH; 
SuHx+SFN group received both SuHx and sulforaphane, a Nrf2 activator, for 4 weeks. Transthoracic echocardiography was 
performed to quantify RV function and estimate pulmonary vascular resistance over 4 weeks. PAH was confirmed using 
invasive RV systolic pressure measurement at 4 weeks.
Results All Nrf2 knockout mice survived the 4-week SuHx induction of PAH. SuHx caused progressive RV diastolic/systolic 
dysfunction and increased RV systolic pressure. The development of RV diastolic dysfunction occurred earlier in the Nrf2 
knockout PAH mice when compared with the wide type PAH mice. SFN partially or completely reversed SuHx-induced RV 
diastolic/systolic dysfunction and increased RV systolic pressure in wild-type mice, but not in Nrf2 knockout mice.
Conclusion Our findings demonstrated the essential role of Nrf2 in SFN-mediated prevention of RV dysfunction and PAH, 
and increasing Nrf2 activity in patients with PAH may have therapeutic potential.
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Introduction

Pulmonary arterial hypertension (PAH) is a life-threaten-
ing disease characterized by progressive pulmonary vas-
cular remodeling, chronically increased pulmonary arterial 
pressure, and right ventricular (RV) overload. RV failure 
eventually develops at the later stage and is the leading 
cause of death in PAH patients [1]. The median survival 
time for patients with PAH was 2.8 years [2], and the 
5-year survival rate was only 50% [3]. Life quality and 
survival in patients with PAH is closely related to RV func-
tion [4]. Currently, effective and targeted therapies for RV 
dysfunction are limited.

Inflammation has been established to play an impor-
tant role in the pathogenesis of PAH, but the specific 
molecular mechanisms are largely unknown [5]. Lung 
tissues of PAH patients showed signs of chronic 
inf lammation with increased circulating cytokine 
levels and perivascular inf lammatory infiltrates [6, 
7]. In the mouse monocrotaline-induced PAH and RV 
failure model, inf lammation gradually worsens with 
the progression of the disease, including increased 
tumor necrosis factor-α (TNF-α) and interleukins [8]. 
Anti-inf lammatory therapies such as epoprostenol, 
prostacyclin, and bosentan have been tested in animal 
models and clinical studies with success [9–11].

Nuclear factor erythroid 2-related factor (Nrf2) is 
a transcription factor that integrates cellular stress 
signals by directing var ious transcr iptional pro-
grams. It plays a crucial role in anti-oxidative and 
anti-inf lammatory responses in the cells. Accumu-
lating evidence indicates that Nrf2 activation could 
be a novel target for treatment of inf lammatory lung 
diseases [12–14]. In our previous study, we demon-
strated that sulforaphane (SFN) prevented RV dysfunc-
tion and reduced pulmonary vascular remodeling in 
Su5416 and hypoxia exposure (SuHx) induced PAH 
mice. These effects were associated with up-regulation 
of Nrf2/NQO1 and downregulation of inf lammation 
and fibrosis [15]. However, it is unclear whether SFN 
mediated reversal of RV dysfunction and pulmonary 
vascular remodeling is dependent on the Nrf2 pathway. 
In this study, we aim to further investigate whether 
SFN could prevent PAH and RV dysfunction in an 
Nrf2 knockout mouse model. We elected to perform 
only echocardiographic evaluation and RV pressure 
measurements in this study without molecular and 
histological evaluations because if SFN does not pro-
tect RV dysfunction in Nrf2 knockout PAH mice, the 
likelihood of finding molecular and histological dif-
ferences in Nrf2 knockout mice is very low.

Methods

Animals

Male C57/6 J wild type and Nrf2 global knockout mice 
at 7 weeks were purchased from Jackson lab (Bar Harbor, 
ME). Nrf2 deficiency was confirmed by western blot in Nrf2 
knockout (KO) mice. All mice were kept under the same 
conditions for one week before the study. All experimental 
procedures were approved by the Institutional Animal Care 
and Use Committee of the University of Louisville.

PAH Induction

PAH was induced by weekly subcutaneous (s.c.) injection of 
a VEGFR inhibitor (Su5416, 20 mg/kg body mass; Semax-
inib, Adooq 5, USA), accompanied by 4 weeks of hypoxia 
(10% oxygen) in commercially designed chambers (Oxy-
cycler model A44XO, Biospherix, Redfield, NY). Control 
mice received only diluent and were housed in normoxic 
conditions within identical chambers. C57/6 J mice were 
randomly divided into three groups: Control (CTL: vehi-
cle + normoxic air n = 4); SuHx (Su5416 + hypoxia expo-
sure, n = 6); SuHx+SFN (Su5416 + hypoxia exposure + 
SFN injection, n = 6). Nrf2 knockout mice were also ran-
domized into three groups: Control (CTL: vehicle + nor-
moxic air n = 4); SuHx (Su5416 + hypoxia exposure, n = 4); 
SuHx+SFN (Su5416 + hypoxia exposure + SFN injection, 
n = 5). SFN (Sigma-Aldrich, USA) was given at the dos-
age of 0.5 mg/kg s.c. for 5 days of each week based on our 
previous study [15]. We did not include SFN only groups in 
CTL and Nrf2 knockout mice because our previous study 
showed SFN alone had minimal effects on PAH and RV 
function [15]. We did not include SFN only control group 
because we have extensively studied and reported there was 
no impact of SFN on cardiac functions in Nrf2-KO mice. 
When we examined whether the Nrf2 pathway plays an 
essential role in SFN prevention of diabetes, angiotensin II, 
and intermittent hypoxia-induced cardiomyopathy (chronic 
mouse model with 3-month treatment of SFN), SFN had no 
effect on cardiac functions in Nrf2 KO mice [29–31]. Our 
earlier work also showed that SFN alone had no effects on 
cardiac functions in WT mice [15]. Therefore, we did not 
include SFN alone control groups in WT and Nrf2 KO mice 
for this study.

Echocardiographic Measurements

Two-dimensional and Doppler transthoracic echocardiogra-
phy was performed with a high-frequency, high-resolution 
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digital imaging platform (Vevo® 2100 Imaging System, 
FUJIFILM Visual Sonics Inc., Toronto, Canada). Echo-
cardiography was performed by a trained individual (GZ) 
and the images were evaluated by a cardiologist (BBK) to 
ensure image quality and measurement accuracy, similar to 
our prior publication [15]. BBK was blinded to the grouping. 
Mice were anesthetized with 1% to 2% isoflurane and laid on 
their backs on a warming pad at 37 °C. Images were stored 
in the ultrasound system’s hard drive for analysis.

Invasive RV Pressure Recording

At the end of 4 weeks before sacrifice, RV systolic pressure 
was recorded by a 1.2 F transducer-tipped pressure catheter 
(model FTH-1211B-0081, Transonic, London, ON, Canada). 
Mice were anesthetized with 1% to 2% isoflurane and laid 
on their backs on a warming pad as described before. Hair 
over the right jugular was removed using a depilatory gel, the 
skin was sterilized and tissues were dissected. The catheter 
was placed into the right jugular vein and advanced into the 
RV. Closed chest RV pressures (n > 30 waveforms per animal) 
were recorded during a steady state and averaged peak RV 
pressure and waveforms were further analyzed using a peak 
detection software (LabChart Pro Software, AD Instruments, 
Colorado Springs, CO). Right ventricular peak RV pressure 
rate of rise (dP/dt max), peak RV pressure rate of decline (dP/
dt min) were calculated. dP/dtmax = slope of maximum deriva-
tive of change in systolic pressure over time; dP/dtmin = mini-
mum derivative of change in diastolic pressure over time.

Statistical Analysis

Analysis was performed using Prism GraphPad 8 Soft-
ware. All measurements were presented as mean ± standard 

deviation (SD). P value <0.05 was considered statistically 
significant. Normality of data was checked and either log-
transformation or non-parametric testing was performed 
on non-normally distributed data. Two-way ANOVA for 
repeated measurements followed by Tukey test was used for 
echocardiographic and body weight analysis during the time 
series. One-way ANOVA with Tukey comparison between 
groups was used for RV systolic pressure and heart rate 
analysis. Unpaired T-test was used to compare differences 
between wild type and Nrf2 knockout mice in terms of echo-
cardiographic variables for SuHx to control and SuHx+SFN 
to SuHx ratios.

Results

Effects of SuHx and SFN on Body Weight in Wild 
Type and Nrf2 Knockout Mice

All Nrf2 knockout mice survived the 4 weeks’ hypoxic envi-
ronment and Su5416 injection to induce PAH. Body weight 
showed similar increase over 4 weeks in both wild-type and 
Nrf2-knockout control mice. The body weight of SuHx and 
SuHx+SFN groups (both wild type and Nrf2 knockout mice) 
decreased significantly at the fourth week. However, there 
was no significant difference in body weight between the 
wild type and Nrf2 knockout mice groups (Fig. 1).

Effects of SuHx in Nrf2 Knockout Mice

SuHx caused global RV systolic and diastolic dysfunction in 
both wild type and Nrf2 knockout mice. Cardiac index (CI) 
declined 2 weeks after SuHx treatment in Nrf2 knockout 
mice similar to wild type mice (Fig. 2, A2). Pulmonary valve 

Fig. 1  Body weight changes during SuHx-induced PAH and SFN 
treatment. A1: wild type mice: body weight dropped significantly at 
week 4 in both SuHx and SuHx + SFN groups. CTL (blue, n = 4), 
SuHx (red, n = 6), SuHx+SFN (green, n = 6) groups, respectively. A2: 

Nrf2 knockout mice: body weight dropped significantly at week 4 in 
SuHx and SuHx + SFN groups. CTL (blue, n = 4), SuHx (red, n = 4), 
SuHx+SFN (green, n = 5) groups, respectively. **P < 0.05 versus 
CTL at week 4
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velocity time integral (PV VTI), an index of stroke volume 
from the right ventricle, and pulmonary artery acceleration/
ejection time ratio (PAT/PET), an indicator of pulmonary 
hemodynamics and pulmonary vascular resistance, deterio-
rated at week 2 and persisted into week 4 after SuHx treat-
ment in Nrf2 knockout mice similar to wild type mice (Fig. 2, 
B2 and C; Fig. 5A). Tricuspid annular plane systolic excur-
sion (TAPSE), an indicator of RV systolic function, showed 
significant deterioration at week 2 and persisted into week 4 
after SuHx treatment in Nrf2 knockout mice similar to wild 
type mice (Fig. 3, A2; Fig. 5A). Interestingly, RV E/E’, an 
indicator of RV diastolic dysfunction, showed deterioration 
starting from week 2 and persisted into week 4 in Nrf2 knock-
out SuHx mice in contrast to the wild type SuHx mice, which 
demonstrated dysfunction starting from week 3 (Fig. 3, B2). 
Anatomically, RV free wall thickness (RVFW), an indicator 
of chronic RV hypertrophy to adapt to pressure overload in 
PAH, revealed significant increase since week 2 and persisted 
into week 4 in Nrf2 knockout SuHx mice similar to wild type 
SuHx mice (Fig. 3, C2). RV Tei index, a global assessment of 
both systolic and diastolic RV function, increased significantly 
in SuHx mice since week 3 and persisted into week 4 when 
compared to control mice (Fig. 3, D2).

Effects of SFN in Wild Type and Nrf2 Knockout PAH 
Mice on Echocardiographic Parameters

In wild type PAH mice, SFN attenuated the changes of CI, 
PV VTI, PAT/PET ratio, TAPSE, and RVFW thickness 
at week 2, 3, 4 (Fig. 2, A1, B1, C1; Fig. 3, A1, C1), and 
changes of RV E/E’, RV Tei index at week 3, 4 (Fig. 3, B1, 
D1).

However, in Nrf2 knockout PAH mice, SFN did not 
reverse CI, PV VTI, PAT/PET ratio, TAPSE, RV E/E’, 
RVFW thickness, and RV Tei index (Fig. 2, A2, B2, C2; 
Fig. 3, A2, B2, C2, D2).

SFN Did Not Reverse Invasively Measured RV 
Systolic Pressure and Derivatives in Nrf2 Knockout 
Mice

At the end of week 4, we invasively measured the peak RV 
systolic pressure (RVSP), peak RV pressure rate of rise 

(dP/dT max), and peak rate of RV pressure decline (dP/dT 
min) in mice. Heart rates showed no difference between any 
groups (Fig. 4, C1, C2). RVSP is a surrogate for pulmonary 
pressure and a measurement of the severity of PAH and dP/
dT max is an important parameter of RV systolic function. 
Both RVSP and dP/dT max were significantly increased in 
both wild type and Nrf2 knockout SuHx mice (Fig. 4, A1, 
B1; A2, B2; Fig. 5B). The time course of pressure fall dur-
ing isovolumic relaxation provides an important measure of 
early diastolic performance and can be described by the peak 
rate of pressure decline dP/dT min [32, 33]. dP/dT min of 
SuHx wild type mice were significantly higher (more nega-
tive) than control mice, while SuHx Nrf2 knockout mice 
showed numerically higher (more negative) dP/dT min, yet 
without statistical significance (Fig. 4, D1, D2; Fig. 5B).

SFN reversed the elevated RVSP and dP/dT max in wild 
type SuHx mice; however, SFN did not decrease either the 
RVSP or dP/dT max in Nrf2 knockout SuHx mice (Fig. 4, 
A1, A2; B1, B2). SFN was able to restore dP/dT min to 
the level of control in wild type SuHx mice (Fig. 4, D1), 
but SFN showed no significant dP/dT min reversal in Nrf2 
knockout SuHx mice (Fig. 4, D2) (Fig. 5).

Comparison between WT and Nrf2 KO Mice Under 
Effects of SuHx and SFN

SuHx affected WT and Nrf2 mice similarly for all echocar-
diographic variables at weeks 2, 3, and 4 (Tables 1, 2, and 
3). However, at week 2, SFN showed less protection for CI 
in Nrf2 KO SuHx mice when compared to WT SuHx mice 
(Table 1). At week 3, SFN showed less protection for CI, 
PV VTI, PAT/PET, TAPSE, RVFW, and RV Tei index in 
Nrf2 KO SuHx mice when compared to WT SuHx mice 
(Table 2). At week 4, SFN showed less protection for CI, 
RV E/E’, RVFW, and RV Tei index in Nrf2 KO SuHx mice 
when compared to WT SuHx mice (Table 3).

Discussion

Our study demonstrated that SuHx caused RV systolic 
dysfunction and increased RV systolic pressure in Nrf2 
knockout mice similar to wild type mice. Importantly, the 
development of RV diastolic dysfunction occurred earlier 
in the Nrf2 knockout mice when compared to the wild type 
mice. SFN was able to attenuate RV dysfunctions in wild 
type PAH mice; however, SFN showed no protective effects 
in Nrf2 knockout PAH mice as measured by multiple RV 
and pulmonary parameters, including CI, PV VTI, TAPSE, 
RVSP, PAT/PET ratio, RVFW, RV E/E’, dP/dT max, dP/dT 
min, and RV Tei index.

Nrf2 is a basic leucine zipper transcription factor 
that regulates redox balance and stress response through 

Fig. 2  Reduced RV cardiac index (CI), pulmonary valve velocity time 
integral (PV VTI), and pulmonary artery acceleration/ejection time 
ratio (PAT/PET) by SuHx was attenuated by SFN in wild type mice, 
but not in Nrf2 knockout mice. A1: CI. B1: PV VTI. C1: PAT/PET 
ratio in wild type mice. n = 4, 6, 6, for CTL (blue), SuHx (red), and 
SuHx+SFN (green) groups, respectively. A2: CI. B2: PV VTI. C2: 
PAT/PET ratio in Nrf2 knockout mice. n = 4, 4, 5, for CTL (blue), 
SuHx (red), and SuHx+SFN (green) groups, respectively. *P < 0.05, 
**P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001 
between indicated groups at the same time point

◂

429Cardiovascular Drugs and Therapy (2022) 36:425–436



1 3

430 Cardiovascular Drugs and Therapy (2022) 36:425–436



1 3

controlling the basal and inducible expression of a bat-
tery of antioxidant and other cytoprotective genes by 
binding to the antioxidant response element [16]. Under 
normal conditions, nuclear levels of Nrf2 are low; how-
ever, nuclear accumulation of Nrf2 increases under stress, 
resulting in enhanced transcriptional activation of its tar-
gets, and confers protection against various environmental 
stresses [17]. Disruption of Nrf2 dramatically increased 
the mortality of mice in response to septic shock with 
augmented expression of proinflammatory genes associ-
ated with the innate immune response in lungs of Nrf2-
deficient mice, indicating severe immune dysregulation 
[16]. Nrf2 was found to be the key regulator for the two 
important cytoprotective pathways, anti-inflammation 
and anti-oxidation, in murine macrophages [18]. In 
addition, Nrf2 improved lupus nephritis by neutralizing 
reactive oxygen species and by negatively regulating the 
NF-κB and TGFβ1 signaling pathways [19]. Our PAH 
mouse model demonstrated that Nrf2 deficiency accel-
erated the development of RV diastolic dysfunction in 
PAH mice; however, no significant difference was found 
in echocardiographic measurements of RV systolic func-
tion and invasive pulmonary pressures. We previously 
showed that hypoxia and Su5416 induced PAH and sig-
nificant RV diastolic and systolic dysfunction along with 
markers of RV and pulmonary inflammation, fibrosis, 
and oxidative stress [15]. Evidence revealed that mul-
tiple inflammatory cells and pathways are activated in 
lungs of PAH patients [20] and also increased in the RV 
of animal PAH models [21]. The lack of worse or earlier 
RV systolic dysfunction in Nrf2 deficient mice could pos-
sibly be for several reasons: (1) SuHx effects on PAH 
and RV were so overwhelming that echocardiographic 
measurements at 2 weeks were not able to detect any dif-
ference between wild type and Nrf2 knockout mice. (2) 
SuHx induced PAH and RV dysfunction via Nrf2 inde-
pendent pathways. (3) Nrf2 pathway might only be impor-
tant in the development of RV dysfunction in late PAH 
pathogenesis. Interestingly, compared to WT mice, SFN 
exerted less protection in Nrf2 KO mice for CI, PV VTI, 
PAT/PET, TAPSE, RVFW, and RV Tei index at week 3, 
but only demonstrated less protection for CI, RV E/E’, 

RVFW, and RV Tei index at week 4. PV VTI, PAT/PET, 
and TAPSE were attenuated similarly in Nrf2 KO mice as 
WT mice at week 4. This could reflect later activations of 
other anti-inflammatory, anti-oxidative genes by 4 weeks’ 
administration of SFN via an Nrf2 independent pathway. 
Longer follow-ups to explore whether prolonged SFN 
administration could indeed confer more RV protections 
in Nrf2 KO mice and through which signaling pathways 
are critical.

Recently, two Nrf2 independent pathways have been 
implied in PAH and RV pathogenesis. Junctophilins (JP) 
protein plays roles in excitation–contraction coupling, 
such as promoting and stabilizing junctional membrane 
complexes, maintaining intracellular Ca2+ homeosta-
sis, and being a transcription factor under stress [34]. 
JP cleavage inhibitor was shown to mitigate the sever-
ity of RV cardiomyocyte contractile dysfunction and 
attenuated right heart failure in acute PAH. In addition, 
a single cell sequencing study of pulmonary arterial 
endothelial cells isolated from PAH patients revealed 
significantly increased levels of metallothionein genes 
in PAH pulmonary arterial endothelial cells when com-
pared to healthy controls [35], suggesting a possible 
role. These Nrf2 independent pathways might explain 
why Nrf2 KO mice did not develop a more accentuated 
PAH progression with SuHx and why SFN could still 
confer some protections of the RV after 4 weeks’ admin-
istration in Nrf2 KO mice.

Preventing inf lammation is important in various 
diseases, such as metabolic syndromes, autoimmune 
diseases, cancer, and chronic lung diseases [13, 22, 
23]. Nrf2 activators have recently attracted interest to 
treat inflammatory diseases [24–26]. Bardoxolone, an 
activator of Nrf2, improved 6 min walking distances 
in PAH patients of the LARIAT trial (Clini calTr ials. 
gov Identifier: NCT02036970) [25]. Another Nrf2 acti-
vator, CXA-10, is hypothesized to be disease modify-
ing by improving both pulmonary vasculature patho-
logical remodeling as well as RV cardiac remodeling 
and dysfunction in patients with PAH. The PRIMEx 
study is investigating the safety and disease modify-
ing effects of CXA-10 for the treatment of PAH (Clini 
calTr ials. gov Identifier: NCT04053543). SFN is an 
isothiocyanate and potent Nrf2 activator and activates 
anti-inflammatory pathways related to Nrf2 activity, 
including protective effects on the left ventricle in 
diabetic cardiomyopathy and angiotensin II-induced 
cardiomyopathy [27, 28]. Our previous study showed 
SFN could restore SuHx induced reduction of RV Nrf2 
and downstream NQO1 expression, and impaired RV 
function and remodeling [15]. Our current results sug-
gested that SFN may depend on the Nrf2 pathway to 
prevent PAH and RV dysfunction in the mouse PAH 

Fig. 3  Increased RV free wall thickness (RVFW) in SuHx group was 
restored by SFN in wild type mice but not in Nrf2 knockout mice. 
Reduced RV diastolic function (E/E’) and tricuspid annular systolic 
excursion with SuHx was attenuated by SFN in wild type mice but 
not in Nrf2 knockout mice. A1: RVFW, B1: E/E’ ratio. C1: TAPSE 
in wild type mice. D1: RV Tei Index. n = 4, 6, 6 for CTL (blue), SuHx 
(red), and SuHx+SFN (green) groups, respectively. A2: RVFW, B2: 
E/E’ ratio. C2: TAPSE in Nrf2 knockout mice. D1: RV Tei Index. 
n = 4, 4, 5 for CTL (blue), SuHx (red), and SuHx+SFN (green) 
groups, respectively. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01 
between indicated groups at the same time point

◂
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model based on the lack of protective effects of SFN 
in Nrf2 deficient PAH mice. We thus demonstrated the 
importance of the Nrf2 pathway in SFN mediated PAH 
and RV improvement in a mouse model through a loss 
of function method. SFN was given at 0.5 mg/kg s.c. for 
5 days of each week as previously described from our 
laboratory [29]. To study different dosage of SFN and 
whether SFN can attenuate PH after it was induced is of 

Fig. 4  Increased RV peak systolic pressure by SuHx was prevented 
by SFN in wild type mice, but not in Nrf2 knockout mice. Heart rate 
was similar in all groups. A1: RV peak systolic pressure (mmHg). 
B1: RV dP/dT max (mmHg/s). C1: Heart rate (bpm). D1: RV dP/dT 
min (mmHg/s) in wild type mice. n = 3, 4, 6 for CTL (blue), SuHx 
(red), and SuHx+SFN (green) groups, respectively. A2: RV peak sys-
tolic pressure (mmHg), B2: RV dP/dT max (mmHg/s). C2: Heart rate 
(bpm). D2: RV dP/dT min (mmHg/s) in Nrf2 knockout mice, n = 3, 
4, 4 for CTL (blue), SuHx (red), and SuHx+SFN (green) groups, 
respectively. *P < 0.05, #P < 0.05 between indicated groups

◂

Fig. 5  A: Representative echocardiographic measurements for TAPSE and PV VTI. B: Waveform diagrams of right ventricular systolic pressure 
in WT and Nrf2 KO mice

433Cardiovascular Drugs and Therapy (2022) 36:425–436



1 3

great importance and we plan to perform these experi-
ments in the future.

Our current study has several limitations. First, we only 
used male Nrf2 knockout mice in this experiment. We plan 
to include female mice in a future study to investigate the 
gender differences. Second, we only performed echocardio-
graphic RV function assessments and invasive RV systolic 
pressure calculations in this experiment. We plan to explore 
histological and molecular markers in Nrf2 knockout PAH 
mice with and without SFN to elucidate the mechanisms of 

SFN protection in PAH. Third, we performed echocardio-
graphic measurements at week 2 after PAH has been initi-
ated. Earlier echocardiographic measurements might reveal 
additional important differences between wild type and Nrf2 
knockout mice. Fourth, we only studied Nrf2 knockout mice 
in one specific PAH model, SuHx. Whether these effects are 
reproducible in other PAH models or humans are unknown.

In summary, our present study provides evidence that 
SFN is dependent upon the Nrf2 pathway to prevent RV 
dysfunction and reduce adverse pulmonary vascular remod-
eling in the SuHx-induced PAH mouse model. Preclinical 
and clinical studies are needed to study if the induction of 
the Nrf2 pathway could improve RV function and reduce 
PAH in patients.
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Table 1  Comparisons of echocardiographic variables between WT 
and Nrf2-KO mice at week 2

*P < 0.05 Nrf2-KO vesus WT

Variables Ratio of SuHx to control Ratio of SuHx + SFN to 
SuHx

WT Nrf2-KO WT Nrf2-KO

CI 0.78 ± 0.13 0.75 ± 0.10 1.37 ± 0.25 0.81 ± 0.09*
PV VTI(mm) 0.83 ± 0.07 0.93 ± 0.08 1.11 ± 0.25 0.82 ± 0.03
PAT/PET 0.83 ± 0.09 0.82 ± 0.04 1.08 ± 0.14 0.95 ± 0.05
TAPSE(mm) 0.83 ± 0.09 0.82 ± 0.04 1.08 ± 0.14 0.95 ± 0.15
RV E/E’ 1.28 ± 0.30 1.59 ± 0.21 1.05 ± 0.15 1.00 ± 0.15
RVFW 1.39 ± 0.17 1.41 ± 0.25 1.00 ± 0.07 0.94 ± 0.08
RV Tei Index 0.96 ± 0.09 1.34 ± 0.34 1.14 ± 0.31 0.93 ± 0.17

Table 2  Comparisons of 
echocardiographic variables 
between WT and Nrf2-KO mice 
at week 3

*P < 0.05, **P < 0.01,***P < 0.005 Nrf2-KO vesus WT

Variables Ratio of SuHx to control Ratio of SuHx + SFN to SuHx

WT Nrf2-KO WT Nrf2-KO

CI 0.77 ± 0.13 0.74 ± 0.10 1.33 ± 0.24 0.90 ± 0.15*
PV VTI(mm) 0.86 ± 0.05 0.81 ± 0.04 1.18 ± 0.10 0.99 ± 0.09*
PAT/PET 0.78 ± 0.05 0.77 ± 0.09 1.38 ± 0.09 1.05 ± 0.06***
TAPSE(mm) 0.78 ± 0.05 0.77 ± 0.09 1.38 ± 0.09 1.049 ± 0.06***
RV E/E’ 1.72 ± 0.65 1.50 ± 0.23 0.76 ± 0.29 1.19 ± 0.31
RVFW 1.54 ± 0.31 1.54 ± 0.27 0.70 ± 0.16 0.97 ± 0.05*
RV Tei Index 1.45 ± 0.07 1.40 ± 0.20 0.72 ± 0.17 0.96 ± 0.08*

Table 3  Comparisons of 
echocardiographic variables 
between WT and Nrf2-KO mice 
at week 4

*P < 0.05, ***P < 0.005 Nrf2-KO vesus WT

Variables Ratio of SuHx to control Ratio of SuHx + SFN to SuHx

WT Nrf2-KO WT Nrf2-KO

CI 0.79 ± 0.20 0.67 ± 0.19 1.48 ± .12 0.92 ± 0.13***
PV VTI(mm) 0.79 ± 0.06 0.82 ± 0.04 1.17 ± 0.11 1.04 ± 0.13
PAT/PET 0.71 ± 0.01 0.77 ± 0.01 1.28 ± 0.02 1.02 ± 0.26
TAPSE(mm) 0.71 ± 0.11 0.77 ± 0.11 1.28 ± 0.19 1.023 ± 0.26
RV E/E’ 1.35 ± 0.28 1.65 ± 0.35 0.60 ± 0.11 1.053 ± 0.34*
RVFW 1.51 ± 0.34 1.61 ± 0.22 0.63 ± 0.18 1.10 ± 0.16*
RV Tei Index 1.45 ± 0.32 1.23 ± 0.07 0.66 ± 0.16 0.93 ± 0.01*
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