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Abstract

Introduction Women are at elevated risk for certain cardiovascular diseases, including pulmonary arterial hypertension,
Alzheimer’s disease, and vascular complications of diabetes. Angiotensin II (AngII), a circulating stress hormone, is elevated
in cardiovascular disease; however, our knowledge of sex differences in the vascular effects of Angll are limited. We therefore
analyzed sex differences in human endothelial cell response to AnglI treatment.

Methods Male and female endothelial cells were treated with AnglII for 24 h and analyzed by RNA sequencing. We then
used endothelial and mesenchymal markers, inflammation assays, and oxidative stress indicators to measure female and male
endothelial cell functional changes in response to Angll.

Results Our data show that female and male endothelial cells are transcriptomically distinct. Female endothelial cells treated
with Angll had widespread gene expression changes related to inflammatory and oxidative stress pathways, while male
endothelial cells had few gene expression changes. While both female and male endothelial cells maintained their endothelial
phenotype with Angll treatment, female endothelial cells showed increased release of the inflammatory cytokine interleu-
kin-6 and increased white blood cell adhesion following AnglI treatment concurrent with a second inflammatory cytokine.
Additionally, female endothelial cells had elevated reactive oxygen species production compared to male endothelial cells
after Angll treatment, which may be partially due to nicotinamide adenine dinucleotide phosphate oxidase-2 (NOX2) escape
from X-chromosome inactivation.

Conclusions These data suggest that endothelial cells have sexually dimorphic responses to Angll, which could contribute
to increased prevalence of some cardiovascular diseases in women.
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NOX2 NADPH oxidase 2

aSMA Alpha smooth muscle actin

TNFa Tumor necrosis factor alpha
ARID5A  AT-Rich interaction domain 5A
ZC3H12A Reagenase-1

Introduction

Cardiovascular disease, which initiates with endothelial
cell (EC) dysfunction, is the leading cause of death in both
men and women [1]. While women are largely protected
against ischemic heart disease prior to menopause, the ben-
efits afforded to women are diminished after menopause.
Furthermore, some vascular diseases are more common in
women than in men. Women are 1.8 times more likely to be
diagnosed with pulmonary arterial hypertension (PAH) than
men [2], nearly two-thirds of Americans with Alzheimer’s
disease are women [3], and women with diabetes have myo-
cardial infarctions earlier and with greater mortality than
men with diabetes [4]. To develop sex- and gender-specific
cardiovascular care, it is essential to understand sex differ-
ences in cardiovascular disease.

While studies of cardiovascular disease sex differences
historically focused on sex hormones, recent transcriptomic
studies suggest that 14-25% of the EC transcriptome is sex-
dependent [5]. These EC sex differences may be a product
of increased X-linked gene expression through escape from
X-chromosome inactivation (XCI). Approximately 15% of
X-linked genes consistently escape XCI, and an additional
10% of X-linked genes show variable inactivation patterns
[6]. XCI escape of genes such as CYBB [7], which codes for
NADPH oxidase-2 (NOX2), could increase oxidative stress
in female cells, contributing to EC dysfunction.

Transcriptomic differences in female and male EC may
be best studied in human umbilical vein endothelial cells
(HUVEC), which exhibit the sex of the newborn [8-10] and
have not been exposed to sex hormones in vivo. Indeed, in
hormone-naive HUVEC from boy-girl twin pairs, there were
more than 2000 differentially expressed genes [5]. Female
HUVEC further increased endothelial nitric oxide synthase
(eNOS) expression and intracellular ATP, were more pro-
liferative and migratory, and decreased mitochondrial res-
piration following VEGF-stimulation compared to male
HUVEC [9, 10]. A recent study further showed that female
and male HUVEC have different responses to mechanical
cues such as shear stress and substrate stiffness [11]. Thus,
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female and male HUVEC may have different transcriptomes
at baseline and in response to external stimuli.

Angiotensin II (Angll) is a circulating stress hormone
[12] that contributes to endothelial dysfunction in vascular
disease. When AnglI binds to the angiotensin type 1 receptor
(AT1R), it enhances NOX2 activity to increase reactive oxy-
gen species (ROS) production [13], leading to EC dysfunc-
tion. Angll is elevated in hypertension [14] and is commonly
infused in rodents to induce hypertension [15]. Interestingly,
AnglI has also been implicated in vascular diseases that are
more prevalent in women, such as PAH and Alzheimer’s
disease.

Most studies on the effects of Angll on vascular and EC
function have only been conducted in male rodents [16—19]
or failed to analyze outcomes in a sex-dependent manner
[20]. Therefore, in this study we examined how female and
male HUVEC responded differently to Angll. We used RNA
sequencing to study transcriptomic differences, followed by
phenotypic, inflammatory, and oxidative stress assays to
measure how the transcriptomic differences affected EC
function. Our data demonstrate that EC have sexually dimor-
phic oxidative stress and inflammatory responses to AnglI
treatment, which could be important in treating cardiovas-
cular disease in female versus male patients.

Methods
Cell Culture

Male and female endothelial cells from donors of different
sexes and from different vascular beds were used (Table 1),
as indicated in each experiment. Pooled male and pooled
female human umbilical vein endothelial cells (HUVEC;
Lonza; 3 donors per sex), individual donor male and female
HUVEC (Lonza, 2 donors per sex), and individual donor
male and female human coronary artery endothelial cells
(HCAEG; Lifeline Cell Technology; 1 donor per sex) were
cultured in Endothelial Growth Medium-2 (EGM-2; Lonza)
supplemented with 10% fetal bovine serum (FBS; Hyclone),
1% penicillin streptomycin (Thermo Fisher) and 1% r-glu-
tamine (Thermo Fisher). Individual donor human pulmonary
artery endothelial cells (HPAEC; Pulmonary Hypertension
Breakthrough Initiative; 3 donors per sex) were cultured in
Endothelial Growth Medium-2-MV (EGM-2-MV; Lonza)
supplemented with 10% FBS, 1% penicillin streptomycin,
and 1% L-glutamine. Cells were maintained in an incubator
with 5% CO, at 37 °C and used between passages 4-9.

RNA Sequencing

Confluent pooled male and female HUVEC were incubated
with 1 uM angiotensin II (Angll; Sigma; SCP0020) or water
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Table 1 EC donor

o Source tissue Cell sex Donor age Race
characteristics
Umbilical vein Female (3 pooled donors) Newborn White
Umbilical vein Male (3 pooled donors) Newborn White
Umbilical vein Female Newborn White
Umbilical vein Male Newborn White
Umbilical vein Female Newborn Black or African American
Umbilical vein Male Newborn Black or African American
Pulmonary artery Female 36 White
Pulmonary artery Male 49 White
Pulmonary artery Female 50 White
Pulmonary artery Male 51 White
Pulmonary artery Female 34 White
Pulmonary artery Male 40 White
Coronary artery Female 12 Black or African American
Coronary artery Male 22 Black or African American

as a vehicle control for 24 h. RNA was extracted using phe-
nol/chloroform [21]. Briefly, cells were washed with cold
phosphate buffered saline (PBS), scraped, and centrifuged at
17,000xg and 4 °C for 4 min. 1 mL TRIzol (ThermoFisher)
was added to each sample, after which the cell pellets were
resuspended and incubated at room temperature for 5 min.
200 pL chloroform (Sigma) was added to each sample, and
samples were vortexed and centrifuged at 4 °C and 17,000xg
for 30 min. Equal volumes of the top RNA sample layer
and isopropyl alcohol were combined with a 1:100 dilu-
tion of GlycoBlue Co-precipitant (ThermoFisher) and then
centrifuged at 4 °C and 17,000xg for 30 min. The pellet
was washed with ice-cold 70% ethanol and resuspended in
RNase-free water. RNA was quantified on a Nanodrop 2000c
(Thermo Fisher) and then shipped to Novogene where ribo-
somal RNA were degraded and a directional RNA library
was constructed to extract long non-coding RNA, micro
RNA, and circular RNA before the samples were sequenced
on an [1lumina NovaSeq 6000.

All RNAseq data were processed in Galaxy (https://
usegalaxy.org). A FASTQC report was used to verify RNA
sequencing quality. Samples were trimmed as paired end
reads using Trimmomatic and aligned to the human genome
(hg38) using HISAT2. FeatureCounts measured differ-
entially expressed genes (DEG) based on the annotated
human genome. EdgeR was then used to compare Angll
treated samples to untreated samples for both the male and
female HUVEC. A Benjamini and Hochberg p-value adjust-
ment was used for statistical analysis. Genes with a fold
change > 0.6 and an adjusted p-value < 0.3 were considered
statistically significant. The EdgeR report was uploaded to
iPathway Guide [22, 23] (Advaita Bio) to visualize gene
and pathway alterations in response to Angll, and how DEG
differed between male and female HUVEC following AnglI
treatment.

ELISA

Human interleukin-6 (IL-6) and transforming growth
factor-B2 (TGF-B2) in cell culture media samples were quan-
tified by ELISA (RayBiotech) as per manufacturer’s pro-
tocols. For the TGF-B2 ELISA, cells were treated + 1 uM
AngllI for 24 h after which 250 pL conditioned media was
transferred to microcentrifuge tubes, activated with 50 uL
IN HCI (Sigma) for 10 min, and then neutralized with 50
puL 1.2 N NaOH (Sigma)/ 0.5 M HEPES (Sigma). For the
IL-6 ELISA, cells were treated =1 uM Angll and + 1 ng/
mL TNFa for 24 h. Conditioned media was diluted 1:1 in
sample dilution buffer. Absorbance was read immediately on
a plate reader (Tecan Spark Multimode Microplate Reader)
at 450 nm.

Endothelial-to-Mesenchymal Transition (EndMT)

Endothelial vs. mesenchymal cell phenotype was measured
using an endothelial marker (VE-cadherin) and a mesen-
chymal marker (x-smooth muscle actin; aSMA). Confluent
pooled male and female HUVEC on 18 mm glass coverslips
(VWR) were treated + 1 pM AnglI for 24 h, fixed in 4% par-
aformaldehyde (PFA; Sigma), and then permeabilized and
blocked with 0.2% TritonX-100 (Alfa Aesar) and 5% goat
serum (Sigma) in phosphate buffered saline (PBS; Thermo
Fisher) for 1 h. Cells were incubated in primary antibod-
ies against VE-cadherin (1:50, Santa Cruz Biotechnology;
$¢-9989) and aSMA (1:200; Abcam; ab5694) overnight at
4 °C in 1% goat serum in PBS. Cells were then incubated
in the appropriate secondary antibodies (1:1000; Thermo
Fisher) and Hoechst (1:2000; nuclei; Thermo Fisher). Sam-
ples were imaged on an ECHO Revolve microscope at 20x
magnification.
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White Blood Cell (WBC) Adhesion Assay

WBC adhesion was used to determine EC inflammation.
Confluent male and female HUVEC and HPAEC were
treated + 1 uM Angll and + 1 ng/mL TNFa for 24 h. WBC
were isolated from freshly drawn blood following IRB
1818450-1 using Acrodisc WBC Syringe Filters (Pall).
WBC were labeled with Calcein AM (Thermo Fisher) for
30 min in EGM-2 media, after which they were washed
and resuspended at 2 x 10° cells/mL in EGM-2. HUVEC
and HPAEC were washed with 1 X PBS, then incubated
with 1x 10® WBC for 10 min. After thorough washing,
samples were imaged on an ECHO Revolve microscope at
10x magnification.

Oxygen Consumption Rate (OCR)

EC oxidative phosphorylation was measured using a Sea-
horse ATP Rate Assay (Agilent). Male and female pooled
HUVEC were seeded at 40,000 cells/well in a 96-well
Seahorse plate (Agilent), allowed to attach overnight, then
treated + 1 uM Angll for 24 h. The ATP Rate Assay was run
following manufacturer’s protocols. OCR, an approximation
of mitochondrial metabolism, was assessed in basal condi-
tions and following oligomycin (ATP synthase inhibitor)
and rotenone/antimycin A (mitochondrial electron transport
chain inhibitors) treatment. Mitochondrial ATP production
was calculated using Seahorse Wave software (Agilent), and
proton leak was calculated as the difference between oligo-
mycin and rotenone/antimycin A inhibition of OCR.

Reactive Oxygen Species

Carboxy-H,DCFDA, which is taken up by a cell and then
oxidized by ROS to induce a fluorescent signal, and Mito-
SOX, which is targeted to the mitochondria then specifi-
cally oxidized by superoxide to produce a fluorescent signal,
were used to measure EC oxidative stress. Confluent male
and female HUVEC and HPAEC were treated + 1 pM Angll
(Millipore Sigma; SCP0020) for 24 h. Cells were washed
twice with Hank’s Balanced Salt Solution with calcium
and magnesium (HBSS/Ca/Mg; Thermo Fisher) and then
incubated in 25 uM carboxy-H,DCFDA (Thermo Fisher) in
HBSS/Ca/Mg containing 1 uM Hoechst for 30 min at 37 °C.
HBSS without sodium bicarbonate (Thermo Fisher) was
used to wash the cells before mounting them on glass slides
and imaging at 10x magnification on an ECHO Revolve
microscope. For the MitoSOX assay, HUVEC were washed
with HBSS/Ca/Mg and then incubated in HBSS/Ca/Mg
containing 5 pM MitoSOX (Thermo Fisher) and 1 uM Hoe-
chst for 15 min at 37 °C. After washing with HBSS without
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sodium bicarbonate, samples were mounted on glass slides
and immediately imaged on an ECHO Revolve fluorescent
microscope.

CYBB Gene Expression

HUVEC, HCAEC, and HPAEC were seeded at 125,000
cells/well in a 12-well plate. RNA was isolated from conflu-
ent EC using an RNEasy Mini Kit (Qiagen). Isolated RNA
was quantified on a Nanodrop 2000c (Thermo Fisher), and
RNA was converted to cDNA using a High-Capacity cDNA
Reverse Transcription kit (Thermo Fisher) and a ProFlex
Thermal Cycler (Thermo Fisher). We ran qPCR using a
Tagman probe for CYBB (ThermoFisher; Hs00166163_m1)
and RPLPO, a ribosomal protein not differentially expressed
between male and female EC, as a housekeeper (Thermo
Fisher; Hs00420895_gH) using a QuantStudio 7 Flex qPCR
System (Thermo Fisher).

NOX2 siRNA Knockdown

Pooled HUVEC were seeded at 125,000 cells/well in a
12-well plate in antibiotic-free EGM-2 supplemented with
10% FBS and 1% glutamine. After 24 h, 18 pmol CYBB
siRNA (Thermo Fisher; s531913) or Silencer Select Nega-
tive Control #1 (Thermo Fisher) complexed with Lipo-
fectamine RNAiMAX Transfection Reagent (Thermo
Fisher) in Opti-MEM I Reduced Serum Medium (Thermo
Fisher) was added to the culture medium. After 24 h of
siRNA treatment, cells were treated with 1 pM Angll, and
the downstream assay was performed.

NOX2 protein was assessed by Western blot. 6, 24, or
48 h after CYBB siRNA application, cells were lysed. Pro-
tein was quantified using a BCA assay (Thermo Fisher),
and samples (3.5 ug/uL protein) were separated on 4—12%
Bis—Tris gels (Thermo Fisher) and transferred to a nitrocel-
lulose membrane (Thermo Fisher) using an iBlot 2 (Thermo
Fisher). Membranes were blocked for 1 h in 5% bovine
serum albumin (Millipore Sigma) in PBS containing 0.5%
Tween 20 (Thermo Fisher) and then incubated with primary
antibodies for NOX2 (Proteintech; 19013-1-AP; 1:1000) and
B-Actin (Santa Cruz Biotechnology; sc-47778; 1:1000) over-
night. After thorough washing, membranes were incubated
in the appropriate secondary antibodies (Promega; 1:2000)
for 2 h. Western blots were imaged on an Alpha Innotech
Fluorchem Imager (Protein Simple), and proteins were quan-
tified using AlphaView software.

Fluorescent Image Quantification
Fluorescent images were quantified in Fiji (ImageJ). For

EndMT analysis, rolling ball background subtract was used
to remove background fluorescence. Images were then
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thresholded to remove non-specific labeling before meas-
uring fluorescence intensity. Thresholds were maintained
for all images in an experiment, and fluorescence intensity
was normalized to cell count by dividing by the number of
nuclei in the same image. For WBC adhesion analysis, the
number of adhered WBC per frame were counted and aver-
aged between samples. Images shown are representative of
the average fluorescence intensity for each treatment group.

Statistics

Statistics were analyzed in GraphPad Prism. Non-parametric
Mann—Whitney tests, Kruskal-Wallis tests, and two-way
ANOVA with a Tukey’s correction for multiple comparisons
were used to compare datasets. RNA-seq data were consid-
ered biologically significant with an adjusted p-value <0.3
and a Log,FC > 0.6.

Results

Angll is a circulating stress hormone known to have vas-
cular effects. Since the EC transcriptome itself is sexually
dimorphic [5], we investigated if AnglI has different effects
on female versus male EC. We first studied gene expression
differences in pooled HUVEC from male and female donors.
RNA sequencing showed that male and female HUVEC
had 1134 differentially expressed genes. 622 genes were
upregulated in female as compared to male HUVEC, and
512 genes were upregulated in male as compared to female
HUVEC (Fig. 1A, Table S1A-B). Cell sex was validated
through expression of sex-specific transcripts including
the female-associated gene X-Inactive Specific Transcript
(XIST), which was downregulated in male compared to
female HUVEC (Log,FC=14.16), and the male-associated
gene Ubiquitin specific peptidase 9 Y-Linked (USP9Y),
which is upregulated in male compared to female HUVEC
(Log,FC=14.19).

We then treated pooled male and female HUVEC with
AngllI for 24 h and analyzed gene expression changes.
Female HUVEC differentially expressed 444 genes
with Angll treatment, while male HUVEC differentially
expressed 21 genes (Fig. 1B; Table S2A-B). The 172
upregulated genes in female AngllI-treated HUVEC included
interleukin-6 (/L-6; p=0.006), an inflammatory cytokine,
and transforming growth factor $-2 (TGF-p2; p<0.0001),
a growth factor involved in proliferation, differentiation,
and apoptosis. The 272 downregulated genes included dual
specificity phosphatase 8 (DUSPS; p=0.008), a phosphatase
regulating protein responsible for cell proliferation and dif-
ferentiation. The 8 upregulated genes in Angll-treated male
HUVEC included glucosylceramidase p (GBA; p <0.0001),
a lysosomal protein involved in glycolipid metabolism, while

the 13 downregulated genes included RNA polymerase I
transcription factor (RRN3; p<0.0001; Fig. 1C), an RNA
polymerase regulating apoptosis and transcription. Of the
differentially expressed genes, only lanosterol synthase
(LSS; p<0.0001), an enzyme involved in cholesterol syn-
thesis, was commonly downregulated.

We next used iPathway Guide’s KEGG database to under-
stand how these expression changes relate to cell-level func-
tions. Male HUVEC treated with Angll did not have any
KEGG pathways with three or more differentially expressed
genes. However, female HUVEC treated with Angll had
multiple KEGG pathways with more than three differen-
tially expressed genes. Of particular interest were statisti-
cally significant changes in pathways that could be important
in Angll-related diseases that are more prevalent in women,
including tumor necrosis factor (TNF) signaling, advanced
glycation end products (AGE)-receptor for advanced gly-
cation end products (RAGE) signaling, cytokine-cytokine
receptor interaction, metabolic pathways, oxidative phos-
phorylation, and pathways of neurodegeneration (Fig. 1D,
Table S3).

To determine if gene expression changes resulted in cell
function changes, we further investigated several genes that
were upregulated in Angll-treated female HUVEC. TGF-
B2 is a major molecular player in EndMT [34], which can
contribute to pulmonary hypertension predisposition and
disease progression [25]. Since TGF-P2 expression was
higher in pooled female, but not significantly altered in
male, Angll-treated HUVEC (Fig. 2A), we measured TGF-
B2 protein and EndMT in female and male HUVEC. TGF-
B2 protein did not change after 24 h of Angll treatment in
pooled cells of either sex (Fig. 2B). Similarly, VE-cadherin
did not decrease and a-smooth muscle actin (a(SMA) did not
increase with Angll treatment in either male or female cells,
suggesting that Angll did not lead to EndMT (Fig. 2C).
Thus, even though Angll increased TGF-B2 mRNA expres-
sion in female HUVEC, this did not lead to measurable
changes in TGF-B2 protein or EndMT.

IL-6, an inflammatory cytokine implicated in diseases
such as diabetes and Alzheimer’s disease, expression
levels were also higher in pooled female HUVEC but
unchanged in male HUVEC following Angll treatment
(Fig. 3A). Adhesion protein genes, including E-Selectin
(SELE; Log,FC=0.601), vascular cell adhesion protein-1
(VCAM1; Log,FC=0.455), and intercellular adhesion
molecule-1 (ICAM1; Log,FC=0.399) were elevated in
pooled female, but not male, HUVEC following AnglI
treatment. IL-6 protein released into the media did not
change between cells of differing sex or with AnglI treat-
ment (Fig. 3B, C). Based on these results, we hypothesized
that a second inflammatory stimulus may be needed to
change IL-6 release. We therefore treated pooled male and
female HUVEC with both Angll and the inflammatory
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of genes that were differentially expressed following 24 h of Angll
treatment in female and male HUVEC. A full table of all differen-
tially expressed genes is in the supplemental data, and gene names are
defined in the glossary. D KEGG pathways significantly altered by
Angll treatment containing more than three differentially expressed
genes. Significant with Log,FC>0.6, and adjusted p-value<0.3.
n=3 samples for each condition from pooled HUVEC in RNA
sequencing data. Female and male HUVEC were pooled from three
donors per sex
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HUVEC (Fig. 3B, C). We then determined if the increased
IL-6 release enhanced WBC adhesion using the male and
female pooled HUVEC, individual donor HUVEC, and
individual donor HPAEC. WBC adhesion was elevated by

2.0

1.5

1.0+

0.5

o No Treatment
o ©O Angll
o
0.0 T
Female
T 3.04
LS e No Treatment
©
E 2.5+ o Angll
) ® ® o
£ 204
> o
g
2 1 5- T
&
eI I
g o
S 0.5+
Q .
w
> 0.0 T T
Female Male
2.0+
E e No Treatment
N
= . o Angll
T 1.5+
= o
=)
5 T
2 1.04 F .
[7]
| (1 5 s
: o0 o o%0
é 0.5+ —L.—
(7]
o
0.0 T T
Female Male

repeated 4 times). C Representative fluorescent microscopy images
of endothelial (VE-cadherin, light blue) and mesenchymal (aSMA,
green) markers, with Hoescht-labeled nuclei (dark blue) in female
and male HUVEC following 24 h of 1 uM Angll treatment, with
quantification (n=6 samples; 3 pooled HUVEC samples per con-
dition in each experiment, with the experiment repeated 2 times).
Scale=50 um. TGFp2 protein and fluorescence intensity were nor-
malized to untreated female cells

33% in female, but not male, EC treated with AnglI in the
presence of TNFa (Fig. 3D-F; Supplemental Figs. 1, 2).
These data suggest that Angll exposure in the presence of
an additional inflammatory stimuli leads to a cooperative
increase in inflammation response in female but not male
endothelial cells.
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Fig.3 Female EC had higher /L-6 mRNA expression than male
HUVEC following Angll treatment but required concurrent TNFa
exposure to show higher IL-6 protein and WBC adhesion. A IL-6,
SELE, VCAM1, and ICAM1I gene expression from RNA sequencing
in pooled female and male HUVEC following 24 h of 1 uM Angll
treatment (n=3 samples per condition). B Female and C male pooled
HUVEC IL-6 protein release following 24-h treatment+1 uM Angll
and+ 1 ng/mL TNFa, measured via ELISA (n=8 samples; 4 sam-
ples per condition in each experiment, with the experiment repeated

Oxidative phosphorylation was identified as a sig-
nificantly changed pathway via KEGG analysis. Indeed,
nine genes involved in mitochondrial respiration were
upregulated in female, but not male, pooled HUVEC fol-
lowing 24 h of AnglII treatment (Fig. 4A). As ROS are
a by-product of mitochondrial respiration, and AnglI is
known to increase endothelial ROS [27], we hypothesized
that female EC treated with Angll would have higher
ROS than male EC. Female and male pooled HUVEC,
individual donor HUVEC, and individual donor HPAEC
were treated with + 1 pM AnglII for 24 h and then incu-
bated with Carboxy-H,DCFDA, a general ROS indicator.
Female HUVEC and HPAEC demonstrated a 33% increase
in ROS following AngllI treatment, while male HUVEC
and HPAEC did not show an increase in ROS (Fig. 4B;
Supplemental Fig. 3). However, individual donor female
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2 times). D Representative WBC adhesion fluorescent microscopy
images (calcein, green). E Female and F male pooled HUVEC, indi-
vidual donor HUVEC, and individual donor HPAEC quantified WBC
adhesion following 24-h treatment+1 pM Angll and+1 ng/mL
TNFa (n=6 donors per sex; each datapoint averaged from 3 samples
per donor per condition). Scale=100 um. Data analyzed with two-
way ANOVA. *p<0.05, **p<0.01. IL6 protein concentration and
WBC adhesion normalized to untreated cells for each sex

HCAEC did not increase ROS following AnglI treatment
(Supplemental Fig. 4).

We then evaluated if the increase in ROS was due to a
rise in superoxide production as a byproduct of mitochon-
drial metabolism. When we labeled Angll-treated pooled
female and male HUVEC with the mitochondrial ROS indi-
cator MitoSOX, we observed that mitochondrial superox-
ide increased by 19% in the female but not male HUVEC
(Fig. 5A). However, while pooled female HUVEC had 17%
higher oxygen consumption rate (OCR; oxidative phospho-
rylation) and 17% higher mitochondrial ATP production
than pooled male HUVEC by Seahorse dynamic metabolic
measurements, neither OCR nor mitochondrial ATP changed
with AngllI treatment (Fig. 5B—-D). Proton leak, defined as
respiration that is not coupled to ATP production, was simi-
lar across all conditions (Fig. SE). Although female HUVEC
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Fig.4 Female EC increased ROS production in response to Angll
compared to male EC. A RNA-seq of differentially expressed genes
associated with mitochondrial respiration were elevated in pooled
female but not male HUVEC following AnglI treatment (n=3 sam-
ples per condition). B Representative images and quantification

had higher mitochondrial metabolism than male HUVEC,
this did not appear to relate to the elevated ROS observed in
Angll-treated female HUVEC.

We therefore examined an alternative pathway by which
ROS production could be elevated in female HUVEC
treated with Angll. CYBB, the gene for NOX2, escapes
from X-chromosome inactivation [7]. NOX2 is the catalytic
subunit of NADPH oxidase, which produces superoxide
when activated and assembled in the cell membrane. RNA-
sequencing showed CYBB gene expression to be higher in
pooled female than male HUVEC, but due to high variability
in the data, this was not statistically significant. We there-
fore repeated gene expression measurements by RT-qPCR
and showed that CYBB gene expression was 4 times higher
in pooled female compared to pooled male HUVEC and in
female compared to male HPAEC from one donor (Fig. 6A).
We then knocked down CYBB via siRNA in pooled HUVEC
and confirmed significant NOX2 protein reduction after
24 h by Western blot (Fig. 6B). Using the more general,

of ROS production, measured via Carboxy-H,DCFDA (green), in
female versus male pooled HUVEC, individual donor HUVEC, and
individual donor HPAEC following 24 h of Angll treatment (n=6
donors per sex; each datapoint averaged from 3 samples per donor per
condition)

cell permeable ROS indicator Carboxy-H,DCFDA, we again
demonstrated elevated ROS in Angll-treated female but not
male HUVEC. However, in HUVEC with NOX2 knocked
down, AnglI treatment failed to significantly elevate ROS in
female or male cells (Fig. 6C, D).

Discussion

Elevated Angll is associated with many diseases, includ-
ing PAH [24] and Alzheimer’s disease [26], that are more
likely to be diagnosed in women than men [2, 3]. Since EC
have sexually dimorphic transcriptomes [5], we investigated
how female and male EC respond differently to Angll. We
now show that female EC have more extensive transcrip-
tional changes in response to Angll as compared to male
EC. While changes in TGF-B2 gene expression did not lead
to altered EC phenotype in vitro, we did observe elevated
immune and oxidative stress responses to Angll in female
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Fig.5 Female EC increased superoxide in response to Angll com-
pared to male HUVEC. A Mitochondrial superoxide production in
pooled female versus male HUVEC following 24 h of Angll treat-
ment measured via MitoSOX (red) (n=14; 7 samples per condi-
tion in each experiment, with the experiment repeated 2 times).
Scale=100 pum. C OCR measured by Seahorse assay in pooled male
and female HUVEC +£1 uM Angll treatment (n=12; 6 samples per
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condition in each experiment, with the experiment repeated 2 times).
D Basal OCR, E mitochondrial ATP production, and F proton leak
calculated from Seahorse OCR (n=12; 6 samples per condition in
each experiment, with the experiment repeated 2 times). MitoSOX
and Seahorse data normalized to female untreated cells. Data ana-
lyzed with two-way ANOVA. *p<0.05, **p <0.01, ****p <(0.0001
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Fig.6 CYBB was upregulated in female, but not male EC, which
may contribute to elevated ROS production in Angll-treated female
cells. A CYBB gene expression in untreated pooled female and male
HUVEC and one female and male HPAEC donor by RT-PCR. Data
analyzed with a Mann—Whitney test. B Western blot of NOX2 and
B-Actin, with quantification, in pooled HUVEC treated with scram-
ble siRNA or CYBB siRNA for 648 h. Data analyzed using Kruskal—
Wallis test. C Representative fluorescent microscopy images of

carboxy-H,DCFDA (green) as an ROS indicator in pooled female
and male HUVEC following CYBB siRNA (or scramble siRNA)
and+1 pM Angll treatment for 24 h. Scale=100 um. D ROS quan-
tification following siRNA knockdown. Data analyzed using two-way
ANOVA with Tukey’s correction for multiple comparisons *p <0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Western blot and ROS
intensity were normalized to untreated female cells
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EC as compared to male EC. Our study indicates that female
EC have a stronger reaction to AnglI, which may contribute
to higher rates of Angll-related diseases in women.

Most studies of sex differences investigate specifically
the impacts of sex hormone (estrogen and testosterone)
exposure. However, hormone exposure is not the only dif-
ferentiating factor between men and women. Phenotypic sex
differences between men and women are a combination of
the effects of sex chromosomes, genetic variation through
copy number variants and single nucleotide polymorphisms,
and epigenetic regulation by endogenous factors such as hor-
mones or exogenous factors like environmental exposures
[28]. Additionally, through the process of escape from XCI,
genes on the second silenced X-chromosome in female cells
can be reactivated, essentially doubling their gene expres-
sion. In this paper, we examine sex differences in response
to Angll in neonatal umbilical vein endothelial cells, which
were not exposed to sex hormones. We further validated our
findings using adult pulmonary artery endothelial cells to
demonstrate that sex differences were maintained regardless
of cell age and hormone exposure.

Our RNA-sequencing data confirm prior studies that
demonstrated gene expression changes in male and female
HUVEC [5]. Indeed, sex differences have been observed
in most tissues of the body [29]. A similar previous study
reported 2,528 differentially expressed genes between male
and female HUVEC in boy-girl twin pairs [5]; however, an
adjusted p-value of < 0.1 was considered significant with no
required Log,FC cutoff, whereas we chose a more stringent
cutoff of adjusted p-value < 0.3 and Log,FC > 0.6. We now
further show that female HUVEC have more differentially
expressed genes compared to male HUVEC when treated
with Angll. In male HUVEC, none of the differentially
expressed genes were in the same KEGG pathway. Female
HUVEQC, on the other hand, had 25 KEGG pathways with
3 or more differentially expressed genes. Many of the dif-
ferentially expressed genes were included in multiple KEGG
pathways. For example, thermogenesis, oxidative phos-
phorylation, and metabolism KEGG pathways had almost
entirely overlapping differential gene expression (elec-
tron transport chain, specifically cytochrome C reductase,
cytochrome C oxidase, NADH dehydrogenase, and F-type
ATPase). Seven out of eleven differentially expressed genes
associated with the neurodegeneration KEGG pathway also
overlapped with oxidative phosphorylation. These synergies
suggest that differentially expressed genes in AnglI-treated
female cells could have wide-reaching cellular effects.

Although TGF-p2 production is known to increase
EndMT [30], and female AngllI-treated cells showed an
increase in TGF-P2 gene expression, we did not observe an
increase in TGF-f2 released from the cells in male or female
HUVEC treated with Angll. Generally, TGF-f2 is translated
in the endoplasmic reticulum where it dimerizes and binds to
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latent TGF-f binding proteins (LTBP). The TGF-2-LTBP
complex is secreted, after which activating factors dissociate
the complex. Active TGF-f2 then binds to TGF-f receptors
on cells [31]. TGF-B2 can be secreted without LTBP [32],
although LTBP promotes its folding and secretion [33]. We
did not observe increased LTBP gene expression in female
HUVEC, which could explain why TGF-p2 protein release
was not increased in these cells following AnglI treatment.

Furthermore, increased TGF-p2 gene expression in
female Angll-treated HUVEC did not induce EndMT, as
measured by decreased endothelial markers and increased
fibrotic markers. Maleszewska et al. proposed that elevated
IL-1p is necessary for inducing EndMT, while TGF-2 is
essential to sustaining EndMT [34]. IL-1p was not differ-
entially expressed in male or female HUVEC following
Angll, which could mean that EndMT was not induced.
Alternatively, other secondary stimuli such as TNF-a [35]
and hydrogen peroxide [36] have been proposed to supple-
ment TGF-p2-related EndMT. Sex differences in valvular
interstitial cells were accentuated on soft and stiff hydro-
gels compared to tissue culture plastic [37], thus we might
have observed functional changes in EndMT on softer sub-
strates. Finally, TGF-p2 gene expression may take longer to
lead to cell functional changes [34-36, 38]. Although we
did not observe cell function changes due to Angll-induced
increased TGF-P2 gene expression in female HUVEC, dif-
ferences may occur with secondary stimuli, on softer sub-
strates, or at longer times.

We similarly observed increased IL-6 gene expression in
Angll-treated HUVEC with no change in secreted protein or
EC inflammatory response. /L-6 mRNA is relatively unsta-
ble, with a 30-min half-life [39]. IL-6 mRNA is stabilized by
Arid5a [40], and its degradation is accelerated by Regnase-1
(Zc3hl12a) [41]. Neither ARID5A nor ZC3HI12A were dif-
ferentially expressed in female EC following AnglI treat-
ment; therefore, IL-6 mRNA may have been too unstable in
Angll-treated cells to increase IL-6 protein secretion. TNF-o
is an inflammatory stimulus that may increase /L-6 mRNA
stability [42], and in our cells, concurrent Angll and TNF-a
treatment increased both IL-6 secretion and WBC adhesion
in female HUVEC and HPAEC compared to TNF-a alone.
WBC adhere to cell adhesion molecules on EC membranes
including intercellular adhesion molecule-1 (ICAM-1), vas-
cular cell adhesion protein-1 (VCAM-1), and E-Selectin.
The E-selectin gene was significantly increased in female
HUVEC following Angll treatment (Log,FC =0.601,
p<0.0001). Though ICAM-1 (Log,FC=0.399) and VCAM-1
(Log,FC=0.455) had statistically significant p-values, they
did not reach our LogFC threshold for significance but may
also be elevated in female HUVEC treated with AngIl. Male
HUVEC did not increase ICAM-1, VCAM-1, or E-Selectin
expression following Angll treatment. Cell adhesion mol-
ecule gene upregulation likely contributes to increased WBC
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adhesion to female, but not male, HUVEC following TNF-«
and AnglI treatment.

Finally, oxidative phosphorylation genes and ROS
increased in female HUVEC treated with Angll, which cor-
related with elevated mitochondrial superoxide production.
Seahorse ATP Rate Assays did not show a corresponding
increase in mitochondrial respiration in either female or
male HUVEC. Similar to increases in IL-6 following AnglI
treatment in female HUVEC, it may be that the cells are
increasing gene expression of oxidative phosphorylation
genes but require a second stimuli to actually increase OCR.
We did find that CYBB, the gene encoding for NOX2, was
overexpressed in female as compared to male cells and when
knocked down, abrogated the Angll-induced increase in
ROS in female HUVEC. CYBB was shown to escape X-chro-
mosome inactivation [7], meaning it was expressed on both
X chromosomes in female cells leading to double the gene
expression. We similarly observed higher CYBB expression
in female as compared to male HUVEC and HPAEC, indi-
cating that CYBB may escape from X-chromosome inactiva-
tion in these cells. Interestingly, CYBB knockdown in female
HUVEC did not reduce baseline ROS. Thus, NOX2 may be
partially responsible for elevated ROS production in female
HUVEC treated with AngllI.

The HUVEC sex differences were partially replicated in
EC from patients who were not neonates. Female HPAEC
and HCAEC from donors aged 12-51 demonstrated elevated
CYBB gene expression, congruent with our hypothesis that
CYBB escapes X-chromosome inactivation. However, only
female HPAEC had elevated ROS in response to AnglIl. This
could relate to the specific vascular bed. HPAEC dysfunc-
tion is associated with PAH [43] and women are 2—4 times
more likely to be diagnosed with PAH compared to men
[2]. Indeed, differential gene expression associated with
ROS production (including CYBB) has been proposed to be
partially responsible for these sex differences [44]. Alterna-
tively, age and sex hormone exposure may make sex differ-
ences in female EC less pronounced. In another study, ROS
production was higher in female vs. male HUVEC at birth,
but ROS production was higher in male vs. female human
aortic endothelial cells in adults [5]. Additional studies are
needed to determine how age and sex hormone exposure
may impact female vs. male EC differences.

Conclusions

Cardiovascular disease manifests differently in women than
men, and some of these differences may result from cellular
transcriptomic differences due to genomic escape from XCI.
Our data confirm that female HUVEC are transcriptomically
distinct from male HUVEC. We further show that female
EC had more extensive transcriptomic, inflammatory, and

oxidative stress changes than male EC when exposed to the
stress hormone Angll. These data suggest that transcrip-
tomic differences between female and male EC may predis-
pose women to certain cardiovascular diseases by altering
the cellular response to a cardiovascular risk factor. Overall,
our study supports the examination of sex differences at a
cellular level to understand sexual dimorphisms in suscep-
tibility to vascular diseases such as PAH and Alzheimer’s
disease.
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