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ABSTRACT
Female sex increases risk of Group I pulmonary arterial hypertension by roughly threefold, but the mechanism is unclear. Low

expression of Cyp1b1, an enzyme that metabolizes estrogens, is associated with disease penetrance, particularly in women. We

previously found that lower Pparγ levels in murine PAH models, which may drive disease, are rescued by estrogen blockade.

The goal of the current studies was to examine interaction of estrogen, Cyp1b1, and energy metabolism in cell culture and in

knockout mice. We found that both estrogen and siRNA to Cyp1b1 resulted in reduction of Pparγ at a protein, but not transcript
level, in addition to regulating Pparγ cofactors. siCyp1b1 reduced both basal and maximal respiration rates in a fatty acid

oxidation Seahorse protocol. This Pparγ inhibition could be eliminated by blocking ubiquitination. RNA‐seq suggested that

Cyp1b1 may be having important pulmonary hypertension effects both in concert with and independently of its effect on

estrogen. Cyp1b1 knockout mice have lower Pparγ levels than WT mice both in normoxia and hypoxia, and develop mild

pulmonary hypertension on a high fat diet. RNA‐seq on their lungs reflected similar pathways to those altered in endothelial

cells alone – lipid metabolism, cytokines, and vasoreactivity‐associated genes, among others, but added genes associated with

circadian rhythm. These data suggest multiple potential points for intervention in estrogen and Cyp1b1 mediated etiology of

PAH, in particular Pparγ ubiquitination, but also suggests that both the difference between E2 and 16aOHE and the impact of

Cyp1b1 is more complex than simply “degree of estrogenicity”.

1 | Introduction

Pulmonary arterial hypertension (PAH) is a disease which
includes pulmonary vascular endothelial dysfunction, occlusion
and dropout of the small and medium‐sized pulmonary arteries,

and hypertrophy and proliferation of smooth muscle and
adventitial cells. This results in progressively worsening pul-
monary vascular resistance and load stress on the right heart,
eventually leading to right heart failure. No current therapy is
curative.
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The heritable form of PAH is usually caused by mutations in
the type 2 receptor for the BMP pathway, BMPR2 [1–4].
Moreover, even patients without BMPR2 mutations
have decreased BMP pathway activity, making BMP central
to development of PAH. BMPR2 mutations lead to defects
in metabolism, inflammation, and proliferation, which
feed back into each‐other to drive the disease state. However,
not all individuals carrying BMPR2 mutations develop
disease.

The strongest risk factor for developing disease, with or
without BMPR2 mutations, is female sex [5–8]. Women
develop pulmonary arterial hypertension at roughly three
times the rate of men, with increased estrogen the most
likely reason. Close to half of women with BMPR2 mutation
develop disease, as opposed to only 14% of men. We've
previously published a striking finding that explains a large
proportion of how penetrance is determined. Women
who have high levels of the estrogen metabolite 16αOHE
develop PAH; those with low levels do not [9–11]. Levels of
16αOHE are largely explained by expression of the cyto-
chrome CYP1B1, which metabolizes estrogen. Women who
developed PAH had nearly 10× lower expression of CYP1B1
than women who did not [9, 12]. In whole lung from
PH patients of any etiology, CYP1B1 is decreased twofold
(Figure S1, derived from uploaded data from Hong
et al. [13])

Our previous research strongly suggested that the reason
estrogen, particularly 16αOHE, increased PAH penetrance
was through worsening the metabolic defects associated with
BMPR2 mutation [14]. BMPR2 mutation resulted in reduced
Pparγ protein and increased insulin resistance, particularly
resistance in lipid metabolism. Estrogen made this worse;
blocking estrogen made this better, in cells and in live
mice. Although we think of Pparγ primarily as regulating
metabolism [15], it also assists in maintaining endothelial
homeostasis by promoting DNA repair [16]. Preventing
Pparγ inhibition has thus been a primary goal in the treat-
ment of pulmonary hypertension for nearly 20 years [17].
Interventions along the estrogen axis seem like a possible
solution.

These differences in estrogens are likely causal, rather than
consequence; adding 16aOHE to Bmpr2 mutant mice increased
disease severity, and blocking it ameliorated disease [11].
Our success in reversing PAH in Bmpr2 mutant mice using
estrogen blockade supported the rationale for current ongoing
human trials, using tamoxifen in premenopausal women
(NCT03528902), and anastrozole in postmenopausal women
(NCT03229499). However, even if these trials work, blocking
estrogen overall is likely to have numerous unfortunate side
effects, and so it would be better if we could intervene only in
the ways that estrogen exacerbates PAH, rather than blocking
estrogen overall, which may be problematic especially for young
women. The goal of these studies was to understand in more
detail the interactions between estrogen, Cyp1b1, and en-
dothelial metabolism, and in particular to determine mecha-
nism by which estrogen was modulating Pparγ, as a potential
point of intervention.

2 | Methods

2.1 | Cell Culture and Transfection

Wild‐type (WT) and BMPR2 mutant (BMPR2R899X) mouse
pulmonary microvascular endothelial cells (mPMVEC) were
isolated from immortal mice which contain a transgenic inser-
tion of the SV40 large T antigen, tsA58, under control of an
interferon‐gamma (IFN‐γ) inducible promote. mPMVEC main-
tain the immortal phenotype with the presence of IFN‐γ in 33°C
and transit to a primary endothelial phenotype by removal of
IFN‐γand transition to 37°C. Before each experiment, mPMVEC
were transit to 37°C for at least 72 h and 300 ng/mL doxycycline
was added to induce the expression of the transgene to induce
expression of the transgene (the construct being Rosa26‐
rtTA× TetO7‐Bmpr2R899X). Human PMVEC was purchased
from promocell (Heidelberg, Germany). Both PMVEC were cul-
tured in EGM‐2 culture medium (Lonza, USA) containing 5%
fetal bovine serum (FBS) and then seeded into a 60mm culture
dish (1.6 × 106/well). Before transfection, the cells were pre-
treated with opti‐MEM medium (Invitrogen, USA) for 2 h. For
each dish, 10 nM of scramble or CYP1B1 siRNA (Invitrogen,
USA) were used in transfection by Lipofectamine RNAimax
Reagent. Twenty‐4 h after transfection, the cells were then split
into six well plates and cultured in EGM‐2 complete culture
medium containing E2 or 16αOHE1 for further assay.

These mPMVEC were initially isolated based on flow sorting for
Pecam1 and appeared well differentiated based on criteria used at
the time [18]. We reassessed their differentiation state for this
study using more recent marker sets developed using single cell
RNA‐seq from fresh lung. These mPVMEC still expressed a
majority, but not all, endothelial specific markers [19], including
caveoli and endothelial glycocalyx (Figure S2A), focal adhesion
structures (Figure S2B), and adherens junction and regulators of
endothelial migration (Figure S2C). However, they also showed
moderate expression of genes related to endothelial‐mesenchymal
transition [20] (Figure S2D), and likely as a consequence of this
transition, expressed several genes more associated with a mes-
enchymal state (Figure S2E). This loss of full differentiation of
endothelial cells in culture is a common problem, and most cell
culture results, including these, should be considered in light of
the effect of culture on the cells.

2.2 | Measurement of Fatty Acid Metabolism of
PMVEC

To assess fatty acid metabolism in PMVEC after CYP1B1
knockdown, WT and BMPR2R899X PMVEC were seeded and
transfected with scramble or CYP1B1 siRNA. 24 h after trans-
fection, mPMVEC were passed to a 96‐well seahorse cell culture
microplate at a seeding density of 20,000 cells per well. 2 h
before assessment, the culture medium was changed to a lim-
ited substrate media consisting of limited DMEM (Agilent
Technologies Inc. USA), 0.5 mM glucose, 1.0 mM GlutaMAX,
and 1% fetal bovine serum. 1 h before the assay, the cells were
incubated in Krebs‐Henseleit buffer (111 mM NaCl, 4.7 mM
KCl, 1.25 mM CaCl2, 2.0 mM MgSO4, 1.2 mM NaH2PO4, 5 mM
HEPES). After 1‐h incubation in KHB buffers, 25 μL FAO
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substrate palmitate‐BSA (102720‐100, Agilent Technologies Inc.
USA) were added and oxygen respiration, pH of each well were
then measured before and after sequential administration of
Oligomycin (2mM), FCCP (2 mM), and Rotenone/Antimycin‐A
(0.5 mM) (Agilent Technologies Inc., USA) on a Seahorse XFe96
Analyzer.

2.3 | Quantitative PCR

mPMVEC were transfected with Scramble siRNA or CYP1B1
siRNA. After 24 h, cells were treated with 100 nM E2 or 16α‐
OHE1 for another 24 h. Cells were harvested using RNeasy kits
(Qiagen, CA, USA) and converted to cDNA using QuantiTect
Reverse Transcription Kit (Qiagen, CA, USA) following the
manufacturers' instructions. Real‐time PCR was performed in a
96‐well format using Power SYBR green mastermix on the
Applied Biosystems platform (Applied Biosystems Corporation,
CA, USA). The expression of target gene transcripts was nor-
malized against the internal control Hprt (hypoxanthine‐guanine
phosphoribosyltransferase) using the comparative ΔΔCT method
(2−ΔΔCt). Primer pairs used included CD36_mus_4F (GGCTGTG
ATCGGAACTGTGGGC) with CD36_mus_98R (AGCATGTCTC
CGACTGGCATGAG), Bmpr2_mus_2492F (CAGCTGGCCAGG
CAGCCAAC) with Bmpr2_mus_2636R (TGGCCAGCCTGTTG
CTCTCG), and Pparg_mus_1057F)AGC CTG CGG AAG CCC
TTT GG) with Pparg_mus_1197R (CAG CAA GCC TGG GCG
GTC TC).

2.4 | Western Blot

Cells were harvested and lysed in the RIPA buffer. Protein
concentrations were determined using the BCA protein assay
kit (ThermoFisher, USA). Forty μg proteins were separated
by 10% SDS‐PAGE and transferred onto a PVDF membrane.
After blocking with TBST buffer containing 5% nonfat
milk for 1 h at room temperature, the membranes were
incubated with indicated primary antibodies overnight at
4°C. CD36 and PGC1α antibodies were purchased from
NOVUS (NOVUS biologicals, USA). PPARγ was purchased
from Abcam (Abcam 45036, USA). p‐smad 1/5 (13820S),
p‐smad 2/3 (8828S), p‐AKT (4060S), p‐p44/42 (4376S), p‐p38
(9211S), ubiquitin (3936S) were purchased from Cell Sig-
naling Technology (CST, catalog numbers given above,
USA). All antibodies were diluted following the manufac-
turers' instructions.

2.5 | Immunoprecipitation

mPMVEC were passed into 100mm dish and transfected as
usual. After 24 h for transfection, cells were added 1 μM MG132
to block the protein degradation. Cells were lysed in 1% NP40,
after concentration measurement, 1000 μg protein per sample
were used for reaction and pre‐cleared. PPARγ antibodies were
conjugated to the protein A/G beads following the manufac-
ture's instruction. Beads and protein were incubated at 4°C
overnight. After that, proteins were washed off and probed for
anti‐PPARγ or anti‐ubiquitin.

2.6 | CYP1B1−/− Mouse Experiments

Cyp1b1 null mice on a pure C57BL/6J background were
obtained from Dr. Frank J. Gonzalez [21] at the National
Cancer Institute, Rockville, MD. All the mice utilized in this
study were housed at Vanderbilt University Medical Center
animal care facility, which is certified by the Association for
Assessment and Accreditation of Laboratory Animal Care
International. All animal protocols were approved by the
Institutional Animal Care and Use Committee at Vanderbilt
University Medical Center in compliance with National Insti-
tute of Health guidelines. Animals housed in the conventional
cages were exposed to 12‐h light and 12‐h dark cycle with free
access to food and water. The study was started by putting all
animals on a Western diet (60% high‐fat, high‐calorie diet from
Bio‐Serv, Flemington, NJ, USA) this diet was continued until
the termination of the study. After 6 weeks on the Western diet,
some mice from both genotypes were placed in normobaric
hypoxia (10% oxygen) for 4 weeks and some mice from both
genotypes in normoxia (Room Air) for 4 weeks. All animals
were kept on the Western diet until the end of the study.

Right ventricular systolic pressure (RVSP) was measured by
introducing a 1.4F pressure transducer into the right ventricle by
threading through the right jugular, with the chest closed and the
mice spontaneously breathing, as previously described [22]. Sur-
gical anesthesia was provided using tribromoethanol (avertin),
because it is one of only a few anesthetics which preserve heart
rate. After RVSP measurement, mice were killed, one lung inflated
for histology, and the other collected for molecular measurements.

2.7 | RNA‐Seq Experiments

For mouse, lung was flash frozen in liquid nitrogen immedi-
ately after sacrifice. RNA was isolated from whole lung using
RNEasy kits (Qiagen), and delivered to Novogene (Sacramento,
California) for paired end 150 sequencing on an Illumina
platform. A nominal read depth of 30 million RNA (60 million
ends) per animal was used, with actual falling between 26.4 and
36.4 million reads. These were uploaded to and analyzed on the
Partek platform, using the STAR aligner to align to the mm39
reference mouse genome. An average of 96% of reads aligned to
genome (94%–97%). Counts were normalized to Counts Per
Million, and the results and raw data uploaded to GEO (number
pending). Group differences were assessed using the ANOVA or
Kruskal‐Wallis (more appropriate) tests (similar results with
both tests), and gene ontology determined using Partek's Gene
Set Enrichment tool, or using Webgestalt. Data sets have been
deposited in the GEO database at NCBI, as accession numbers
(GSE166006(cells) and GSE225402 (mice)).

3 | Results

3.1 | Both 16aOHE and siRNA to Cyp1B1 Reduce
Pparγ Protein Levels, But Not mRNA Levels

Mouse pulmonary microvascular endothelial cells (PMVEC)
were treated with vehicle, estrogen (E2), or the highly estrogenic
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metabolite 16αOHE, in the context of either scrambled siRNA or
siRNA to Cyp1B1. Levels of mRNA for the metabolic regulator
Pparγ, the fatty acid transporter CD36, and BMPR2 were mea-
sured by quantitative RT‐PCR. Estrogens, either alone or in
combination with siRNA to Cyp1B1, did not reduce Pparγ
mRNA, and may have slightly increased them (Figure 1A).
However, using protein levels as a readout shows that the highly
estrogenic 16aOHE does reduce protein levels; this is eliminated
by using ubiquitination inhibitors (Figure 1B).

siRNA against CYP1B1 also reduces Pparγ protein in murine
(Figure 1C) and human (Figure 1D) PMVEC, compared to
treatment with scrambled siRNA. Note that in this experiment,
neither E2 nor 16aOHE dropped Pparγ protein levels; estrogen
inhibition of Pparγ protein was reasonably reliable, but not
universal, and seemed to be affected by both confluence and
inflammatory state (even scrambled siRNA is inherently
somewhat inflammatory). Note that we've previously published
that in whole lung from live mice, estrogen signaling does drive
down Pparγ protein [14]. PGC1a, a critical cofactor for Pparγ in
regulating fatty acid oxidation, was also downregulated
(Figure 1C), but the fatty acid transporter CD36 had unchanged
protein levels. (Figure 1D).

3.2 | siRNA to Cyp1B1 Synergizes With BMPR2
Mutation to Reduce Fatty Acid Oxidation

Knockdown of Cyp1B1 reduces Smad1/5 phosphorylation, the
canonical indicator of BMP signaling (Figures 1C and 2A). This
was true either in WT cells, or in the context of Bmpr2 muta-
tion, but did not block activation by adding BMP ligand
(Figure 2A). Note that the R899X mutation for BMP represents
the most common class of patient mutations, but is in the tail
domain, and thus does not block Smad activation. Bmpr2
mutation reduces Pparγ protein levels, which is reduced further
by siCYP1B1 (Figure 2B).

To determine whether this reduction in Pparγ was functionally
meaningful, we performed a seahorse assay using a FAO pro-
tocol, and found that when selectively given long chain fatty
acids (palmitate) for fuel, cells treated with siCyp1B1 had lower
baseline and maximal respiration, which was pushed even
lower in the context of Bmpr2 mutation (Figure 2C,D).

3.3 | siCyp1B1 Inhibition of Pparγ Protein Levels
Is Through Ubiquitination, But siCyp1b1 May Also
Regulate Activity Through Canonical Pparγ
Regulatory Pathways

To determine how Pparγ protein levels were being reduced, we
tested broad caspase inhibition (Figure 3A) and ubiquitin
inhibition (Figure 3B). Blockade of ubiquitin (Figure 3B), but
not caspase (Figure 3A), blocked siCyp1b1 reductions in Pparγ
protein levels, in WT cells and in the context of Bmpr2 muta-
tion. To confirm this, we conducted immunoprecipitation ex-
periments; protein isolated from wild‐type or Bmpr2 mutant
murine PMVEC and precipitated with antibodies to ubiquitin
showed a doubling in bound Pparγ with siCyp1b1 compared to
scrambled controls (Figure 3C).

FIGURE 1 | Both 16αOHE and siRNA to CYP1B1 reduce Pparγ
protein levels, but not mRNA levels. (A) Mouse pulmonary micro-

vascular endothelial cells (mPMVEC) treated with 100 nM 16αOHE

or 100 nM E2 for 24 h, 24 h after transfection with scrambled siRNA

or siRNA to CYP1B1 lead to slight increases in PPARγ RNA ex-

pression, normalized to HPRT and to control. 16αOHE (B) mPMVEC

with 24 h 100 nM 16aOHE treatment show reduction of PPARG

protein of 30%–50%. This effect is abolished with 1 μM protease

inhibitor MG132. (C) murine PMVEC treated with 100nm E2 or

16αOHE for 24 h, and scrambled siRNA or siRNA to CYP1B1, 24 h

after transfection. (D) human primary PMVEC treated with 100 nM,

E2 or 16αOHE for 24 h, and scrambled siRNA or siRNA to CYP1B1,

24 h after transfection.
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We also examined multiple pathways previously published to
regulate Pparγ activity, including AKT [23], AMPK [24], JNK
[25], p38 [25], and p42/44 [26], using both murine and human
PMVEC, with scrambled or anti‐Cyp1b1 siRNA (Figure 3D). We
found strong concordance between murine and human
PMVEC, with phosphorylation of AKT, p38, and p42/44 all
upregulated in the context of siCyp1b1, AMPK unaffected, and
JNK phosphorylation reduced (Figure 3D). Many of these are
cofactors for particular transcriptional targets, implying that
although Pparγ protein may be overall reduced, there is likely
differential effect on downstream targets.

3.4 | Noncanonical Estrogen Effect on Pparγ Is
Only Present in Confluent Cells, and Different in
WT and Bmpr2 Mutant Cells

Because of the inconsistencies in estrogen effect we saw in
previous experiments, we decided to look more closely at factors
which may have led to it. We tested effect of BSA‐conjugated
estrogen on WT and Bmpr2 mutant murine PMVEC, sub-
confluent compared to confluent, and at various cycloheximide
timepoints. BSA‐conjugated estrogen cannot cross the mem-
brane, which means it primarily interacts with noncanonical
estrogen receptors–the canonical ER1 and ER2 receptors are
cytoplasmic. Cycloheximide was used to determine differential
effect on ubiquitination over time.

We found that noncanonical estrogen signaling did not impact
Pparγ protein levels in subconfluent cells, but resulted in a large
increase in WT and decrease in Bmpr2 mutant confluent
PMVEC (Figure 4). Although overall protein levels decrease
over time with cycloheximide, as expected, the ratio does not
change in either WT or Bmpr2 mutant cells, likely indicating
that the effect was early and not continuous.

3.5 | Impact of Estrogen and Cyp1b1 siRNA Are
Distinct in Genes Affected, But Have Substantial
Overlap in Pathways Affected

Murine pulmonary vascular endothelial cells were treated with
either scrambled siRNA or siRNA to Cyp1b1, and then treated
with equimolar quantities of estrogen, 16aOHE, or vehicle.
Each condition was repeated in three experimental replicates,
and RNA‐Seq performed to assess impact on gene expression
levels.

Principal components analysis using the complete data set has
several surprising features. First, there is a very consistent tra-
jectory caused by estrogens (Figure 5A), but equimolar 16aOHE
causes lower change along this trajectory than E2. Second, the
impact of siCyp1b1 is nearly perpendicular to the impact of
estrogen, indicating that the effects of Cyp1b1 are very different
than the effects of estrogen. Third, loss of Cyp1b1 doesn't
meaningfully affect estrogen effect. All of these suggest that
Cyp1b1 effect in cells is quite distinct from impact of estrogens.
Examination of genes affected shows roughly a thousand genes
affected at p< 0.05 and fold change > 1.2 by either estrogen or

FIGURE 2 | siRNA to CYP1B1 synergizes with BMPR2 mutation

to reduce fatty acid oxidation. (A) mPMVEC derived either from

immortomice, or immortomice carrying the Bmpr2R899X transgene,

24 h after transfection with either scrambled siRNA or siRNA to

Cyp1B1, and treated with either vehicle or 10 ng/ml BMP4 for 24 h,

and probed for phosphorylated Smad1/5, the marker of canonical

BMP pathway activity. (B) mPMVEC as above, probed for PPARγ,
show reductions in protein with either CYP1B1 or Bmpr2R899X

mutation, and additional reduction with both. (C) Baseline respira-

tion rate (oxygen consumption) by Seahorse Oxygraphy with

mPMVEC treated as above, using the fatty acid oxidation substrate

palmitate‐BSA. (D) Maximum respiration rate in the above experi-

ment. For both (C) and (D), each dot is an independent well. Error

bars are standard error of mean, and statistical tests are two‐way

ANOVA with Tukey‐Kramer HSD.
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Cyp1b1, and only about ¼ of these overlap (Figure 5B). Anal-
ysis of overrepresented gene ontology groups (using Webgestalt
[27, 28]), however, found that despite rather different genes
being altered, the gene ontology groups altered were very

similar between siCyp1b1 and estrogen (Figure 5C,D). Both had
significant changes (false discovery rate down to ~1 × 10−10) in
genes associated with adhesion, motility, morphogenesis, and
angiogenesis, as well as carbohydrate, lipid, and small molecule
metabolism. The signaling molecules were the most different
category between estrogen and siCyp1b1. Looking at individual
genes in these groups, there were indeed some heavily changed
by estrogens but not siCyp1b1, such as angiopoietin 2 (Angpt2)

FIGURE 3 | siCyp1B1 inhibition of Pparγ protein levels is through

ubiquitination, but siCyp1b1 may also regulate activity through canonical

Pparγ regulatory pathways. (A) Caspase inhibition (10μM caspase inhib-

itor zVAD‐FMK) in WT or Bmpr2 mutant PMVEC, with scrambled

siRNA or siCyp1b1. siCyp1b1 reduces Pparγ levels, but this is not altered

by caspase inhibition, in either WT or Bmpr2 mutant PVMEC. (B) Ubi-

quitin inhibition in WT or Bmpr2 mutant PMVEC, with scrambled siRNA

or siCyp1b1. siCyp1b1 reduces Pparγ levels, but this is reversed with

inhibition of ubiquitination. (C) immunoprecipitation with anti‐ubiquitin
antibodies shows roughly doubling of pulldown of Pparγ with siCyp1b1

compared to scrambled siRNA. siCyp1b1 has no impact on IP with PPARγ
and probe with Pparγ. (D) Phosphorylation of proteins associated with

activation of Pparγ signaling have high congruence between murine and

human PMVEC, with some signaling partners showing increased phos-

phorylation, some decreased, and some unchanged. our p‐JNK antibody

didn't work for human samples. Two replicates are shown for each of

human and mouse.

FIGURE 4 | Noncanonical estrogen signaling effect on Pparγ pro-

tein levels are dependent on confluence and Bmpr2 mutation status.

(A) Wild type and Bmpr2 mutant murine PMVEC at approximately 70%

confluence are treated with cycloheximide and either vehicle or E2

bound to BSA, which cannot cross the cell membrane, and thus acti-

vates primarily noncanonical estrogen signaling. Numbers are densi-

tometry, normalized to GAPDH. (B) Similar to (A), except using cells at

approximately 95% confluence (most cells are completely confluent).

(C) Ratio of PPARγ levels in E2‐BSA treated cells to that in controls, in

(A) and (B). The numbers in the circles indicate which timepount they

correspond to; the bars indicate average and standard deviation.
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FIGURE 5 | Legend on next page.
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(Figure 5E), but also some that were changed by both, such as
Endothelin 1 (Edn1) and more subtly Flt4, and some such as
Semaphorin 3 F that are only changed by siCyp1b1. Similar
patterns are found in metabolic genes (Figure 5F). Pparγ is
increased by both estrogens and Cyp1b1 in our RNASeq data,
matching the results in Figure 1.

3.6 | Cyp1B1−/− Mice on a High Fat Diet Have
Elevated RVSP and Clear Evidence of Metabolic
Abnormalities

To determine if the changes seen in cell culture were reproduced
in live mice, we examined Cyp1B1−/− mice. These mice, first
created in 1999, do not have an obvious phenotype [29], and are
primarily studied in the context of susceptibility to various toxins.
In our hands, on normal mouse chow, they had normal right
ventricular systolic pressure (RVSP), and no obvious health
problems (not shown). However, when they were stressed with
high fat diet, they developed more of an increase in RVSP than
did control mice (Figure 6A), with matching increases in mus-
cularized small vessels (Figure 6B). There was no genotype‐
dependent change in right ventricular mass (Figure 6C),
although the pressures were low enough that one wouldn't
necessarily expect there to be.

Although adult Cyp1B1−/− mice have the same weight as nor-
moxic age and sex‐matched mice (not shown), they gain weight
much more slowly that wild type mice when fed a high fat diet
(Figure 6D). They also have lower blood glucose than wild‐type
mice (Figure 6E) at close to the the same insulin level
(Figure 6F). Previous studies have noted the lower weight gain
with high fat diet in Cyp1B1−/− mice [30], but considered it a
benefit. Regardless, it's clear that Cyp1B1‐/‐ is causing altera-
tions in how fats are being handled.

Malondialdehyde is only a three carbon chain, and so is gen-
erally a much shorter fatty acid product than is relevant to PAH,
but was used here as a marker of lipid oxidation. We found an
increase in a marker of lipid peroxidation malondialdehyde,
although it was only exaggerated in the context of hypoxia in
Cyp1B1−/− mice (Figure 6G).

We further found that Pparγ was reduced by about 40% in
Cyp1B1−/−mice, both in normoxia and in addition to the ~50%
reduction seen in hypoxia (Figure 6H). However, the fatty acid
transporter CD36 is not altered by Cyp1B1 (although it is

regulated by hypoxia), nor is AKT phosphorylation, which has
been reported as both upstream and downstream [31] of Pparγ,
regulated by CYP1B1. The lower Pparγ levels provides a simple
explanation for lack of weight gain; high Pparγ is required to
form new adipocytes [32], although we did not explicitly mea-
sure fat mass.

In all of these experiments, both male and female mice were
used; results were not different by sex.

3.7 | Cyp1B1−/− Mouse Lung Has Alterations in
Lipid Metabolism, Cytokine, Circadian Rhythm,
and Vasoreactivity Genes

We performed RNA‐Seq on normoxic lungs from the above
experiment, with three mice per group. There were relatively
few differences between Cyp1b1−/− and control mouse lungs.
174 genes at p< 0.05 and fold change > 1.3 by Kruskal‐Wallace,
and similar by t‐test. However, the false discovery rate, deter-
mined by scrambling group identifiers, was 61% ± 19%, and so
most of these are likely to be spurious. One of the best ways to
sort the (likely) real results from the spurious is by using
overrepresented gene ontology groups – if genes fall into
coherent pathways, they're unlikely to be random. We found
four primary categories of genes altered; lipid metabolism (7A),
cytokines (7B), circadian rhythm (7C), and genes related to
vasoreactivity (7D).

4 | Discussion

In this study, we demonstrated that both estrogen and inhibition
of Cyp1b1 reduce Pparγ protein levels through ubiquitination
rather than through regulation of transcription (Figures 1 and 3).
This reduction in Pparγ is functionally important, significantly
reducing capacity for fatty acid oxidation (Figure 2). In addition
to increasing ubiquitination of Pparγ, though, we found that si-
Cyp1b1 affects phosphorylation and activation of numerous
Pparγ cofactors, including increasing AKT, p38, and p42/44 (but
not AMPK) and decreasing JNK (Figure 3). This suggests that
Cyp1b1 drives a broader alteration of Pparγ transcriptional
targets, not just a broad reduction. We found that estrogen
impact on Pparγ was dependent on cell confluence, receptor
type, and Bmpr2 mutation (Figure 4). We also found
that genes impacted by siCyp1b1 were substantially different
than those impacted by estrogen treatment in pulmonary

FIGURE 5 | Impact of estrogen and Cyp1b1 siRNA are distinct in genes affected, but have substantial overlap in pathways affected. (A) Principal

components analysis shows that the impact of estrogen or the estrogen metabolite 16αOHE is similar in cells with scrambled or siCyp1b1, but is along

a nearly orthogonal vector to that separating scrambled siRNA from siCyp1b1. (B) Both estrogens and siCyp1b1 alter roughly a thousand transcript

levels at p< 0.05 and fold change > 1.2, but with overlap in only about a quarter of the genes so changed in each group. (C) Significantly

overrepresented gene ontology groups in cells with siCyp1b1 compared to control–gene lists are taken from (B). Radius corresponds to Log10(False

Discovery Rate), angular width corresponds to number of genes in the group compared to total number of annotated genes with altered regulation.

Overlap is because many genes fall into multiple ontology groups; degree of overlap is approximate because this is a two dimensional figure. Color is

for clarity, and roughly groups ontology groups by overlap. Gray wedge at the bottom is differentially regulated genes which do not fit in any

overregulated gene ontology group. (D) Similar to (C), but for gene ontology groups altered by E2 or 16αOHE. (E) Selected angiogenesis genes, to

demonstrate similarities and differences between estrogen and siCyp1b1 effect. Blue lines and markers are for scrambled siRNA cells; red for

siCyp1b1. Each gene depicts from left to right, linked by lines, vehicle, 16αOHE, and E2 treated cells; each point is the average of three RNA‐seq
experiments. (F) Similar to (E), but for selected metabolism genes.
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microvascular endothelial cells, although in similar gene
ontology groups (Figure 5), implying that some of the effect of
low Cyp1b1 in driving penetrance in patients may not be es-
trogen dependent. Moving on to Cyp1b1 knockout mice, we
found that they spontaneously developed mild pulmonary

hypertension with a high fat diet (Figure 6), associated with
some other metabolic oddities. Gene expression changes in
these mice were broadly along similar pathways to those seen
in cell culture (Figure 7), although not as strongly different
(likely because of dilution effects from using whole lung).

FIGURE 6 | Cyp1b1 knockout mice have elevated RVSP, reduced Pparγ, and increased muscularization of small vessels. (A) Right ventricular

systolic pressure (RVSP). Each circle is a measurement from one animal. All animals were fed western diet for nine weeks; the hypoxic mice were

placed in normobaric 10% O2 for the last 3 weeks. Genotype effect p= 0.0015, hypoxia effect p< 0.0001, but interaction not significant by two way

ANOVA. Pairwise comparisons using Tukey‐Kramer HSD. (B) Small vessel muscularization. Each circle is a measurement from one animal, which

consists of counting ten 10× fields. Genotype effect p= 0.0002, hypoxia effect p< 0.0001, but interaction not significant by two way ANOVA. Pairwise

comparisons using Tukey‐Kramer HSD. (C) Fulton index (RV/LV+S) is increased in hypoxic mice, but is not impact by Cyp1B1 knockout.

(D) Weights of mice, normalized to their starting weight (starting weights were not different between groups). Cyp1B1−/− mice gained weight more

slowly on high fat diet than wild‐type mice did, weight difference significant at every time point past 2 weeks. (E) Blood glucose at sacrifice–mice

were not fasted. Lower levels in hypoxic WT animals is normal/expected. Lower levels in Cyp1 significant at p= 0.0016, hypoxia effect p< 0.0001, but

interaction not significant by two way ANOVA. (F) Insulin levels at sacrifice. No difference based on genotype, but hypoxia results in slightly lower

levels (p= 0.04). (G) Levels of lipid peroxidation in mouse lung by malondialdehyde (MDA) assay. MDA levels go up in hypoxia (p= 0.0001), but go

up more in Cyp1B1−/− mice (p= 0.008 for genotype‐hypoxia interaction). (H) Cyp1B1 knockout reduces PPARγ protein levels ~40%, both in

normoxic and hypoxic mouse lung. Hypoxia reduces PPARγ protein by ~50% on its own. Cyp1B1 knockout does not appear to meaningfully alter

CD36 of phospho‐AKT levels in mouse lung.
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The study of Cyp1b1 in the context of pulmonary arterial
hypertension began with our 2008 publication that female
Bmpr2 mutation carriers that were affected had 10× lower
Cyp1b1 expression in peripheral blood mononuclear cells than
those who were unaffected [12], which we followed up in 2009
by showing that affected mutation carriers had much higher
levels of 16αOHE than unaffected mutation carriers [9]. This
was true to such a degree that there was no overlap in 2‐OHE/
16αOHE ratio between female affected and unaffected mutation
carriers [9]. Results were similar in males, although not as ex-
treme as in females [11]. This suggests that unless estrogen
metabolism is affected by pulmonary hypertension, this alone
may account for much of the penetrance question.

The Glasgow group has also shown that 16αOHE levels are
higher in patients, including men, and shown Cyp1b1 poly-
morphisms associated with pulmonary hypertension [33–35].
Although they're thus in agreement with much of our work, a
central point of disagreement is about whether Cyp1b1 activity
is good or bad–they believe that increased Cyp1b1 activity,
rather than decreased, is resulting in the increased 16αOHE
levels (which we agree on). The reason this is a difficult con-
troversy to resolve is that the background literature on how

Cyp1b1 metabolized estrogen is unclear, and it is extremely
difficult to measure estrogen metabolites out of tissue [36]. A
third group, Pittsburgh, believes we're both wrong–that Cyp1b1
has very little to do with 16αOHE levels one way or another
[37]. In this view, Cyp1b1 primarily regulates production of a
different estrogen metabolite, 4‐OH estradiol [38], and is pri-
marily important in metabolizing amino acids into mid‐chain
hydroxyeicosatetraenoic acids (HETEs) [39], thus driving
inflammation. The data in the current manuscript leans a little
towards the Pittsburgh interpretation – estrogens are important,
and Cyp1b1 is important, but they don't appear to be strongly
interacting, based both on the fact that Cyp1b1 regulation of
Pparγ protein appears to be independent of estrogen, and on the
gene expression data (Figure 5). That said, both in our previous
publications and in this, the correlation between estrogens and
Cyp1b1 seems strong enough to defy coincidence, although the
correlation may be reversed – with Cyp1b1 being regulated by
the relevant estrogens rather than regulating them [40]. In our
RNA‐seq in endothelial cells, E2 treatment resulted in a 30%
increase in Cyp1b1 expression.

Our transcription data has indirect evidence for HETE as being
an important consequence of Cyp1b1 knockout. One of the

FIGURE 7 | CYP1B1 knockout mice have alterations in genes related to lipid metabolism, cytokines, circadian rhythm, and vasoreactivity. For

all parts, expression has been normalized to average expression of wild‐type mice. Wild type mice are represented by gray circles, and Cyp1B1−/−

mice by black diamonds, with each symbol indicating expression in an individual animal. Average expression in Cyp1B1−/− mice is indicated by

black horizontal bars with error bars, indicating SEM. All genes in each part fall within overrepresented gene ontology groups, with p values and

gene‐ontology names at the top of each part.
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things that HETE does is regulate cell‐cell adhesion, which
dominates our cell culture RNA‐seq and turns up in our whole
lung RNA‐seq as well. Loss of vascular barrier function is both
associated with pulmonary hypertension [41], and has been
reported as a consequence (in brain) of Cyp1b1 knockout [42],
secondary to alterations in HETE, and so it's plausible (although
we do not have direct evidence for it) that alteration in HETE is
part of what's driving both phenotype and gene expression
changes with loss of Cyp1b1.

Considering the gene expression changes seen in whole lung
from Cyp1b1 mice, the lipid metabolism genes with altered ex-
pression levels aren't those that one primarily thinks of as key
regulators of lipid metabolism. This isn't unexpected; our prior
results suggested that Cyp1B1 was regulating fatty acid metabo-
lism on a protein, not transcriptional, level. These gene altera-
tions are thus likely secondary effects. The alterations in
vasoreactivity genes are similarly probably second order effects
from both the defects in lipid metabolism and from the elevation
in pressures, although many of these have been implicated
directly in PAH before. Note altered regulation of the two
serotonin receptors, Htr2a and Htr2b, as well as Npr3, all of
which have been previously implicated in PAH [43–46]. In
fact, Glasgow has previously shown a direct interaction
between serotonin and Cyp1b1, although running the other
direction [35]. Alterations in cytokines are also to be expected–
they are a required part of the remodeling process – although
the specific cytokines altered here aren't generally associated
with PAH, with the exception of IL1 [47, 48], whose receptor is
increased 2×. The last group–circadian rhythm–is not clearly
related to PAH, but there are several papers indicating that
cyp1b1 directly metabolizes melatonin [49, 50], and potentially
circadian rhythm [51], and so this could be a fairly direct effect
of an alternate cyp1b1 target.

Taking a broader view, this manuscript suggests that one reason
that women are more likely to develop PAH is because the
increased estrogens and decreased CYP1B1 drive down PPARg
and thus fatty acid oxidation, which then predisposes to disease.
Is there any evidence that men and women are different in how
they handle fatty acids? Quite a bit, actually, although the
source of the disparity is controversial, and it's mostly in ex-
ercise literature. Men are reported to have higher resting fatty
acid oxidation than women [52], although fat oxidation during
aerobic exercise was higher in women than men [53]. For at
least some researchers, adding estrogen to men changed their
metabolic phenotype to be similar to women [54]. However,
there is a lot of disagreement on exactly what's happening in sex
differences in fatty acid oxidation in which tissue under which
circumstances [55]. Overall, though, our data suggesting estro-
gen and CYP1B1 drive PPARG and thus metabolism is not
inconsistent with human data.

This study has several limitations, the largest being all of the
data we didn't collect. We did not collect urines, and were not
able to measure estrogen metabolites from the tissues (mass‐
spec methodologies for these metabolites from whole tissues is
apparently quite difficult). Since we were primarily thinking
about impact of Cyp1b1 on metabolism, we did not explicitly
collect data on alteration in HETEs. In addition, we were
unable to prevent some level of EndoMT in our endothelial cell

culture. Finally, for many of the westerns, we have data on
levels of phosphorylated protein, but not total protein. This
means that we can't distinguish between whether relative
phosphorylation was unchanged and protein level decreased, or
whether protein was unchanged and phosphorylation was
decreased.

Despite these limitations, this project has added a great deal to
our understanding of contribution of estrogens, and particularly
Cyp1b1, to pulmonary arterial hypertension. In vitro, in both
mouse and human cells, we find that knockdown of Cyp1b1
results in reduction in Pparγ protein through increased ubi-
quitination, functionally associated with reduced fatty acid
oxidation. Cyp1b1 knockout mice develop moderately elevated
pressures when stressed with a high fat diet. Gene expression
changes in both cells and in mice suggest that the phenotype is
driven by metabolism and inflammation. Given the apparent at
least partial disconnect between estrogens and the metabolic
effects of Cyp1b1, though, the Cyp1b1 substrates that are driv-
ing the ubiquitin binding of Pparγ are unclear, and an impor-
tant topic for future studies.

Author Contributions

Conceptualization: Eric Austin, James West, Xinping Chen and Anna
Hemnes. Methodology: Jingyuan Chen, Xinping Chen, Vineet Agrawal,
Christy S. Moore, Tom Blackwell, Santhi Gladson, and Anandharajan
Rathinasabapathy. Validation: Jingyuan Chen, Christy S. Moore and Tom
Blackwell; Formal Analysis, James West and Jingyuan Chen. Investiga-
tion: Jingyuan Chen, Xinping Chen, Vineet Agrawal, Christy S. Moore,
Tom Blackwell, Santhi Gladson, Nivedita Rathaur, and Anandharajan
Rathinasabapathy. Data Curation: James West and Jingyuan Chen.
Writing – original draft preparation: James West and Jingyuan Chen.
Writing – review and editing: Anna Hemnes, Jingyuan Chen, Vineet
Agrawal, and James West. Visualization: James West and Jingyuan Chen.
Supervision: James West and Santhi Gladson. Funding acquisition: Anna
Hemnes, Eric Austin, and James West.

Acknowledgments

Cyp1b1 null mice on a pure C57BL/6J background were obtained from
Dr. Frank J. Gonzalez [21] at the National Cancer Institute, Rockville,
MD. This project was funded by R01 HL095797 (J.W.), R01 HL134802
(E.A.), and P01HL108800 (A.H.).

Ethics Statement

All the mice utilized in this study were housed at Vanderbilt University
Medical Center animal care facility, which is certified by the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
International. All animal protocols were approved by the Institutional
Animal Care and Use Committee at Vanderbilt University Medical
Center in compliance with National Institute of Health guidelines.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available in
Gene Expression Omnibus at GSE166006 (cells) and GSE225402 (mice).
Other data will be happily shared on request.

11 of 13



References

1. K. B. Lane, R. D. Machado, M. W. Pauciulo, et al., “Heterozygous
GermlineMutations in BMPR2, Encoding a TGF‐β Receptor, Cause Familial
Primary Pulmonary Hypertension,” Nature Genetics 26 (2000): 81–84.

2. K. Lane, J. E. Wheeler, and L. Vnencak‐Jones, Structural Alterations
in the Bone Morphogenic Protein Receptor II Locus Are Associated
With Familial Primary Pulmonary Hypertension. ATS 100th Interna-
tional Conference; 2004; Orlando, FL.

3. S. Eddahibi, N. Morrell, M. P. d'Ortho, R. Naeije, and S. Adnot,
“Pathobiology of Pulmonary Arterial Hypertension,” European Respiratory
Journal 20 (2002): 1559–1572.

4. M. A. Aldred, J. Vijayakrishnan, V. James, et al., “BMPR2 Gene Re-
arrangements Account for a Significant Proportion of Mutations in
Familial and Idiopathic Pulmonary Arterial Hypertension,” Human
Mutation 27 (2006): 212–213.

5. S. Rich, “Primary Pulmonary Hypertension. A National Prospective
Study,” Annals of Internal Medicine 107 (1987): 216–223.

6. M. Humbert, O. Sitbon, A. Yaïci, et al., “Survival in Incident and
Prevalent Cohorts of Patients With Pulmonary Arterial Hypertension,”
European Respiratory Journal 36 (2010): 549–555.

7. D. B. Badesch, G. E. Raskob, C. G. Elliott, et al., “Pulmonary Arterial
Hypertension,” Chest 137 (2010): 376–387.

8. L. Sweeney and N. F. Voelkel, “Estrogen Exposure, Obesity and
Thyroid Disease in Women With Severe Pulmonary Hypertension,”
European Journal of Medical Research 14 (2009): 433–442.

9. E. D. Austin, J. D. Cogan, J. D. West, et al., “Alterations in Oestrogen
Metabolism: Implications for Higher Penetrance of Familial Pulmonary
Arterial Hypertension in Females,” European Respiratory Journal 34
(2009): 1093–1099.

10. C. E. Ventetuolo, G. L. Baird, R. G. Barr, et al., “Higher Estradiol and
Lower Dehydroepiandrosterone‐Sulfate Levels Are Associated With
Pulmonary Arterial Hypertension in Men,” American Journal of
Respiratory and Critical Care Medicine 193 (2016): 1168–1175.

11. J. P. Fessel, X. Chen, A. Frump, et al., “Interaction Between Bone
Morphogenetic Protein Receptor Type 2 and Estrogenic Compounds in
Pulmonary Arterial Hypertension,” Pulmonary Circulation 3 (2013):
564–577.

12. J. West, J. Cogan, M. Geraci, et al., “Gene Expression in BMPR2
Mutation Carriers With and Without Evidence of Pulmonary Arterial
Hypertension Suggests Pathways Relevant to Disease Penetrance,” BMC
Medical Genomics 1 (2008): 45.

13. J. Hong, L. Medzikovic, W. Sun, et al., “Integrative Multiomics in
the Lung Reveals a Protective Role of Asporin in Pulmonary Arterial
Hypertension,” Circulation 150 (2024): 16.

14. X. Chen, E. D. Austin, M. Talati, et al., “Oestrogen Inhibition Re-
verses Pulmonary Arterial Hypertension and Associated Metabolic
Defects,” European Respiratory Journal 50 (2017): 1602337.

15. G. Kokeny, L. Calvier, and G. Hansmann, “PPARγ and TGFβ‐
Major Regulators of Metabolism, Inflammation, and Fibrosis in the
Lungs and Kidneys,” International Journal of Molecular Sciences 22,
no. 19 (2021): 10431.

16. C. G. Li, C. Mahon, N. M. Sweeney, et al., “PPARgamma Interaction
with UBR5/ATMIN Promotes DNA Repair to Maintain Endothelial
Homeostasis,” Cell Reports 26 (2019): 1333–43 e7.

17. G. Hansmann, R. A. Wagner, S. Schellong, et al., “Pulmonary
Arterial Hypertension Is Linked to Insulin Resistance and Reversed by
Peroxisome Proliferator–Activated Receptor‐γ Activation,” Circulation
115 (2007): 1275–1284.

18. S. Majka, M. Hagen, T. Blackwell, et al., “Physiologic and Molecular
Consequences of Endothelial Bmpr2 Mutation,” Respiratory Research 12
(2011): 84.

19. J. C. Schupp, T. S. Adams, C. Cosme, et al., “Integrated Single‐Cell
Atlas of Endothelial Cells of the Human Lung,” Circulation 144 (2021):
286–302.

20. T. Suzuki, Y. Tada, S. Gladson, et al., “Vildagliptin Ameliorates
Pulmonary Fibrosis in Lipopolysaccharide‐Induced Lung Injury by In-
hibiting Endothelial‐to‐Mesenchymal Transition,” Respiratory Research
18 (2017): 177.

21. F. Li, W. Zhu, and F. J. Gonzalez, “Potential Role of CYP1B1 in the
Development and Treatment of Metabolic Diseases,” Pharmacology &
Therapeutics 178 (2017): 18–30.

22. J. West, K. Fagan, W. Steudel, et al., “Pulmonary Hypertension in
Transgenic Mice Expressing a Dominant‐Negative BMPRII Gene in
Smooth Muscle,” Circulation Research 94 (2004): 1109–1114.

23. J. Chen, R. Crawford, C. Chen, and Y. Xiao, “The Key Regulatory
Roles of the PI3K/Akt Signaling Pathway in the Functionalities of
Mesenchymal Stem Cells and Applications in Tissue Regeneration,”
Tissue Engineering Part B: Reviews 19 (2013): 516–528.

24. S. Jiang, W. Wang, J. Miner, and M. Fromm, “Cross Regulation of
Sirtuin 1, AMPK, and PPARγ in Conjugated Linoleic Acid Treated
Adipocytes,” PLoS One 7 (2012): e48874.

25. D. V. Chistyakov, S. E. Aleshin, A. A. Astakhova, M. G. Sergeeva,
and G. Reiser, “Regulation of Peroxisome Proliferator‐Activated
Receptors (PPAR) α and ‐γ of Rat Brain Astrocytes in the Course of
Activation By Toll‐Like Receptor Agonists,” Journal of Neurochemistry
134 (2015): 113–124.

26. M. Li, T. W. Lee, A. P. C. Yim, T. S. K. Mok, and G. G. Chen,
“Apoptosis Induced by Troglitazone Is Both Peroxisome Proliferator‐
Activated receptor‐γ‐ and ERK‐Dependent in Human Non‐Small
Lung Cancer Cells,” Journal of Cellular Physiology 209 (2006):
428–438.

27. B. Zhang, S. Kirov, and J. Snoddy, “WebGestalt: An Integrated
System for Exploring Gene Sets in Various Biological Contexts,” Nucleic
Acids Research 33 (2005): W741–W748.

28. Y. Liao, J. Wang, E. J. Jaehnig, Z. Shi, and B. Zhang, “WebGestalt
2019: Gene Set Analysis Toolkit With Revamped Uis and APIs,” Nucleic
Acids Research 47 (2019): W199–W205.

29. J. T. M. Buters, S. Sakai, T. Richter, et al., “Cytochrome P450 CYP1B1
Determines Susceptibility to 7, 12‐dimethylbenz [a] Anthracene‐Induced
Lymphomas,” Proceedings of the National Academy of Sciences 96 (1999):
1977–1982.

30. F. Li, C. Jiang, M. C. Larsen, et al., “Lipidomics Reveals a Link
Between CYP1B1 and SCD1 in Promoting Obesity,” Journal of Proteome
Research 13 (2014): 2679–2687.

31. M. Kvandova, M. Majzunova, and I. Dovinova, “The Role of
PPARgamma in Cardiovascular Diseases,” Physiological Research 65
(2016): S343‐S63.

32. A. R. Majithia, J. Flannick, P. Shahinian, et al., “Rare
Variants in PPARG With Decreased Activity in Adipocyte Differ-
entiation Are Associated With Increased Risk of Type 2 Diabetes,”
Proceedings of the National Academy of Sciences 111 (2014):
13127–13132.

33. N. Denver, N. Z. M. Homer, R. Andrew, et al., “Estrogen Metabolites
in a Small Cohort of Patients With Idiopathic Pulmonary Arterial
Hypertension,” Pulmonary Circulation 10 (2020): 1–5.

34. K. White, A. K. Johansen, M. Nilsen, et al., “Activity of the Estrogen‐
Metabolizing Enzyme Cytochrome P450 1B1 Influences the Develop-
ment of Pulmonary Arterial Hypertension,” Circulation 126 (2012):
1087–1098.

35. A. K. Z. Johansen, A. Dean, I. Morecroft, et al., “The Serotonin
Transporter Promotes a Pathological Estrogen Metabolic Pathway in
Pulmonary Hypertension via Cytochrome P450 1B1,” Pulmonary
Circulation 6 (2016): 82–92.

12 of 13 Pulmonary Circulation, 2025



36. N. Denver, S. Khan, I. Stasinopoulos, et al., “Data for Analysis of
Catechol Estrogen Metabolites in Human Plasma by Liquid Chroma-
tography Tandem Mass Spectrometry,” Data in Brief 23 (2019): 103740.

37. S. P. Tofovic and E. K. Jackson, “Estradiol Metabolism: Crossroads
in Pulmonary Arterial Hypertension,” International Journal of
Molecular Sciences 21, no. 1 (2019): 116.

38. A. J. Lee, M. X. Cai, P. E. Thomas, A. H. Conney, and B. T. Zhu,
“Characterization of the Oxidative Metabolites of 17β‐Estradiol and
Estrone Formed by 15 Selectively Expressed Human Cytochrome P450
Isoforms,” Endocrinology 144 (2003): 3382–3398.

39. W. Zhao, A. R. Parrish, and K. S. Ramos, “Constitutive and Induc-
ible Expression of Cytochrome P450IA1 and P450IB1 in Human Vas-
cular Endothelial and Smooth Muscle Cells,” In Vitro Cellular &
Developmental Biology ‐ Animal 34 (1998): 671–673.

40. Y. Tsuchiya, M. Nakajima, and T. Yokoi, “Cytochrome P450‐
Mediated Metabolism of Estrogens and Its Regulation in Human,”
Cancer Letters 227 (2005): 115–124.

41. K. Suresh and L. A. Shimoda, “Lung Circulation,” Compr Physiol 6
(2016): 897–943.

42. N. Ziegler, K. Awwad, B. Fisslthaler, et al., “β‐Catenin Is Required
for Endothelial Cyp1b1 Regulation Influencing Metabolic Barrier
Function,” Journal of Neuroscience 36 (2016): 8921–8935.

43. J. D. West, E. J. Carrier, N. C. Bloodworth, et al., “Serotonin 2B
Receptor Antagonism Prevents Heritable Pulmonary Arterial Hyper-
tension,” PLoS One 11 (2016): e0148657.

44. M. R. MacLean, B. Fanburg, N. Hill, et al., “Serotonin and Pulmo-
nary Hypertension; Sex and Drugs and ROCK and Rho,” Compr Physiol
12 (2022): 4103–4118.

45. V. Agrawal, N. Fortune, S. Yu, et al., “Natriuretic Peptide Receptor C
Contributes to Disproportionate Right Ventricular Hypertrophy in a Rodent
Model of Obesity‐Induced Heart Failure With Preserved Ejection Fraction
With Pulmonary Hypertension,” Pulmonary Circulation 9 (2019): 1–12.

46. A. E. E. Eroume and R. Kamgang, “Role of Natriuretic Peptide
Receptor C Signalling in Obesity‐Induced Heart Failure With Preserved
Ejection Fraction With Pulmonary Hypertension,” Pulmonary Circulation
10 (2020): 2045894020910975.

47. A. Parpaleix, V. Amsellem, A. Houssaini, et al., “Role of
Interleukin‐1 Receptor 1/MyD88 Signalling in the Development and
Progression of Pulmonary Hypertension,” European Respiratory Journal
48 (2016): 470–483.

48. J. Pickworth, A. Rothman, J. Iremonger, et al., “Differential IL‐1
Signaling Induced by BMPR2 Deficiency Drives Pulmonary Vascular
Remodeling,” Pulmonary Circulation 7 (2017): 768‐76.

49. X. Ma, J. R. Idle, K. W. Krausz, and F. J. Gonzalez, “Metabolism of
Melatonin by Human Cytochromes P450,” Drug Metabolism and
Disposition 33 (2005): 489–494.

50. Z. Yu, X. Tian, Y. Peng, et al., “Mitochondrial Cytochrome P450
(CYP) 1B1 Is Responsible for Melatonin‐Induced Apoptosis in Neural
Cancer Cells,” Journal of Pineal Research 65 (2018): e12478.

51. X. Qu, R. P. Metz, W. W. Porter, V. M. Cassone, and D. J. Earnest,
“Disruption of Clock Gene Expression Alters Responses of the Aryl
Hydrocarbon Receptor Signaling Pathway in the Mouse Mammary
Gland,” Molecular Pharmacology 72 (2007): 1349–1358.

52. M. J. Toth, A. W. Gardner, P. J. Arciero, J. Calles‐Escandon, and
E. T. Poehlman, “Gender Differences in Fat Oxidation and Sympathetic
Nervous System Activity at Rest and During Submaximal Exercise in
Older Individuals,” Clinical Science 95 (1998): 59–66.

53. S. Numao, Y. Hayashi, Y. Katayama, T. Matsuo, and K. Tanaka, “Sex
Differences in Substrate Oxidation During Aerobic Exercise in Obese
Men and Postmenopausal Obese Women,” Metabolism: Clinical and
Experimental 58 (2009): 1312–1319.

54. M. A. Tarnopolsky, “Sex Differences in Exercise Metabolism and the
Role of 17‐Beta Estradiol,” Medicine & Science in Sports & Exercise 40
(2008): 648–654.

55. T. Decsi and K. Kennedy, “Sex‐Specific Differences in Essential
Fatty Acid Metabolism,” American Journal of Clinical Nutrition 94
(2011): S1914–S1919.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

13 of 13


	Estrogen and Cyp1b1 Regulate Pparγ in Pulmonary Hypertension Through a Ubiquitin-Dependent Mechanism
	1 Introduction
	2 Methods
	2.1 Cell Culture and Transfection
	2.2 Measurement of Fatty Acid Metabolism of PMVEC
	2.3 Quantitative PCR
	2.4 Western Blot
	2.5 Immunoprecipitation
	2.6 CYP1B1-/- Mouse Experiments
	2.7 RNA-Seq Experiments

	3 Results
	3.1 Both 16aOHE and siRNA to Cyp1B1 Reduce Pparγ Protein Levels, But Not mRNA Levels
	3.2 siRNA to Cyp1B1 Synergizes With BMPR2 Mutation to Reduce Fatty Acid Oxidation
	3.3 siCyp1B1 Inhibition of Pparγ Protein Levels Is Through Ubiquitination, But siCyp1b1 May Also Regulate Activity Through Canonical Pparγ Regulatory Pathways
	3.4 Noncanonical Estrogen Effect on Pparγ Is Only Present in Confluent Cells, and Different in WT and Bmpr2 Mutant Cells
	3.5 Impact of Estrogen and Cyp1b1 siRNA Are Distinct in Genes Affected, But Have Substantial Overlap in Pathways Affected
	3.6 Cyp1B1-/- Mice on a High Fat Diet Have Elevated RVSP and Clear Evidence of Metabolic Abnormalities
	3.7 Cyp1B1-/- Mouse Lung Has Alterations in Lipid Metabolism, Cytokine, Circadian Rhythm, and Vasoreactivity Genes

	4 Discussion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




