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Endothelial cells (ECs) form the inner lining of blood vessels and are central to sensing
chemical perturbations that can lead to oxidative stress. The degree of stress is
correlated with divergent phenotypes such as quiescence, cell death, or senescence.
Each possible cell fate is relevant for a different aspect of endothelial function, and
hence, the regulation of cell fate decisions is critically important in maintaining vascular
health. This study examined the oxidative stress response (OSR) in human ECs at
the boundary of cell survival and death through longitudinal measurements, including
cellular, gene expression, and perturbation measurements. 0.5 mM hydrogen peroxide
(HP) produced significant oxidative stress, placed the cell at this junction, and provided
a model to study the effectors of cell fate. The use of systematic perturbations and high-
throughput measurements provide insights into multiple regimes of the stress response.
Using a systems approach, we decipher molecular mechanisms across these regimes.
Significantly, our study shows that heme oxygenase-1 (HMOX1) acts as a gatekeeper
of cell fate decisions. Specifically, HP treatment of HMOX1 knockdown cells reversed
the gene expression of about 51% of 2,892 differentially expressed genes when
treated with HP alone, affecting a variety of cellular processes, including anti-oxidant
response, inflammation, DNA injury and repair, cell cycle and growth, mitochondrial
stress, metabolic stress, and autophagy. Further analysis revealed that these switched
genes were highly enriched in three spatial locations viz., cell surface, mitochondria, and
nucleus. In particular, it revealed the novel roles of HMOX1 on cell surface receptors
EGFR and IGFR, mitochondrial ETCs (MTND3, MTATP6), and epigenetic regulation
through chromatin modifiers (KDM6A, RBBP5, and PPM1D) and long non-coding RNA
(lncRNAs) in orchestrating the cell fate at the boundary of cell survival and death.
These novel aspects suggest that HMOX1 can influence transcriptional and epigenetic
modulations to orchestrate OSR affecting cell fate decisions.
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INTRODUCTION

Endothelial dysfunction is a hallmark of many cardiovascular
diseases and can be triggered by oxidative stress (He and
Zuo, 2015; Gimbrone and García-Cardeña, 2016). Endothelial
cells (ECs) undergo oxidative stress in the presence of excess
reactive oxygen species (ROS) such as hydrogen peroxide
(HP), superoxide, and hydroxyl radicals. Uncompensated
oxidative stress can cause significant damage to cellular
macromolecules, disrupt cellular signaling, and lead to multi-
faceted endothelial dysfunction, ranging from imbalanced redox
signaling, impaired nitric oxide bioavailability, pro-inflammatory
response to cell cycle disruption, and cell death. Persistent
endothelial dysfunction and the extravasation of lipoproteins and
monocytes into the sub-endothelial space is the first in a series
of steps that leads to the formation of atherosclerotic plaque
and, subsequently, more serious cardiovascular events (Winn and
Harlan, 2005; Huynh et al., 2011; Zhou et al., 2013).

The change in the activity of cell signaling pathways, gene
expression, and proteins that directly or indirectly moderate
the response to damage by ROS is known as the oxidative
stress response (OSR). In ECs, this involves the coordinated
efforts by multiple signaling pathways (e.g., ATM/p53, NFκB,
NRF2/KEAP1, and PI3K/Akt, etc.; Liang et al., 2017) that
initiate changes in the cell’s structure and function culminating
in the final phenotype (i.e., return to homeostasis, apoptosis,
necrosis, or senescence). When oxidative stress overwhelms the
protective responses, apoptosis may be induced, resulting in
increased endothelial permeability (Winn and Harlan, 2005;
Huynh et al., 2011; Zhou et al., 2013). Caspase-dependent
apoptosis involves ROS-mediated (Elmore, 2007) activation of
death receptors (FAS, TRAIL, etc.), mitochondrial cytochrome c
release, or cytotoxicity resulting in the degradation of DNA by
endonucleases (Chandra et al., 2000). Alternatively, the resistance
to cell death can be established by anti-apoptotic factors such
as protective members of the BCL2 family or the Inhibitors of
Apoptosis (IAP) family of proteins (Portt et al., 2011). If the
resistance to apoptosis is accompanied by cell cycle arrest, ECs
can enter a quiescent or senescent state (Toussaint et al., 2002;
Chen et al., 2008; Kuilman et al., 2010; Salminen et al., 2011;
Muñoz-Espín and Serrano, 2014). EC fate decisions are critically
important for determining vascular phenotypes. Quiescent cell
cycle arrest is established during physiological conditions (Yu
et al., 2001). Apoptosis facilitates vascular development and
remodeling (Dimmeler and Zeiher, 2000; Mallat and Tedgui,
2000). EC proliferation is induced during angiogenesis and
vascular repair (Aydogan et al., 2015). Heterogeneity in cell fate
decisions among neighboring ECs can disrupt the monolayer
and result in dramatic consequences for vascular health and
function. While signaling pathways involved in the OSR and
cellular pathways involved in cell fate decisions are well defined,
these results are based on static models across various cell types
and stress conditions providing limited temporal endothelial-
specific insight.

Heme oxygenase-1 (HMOX1), an anti-oxidant enzyme
activated by oxidative stress, is a central regulator of endothelial
function and cell fate. The protective role of HMOX1 has

primarily been attributed to its enzymatic activity in regulating
concentrations of heme, CO, Fe2+, and biliverdin, which
influence inflammation, redox status, expression of monocyte
adhesion factors, and proliferation of ECs (Balla et al., 1991, 1993;
Yachie et al., 1999; Brouard et al., 2000, 2002; Soares et al., 2002,
2004; Silva et al., 2006; Kim et al., 2007; Seldon et al., 2007;
Gozzelino et al., 2010; Romanoski et al., 2011). Non-enzymatic
activities of HMOX1 have also been shown to regulate the redox
status and the expression of transcription factors associated with
the OSR (Hori et al., 2002; Lin et al., 2007; Dulak and Jozkowicz,
2014). While the activation of HMOX1 has been observed as
early as 2 h post-stress (Reichard et al., 2007; Chan et al., 2011)
and in late-stage disease models (Deshane et al., 2005), its role
in the transition from early to late endothelial dysfunction has
not been explored.

This study provides a systems level analysis of the OSR
in human umbilical vein endothelial cells (HUVECs) treated
with HP. Using high throughput time-series gene expression
measurements, we have identified three phases of the stress
response consistent with known hallmarks of vascular disease.
Next, we identified key players at the nexus of cell function
and dysfunction, and HMOX1 as a central regulator of
this transition. Further examination and perturbation of the
transition from the early stress response to the prolonged stress
response demonstrates the role of HMOX1 as the gatekeeper
of cell fate decisions. Finally, we explore novel mechanisms
by which HMOX1 coordinates stress signals affecting multiple
cellular locations, culminating in the final decision between
survival and apoptosis.

MATERIALS AND METHODS

Cell Culture
Pooled HUVECs were purchased from ATCC (PCS-100-013,
Lot#60279032) and Cell Applications (200p-05n). HUVECs were
cultured in vascular cell basal media supplemented with an EC
growth kit from ATCC (PCS-100,041). Cells used in this study
were between passages 4–7.

Hydrogen Peroxide Induction
The HP stock solution (30% ACS grade, 9.79 M, and Thermo
Fisher #7722-84-1) was diluted to 100 mM in ice-cold HBBS
(10.22 µl HP mixed with 989.88 µl HBSS), and it was further
diluted to 5 mM (10× working concentration) in HBBS on ice.
These dilutions were made just before the induction and used
immediately. HP’s relative volume to growth media is 10%, to
achieve the final concentration of 0.5 mM. 0.5 mM HP has been
used in previous studies to examine a wide range of endothelial
phenotypes such as growth and proliferation (Safaeian et al.,
2017), anti-oxidant capacity (Jeon et al., 2015), cell death (Ni
et al., 2013), and endothelial membrane blebbing (Gorp et al.,
1999). Though the bulk concentration is 0.5 mM, the estimated
HP concentration per cell is about 50 nM or 0.17 ng based on
the number of cells at the induction time. About 5,000 cells/well
were seeded at a time “0” in 100 µl of growth media. The media
was replaced after 24 h and further incubated till 36 h before
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induction. The cell-doubling time for HUVEC’s was about 36 h.
Therefore, about 10,000 cells/well (96 well plates) were estimated
to be there at induction time.

siRNA Knockdown Experiments
ATCC HUVECs were cultured to 50–60% confluence before
being transfected with Lipofectamine RNAimax (Thermo Fisher,
CAT# 13778150). Then, 48 h after the transfection, cells
were treated with HP. 6 h after HP’s addition, cells were
collected for analysis (phase-contrast imaging, qPCR, RNA-
Seq, or Mito Stress test). Each knockdown experiment included
Scrambled-Untreated [hereafter scrambled not-treated (scrNT)],
Scrambled-Treated [hereafter scrambled treated (scrHP)], and
Knockdown-Treated groups (ex: siHMOX1+HP). siRNA was
obtained from Qiagen.

Gene Target
sequence

Accession
number

Catalog
number

HMOX1 CAGGCAATGG
CCTAAACTTCA

NM_002133 SI00278053

ATF3 CTGGGTGGTA
CCCAGGCTTTA

NM_001030287 SI04168318

Negative control – – 1022076;
SI03650325

Sample Preparation for RNA-Seq
Time-Course Experiment
Human umbilical vein endothelial cells were cultured to near
confluence and treated with 0.5 mM HP in duplicate. Samples
were collected at 0 (control), 1, 2, 4, 6, 8, 10-, 12-, 14-, and 16-h
time points. Total RNA was purified and concentrated using the
Zymo Quick-RNA mini prep and RNA Clean & Concentrator kits
(Zymo Research, #R1054 and #1015). Samples were sequenced
on the Illumina HiSeq system (at the Salk Institute for Biological
Studies, La Jolla, CA, United States).

Knockdown Experiment
Human umbilical vein endothelial cells were cultured and
transfected with scrambled control or si-HMOX1 according to
the Lipofectamine RNAiMAX protocol (13778075; Thermo
Fisher, Waltham, MA, United States). After induction
with HP, total RNA was isolated in duplicate using the
Zymo Direct-zol RNA Miniprep Kit (R2050). Samples were
submitted to the UC San Diego Genomics Core for stranded
mRNA library preparation and sequencing on the Illumina
HiSeq4000 system. scrNT was compared against scrHP to
test the effect of HP treatment. Similarly, scrHP was used
as a control to test the effect of the HMOX1 knockdown
under HP treatment.

RNA-Sequencing Analysis
Both sequencing datasets include 50 base-pair single-end reads.
The quality of the reads was verified using FastQC (Andrews,
2010). Next, Omicsoft Sequence Aligner 2 (OSA2; Hu et al.,
2012) was used to align the reads to the Human.B37.3 reference

genome build using the Ensembl R66 gene model resulting
in gene counts. DESeq2 was used for differential expression
analysis (Love et al., 2014). After identifying differentially
expressed genes (DEGs), additional p-value (p < 0.01) and fold-
change (|fold-change| > 1.3) cutoffs were implemented. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway (Kanehisa
and Goto, 2000; Kanehisa et al., 2016, 2017), enrichment
analysis was conducted using the DEGs list at each time
point, assuming a hypergeometric distribution to calculate
p-values. The enrichment of gene ontologies was also explored
using DAVID (Huang et al., 2009). Transcription factor-target
interactions were identified using the TRANSFAC database
(Matys et al., 2006). Agglomerative hierarchical clustering was
performed using the flashClust() function in R to cluster
normalized gene counts (Langfelder and Horvath, 2012).

Plate Assays
For the CCK8, Casp3/7, and GSH/GSSG plate assays, cells were
seeded at ∼5,000 cells per well. Each assay included blank,
negative, and positive controls (where applicable). Each plate
assay had four technical replicates per dose. Fresh media was
exchanged after 24 h, and cells were further incubated for
12 h before induction with different HP concentrations. For the
CCK8, HUVECs were seeded in the black-walled, transparent
bottom, 96-well plates (Greiner bio-one) in 100 µl of full growth
media. For the Caspase Glo 3/7 and GSH/GSSG assays, HUVECs
were seeded in the white-walled, opaque, 96-well plates (Greiner
bio-one) in 100 µl of full growth media.

CCK-8 Assay
The CCK8 metabolic activity assay was used to measure
dehydrogenase activity, a marker of cell metabolic activity.
10 µl of CCK-8 reagent (#CK04-11, Dojindo; Rockville, MD,
United States) was added to each well at the end of 6, 12,
24, and 48 h of induction. Absorbance values were measured
at 450 nm on the Tecan Safire M200 plate reader at 37◦C.
This experiment was repeated three times with four technical
replicates per dose; the average blank value was subtracted
from each treatment average and compared against a negative
control (untreated cells) and expressed as percent toxicity.
[n = 3 (P3–P5)].

Caspase-Glo 3/7 Assay
Caspase activity was measured with Caspase-Glo 3/7 reagent
(G8090, Promega; Madison, WI, United States) 12 h after
induction. Luminescence values were measured on the Tecan
Safire M200 plate reader at RT and expressed as a percentage of
the positive control (10 µM staurosporine). This experiment was
repeated two times with four technical replicates for each dose
[n = 2 (P5)].

GSH/GSSG-Glo Assay
GSH/GSSG-Glo kit (V6611, Promega; Madison, WI,
United States) was used to assay the ratio of oxidized (GSSG)
to reduced (GSH) glutathione. At the end of the induction
time (12 h), 50 µl of Luciferin generating agent was added
and incubated for 30 min at RT with intermittent shaking.
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Followed by 100 µl of luciferin detection reagent, luminescence
was measured on the Tecan Safire M200 plate reader. This
experiment included two independent experiments (n = 2)
with three technical replicates per HP dose, along with vehicle
control and no-cell control (blank). The average background
measurement (from the blank) was subtracted from the average
luminescence measurement for all other treatment groups and
represented as a percentage of the untreated/vehicle control as
per the manufacturer’s instructions.

Cell-Tox Green Assay
Cell toxicity was assayed with Cell-Tox reagent (G8742, Promega;
Madison, WI, United States) at the end of 12 and 24 h of
induction by microscopy. Inomycin (0.5 µM) was added to
positive controls at the time of seeding. The assay reagent was
added 30 min before the assay time and incubated at RT.
Fluorescence was measured at 490 nm excitation and emission
at 530 nm on the Olympus IX71 fluorescence microscope,
three independent experiments (n = 3) with two technical
replicates per HP dose.

Cell Cycle Analysis
Human umbilical vein endothelial cells were cultured and treated
with 0 or 0.5 mM HP for 24 h. At the end of the treatment
time, cell density was adjusted to 106 cells in 0.5 ml PBS and
transferred to 4.5 ml of ice-cold ethanol overnight for fixing.
Subsequently, the cell suspension was spun down (300 g at 4◦C
for 10 min), and ethanol was decanted. Next, the cell pellet was
washed in 5 ml of PBS and incubated with 0·5 ml of staining
solution (FxCycle PI-RNAse, LifeTechnologies) for 30 min in
the dark before analyzing in the flow cytometer. Ten thousand
events were collected for each sample, and their histograms
were plotted for data visualization and analysis (n = 2). The
percentage of cells in each phase with 0 and 0.5 mM treatment
was compared using Student’s two-tailed t-test (p < 0.05 was
considered significant).

Autophagy Assay
Cyto-ID (Enzo life sciences, United States) is an autophagy
detection kit that selectively stains autophagic vacuoles without
non-specific lysosome staining. HUVECs grown on glass-bottom
dishes treated with 0 or 0.5 mM of HP for≥24 h were stained with
Cyto-ID as recommended by the manufacturer. After staining,
cells were washed in wash buffer supplemented with 5% FBS and
imaged in wash buffer. Autophagic vacuoles were imaged with
excitation at 463 nm and emission at 534 nm (n = 2, each with
two technical replicates per treatment condition).

Mitochondrial Network Integrity
HUVECs plated on glass-bottom Petri dishes (MatTek Corp.)
at 5,000 cells/cm2 were allowed to reach 70% confluence
before induction with 0 and 0.5, 0.6, and 0.7 mM HP for
12 and 24 h. Cells were stained with MitoTracker Deep Red
FM dye (10 nM) mixed with Hoechst 33342 (0.75 µg/ml;
LifeTechnologies, United States) in warm fresh media for 45 min
at 37◦C. Cells were washed in warm media and imaged in
warm HBSS in an environment-controlled chamber on IX71
microscope. 3–5 random fields were chosen for 100x imaging.

Acquisition parameters were optimized for control cells, and the
same parameters were used for acquiring all treatment groups.
3D stacks (X, Y, and Z) for each channel (Blue and Red)
were obtained and combined in Metamorph Imaging software.
Images were analyzed in ImageJ software. To visualize the
mitochondrial network, their distribution, and size, a high pass
filter (edge detection) was applied, followed by the maximum
intensity projection to determine the total intensity of the
mitochondrial stain (n = 2 with two technical replicates per
treatment condition).

Mitochondrial Membrane Potential Assay
Cells grown on glass-bottom dishes were treated with different
HP concentrations for 12 h, subsequently incubated with 5 µM
JC-1 (Biotium, United States) diluted in warm fresh media
for 30 min at 37◦C. After this, cells were gently washed with
two volumes of fresh media two times- each for 3 min and
imaged immediately on IX71 equipped with an environmental
chamber. For JC-1 monomers and aggregates, excitation and
emission wavelengths of 485/535 and 560/595 nm, respectively,
were used. Mitochondrial membrane depolarization is indicated
by green fluorescent monomers (unhealthy/apoptotic cells), and
red fluorescent aggregates indicate healthy mitochondria. Ratios
of monomers/aggregates (green/red ratio) indicate the overall
health of mitochondria in the treatment group. Images were
analyzed in ImageJ using a macro that automatically segments
and quantifies green and red fluorescence. (n = 2 with two
technical replicates per HP dose).

Quantitative PCR
RNA was isolated from cells using Trizol (Thermo Fisher,
15596018). Total RNA was reverse transcribed using the Clontech
Prime Script RT Master Mix (RR036B) followed by qPCR with
SYBR Green (Bio-Rad); qPCR was run Bio-Rad CFX-96 realtime
system. Beta-Actin and GAPDH were used as the housekeeping
genes (HKGs) when calculating the delta Ct values.

Gene Forward primer Reverse primer

MT-ND3 GCGGCTTCGACCCTATATCC AGGGCTCATGGTAGGGGTAA

MT-ATP6 TCCCTCTACACTTATCATCTTCAC GACAGCGATTTCTAGGATAGTC

IGF1R CCTGCACAACTCCATCTTCGTG CGGTGATGTTGTAGGTGTCTGC

EGFR TATGTCCTCATTGCCCTCAACA CTGATGATCTGCAGGTTTTCCA

RBBP5 GTGGACCCTATTGCTGCCTTCT CCATCAAGGAGGTTTGGACTGC

KDM6A AGCGCAAAGGAGCCGTGGAAAA GTCGTTCACCATTAGGACCTGC

PPM1D GTGGTCATCATTCGGGGCAT CATCCTTCGGGTCATCCTGAA

HMOX1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG

ATF3 CCTCTGCGCTGGAATCAGTC TTCTTTCTCGTCGCCTCTTTT

B-ACTIN GCACCACACCTTCTACAATG ATCACGATGCCAGTGGTAC

GAPDH CTCCTCACAGTTGCCATGTA GTTGAGCACAGGGTACTTTATTG

Statistical Analysis and Plotting of qPCR
Results
Delta-Delta-Ct calculations were carried out in Microsoft Excel:
First, the average Ct values of each gene of interest (GoI) and
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the HKGs in each experimental condition were calculated. Then,
Delta Ct (1Ct) was determined by subtracting the average HKG
Ct from the average GoI Ct values. Next, Delta-delta-Ct was
calculated by subtracting the 1Ct values of scrNT sample from
scrHP. Similarly, 1Ct values of scrHP were subtracted from
siHMOX1+HP (siRNA knockdown of HMOX1 cells treated
with HP). Finally, statistical comparisons and plotting were
carried out in R (v. 4.0.5) using the “ggstatsplot” package (v.
0.8.0; Patil, 2021). This package determines the number of
observations, validates their normality and variance, and carries
out appropriate statistical tests and reports the type of test used,
test statistic, p-value, bias-corrected effect size ĝ, 95% CI and
number of observations. It also reports the likelihood ratio of
the null hypothesis (H0) over the alternate hypothesis (H1) as
loge (Bayes Factor01). In addition, it determines the appropriate
geometry for graphing the underlying data combined with
statistical analysis in a single plot. Since the plots are relatively
large, we are presenting them in the Supplementary Material.

Quantifying Mitochondrial Respiration (Seahorse Mito
Stress Test XFe24)
Mitochondrial function was assessed using the Mito Stress Test
(XFe24, Agilent). After 48 h of transfection, cells were trypsinized,
resuspended, and plated into the XFe 24-well plate at a density of
30,000 cells/well. The cells were allowed to grow overnight before
being treated with HP. 5 h after treatment, the cell culture media
was removed and replaced with the Agilent base media (102353–
100, Agilent; Santa Clara, CA, United States) supplemented with
D-glucose (5.5 mM) and L-glutamine (0.68 mM) before being
incubated in a non-CO2 incubator for 1 h. Oligomycin, FCCP,
and Antimycin/Rotenone were loaded into ports A, B, and C,
respectively, of the cartridge at the following concentrations:
Oligomycin (1 µM), FCCP (2 µM), and Ant/Rot (0.5 µM).
All oxygen consumption measurements were normalized by cell
count or protein concentration (BCA Protein Quantification).
This experiment was repeated three times (n = 3, P5–7).
First, the non-mitochondrial oxygen consumption (average
Rot/AA) is subtracted from the basal, oligomycin and FCCP
average measurements to generate their corresponding adjusted
parameters for each treatment group (scrNT, scrHP, and
siHMOX1+HP). Then, mitochondrial function parameters were
calculated as follows: ATP production = Adj. Basal – Adj. Oligo;
Proton Leak = Adj. Oligo; Spare Capacity = Adj. FCCP –
Adj. Basal. Statistical comparisons were made across scrNT vs.
scrHP; and scrHP vs. siHMOX1+HP for various mitochondrial
respiratory parameters, including spare capacity, ATP-linked
mitochondrial respiration and proton leak. Again, a threshold of
p < 0.05 was used to identify significant changes.

Quantitative Determination of Hydrogen Peroxide
The assay was carried out per the manufacturer’s (Enzo
Catalog #: ADI-907-015) recommended protocol. Briefly,
different endothelial culture media compositions [Basal media,
Basal media + Growth factors, Basal media + Serum, Basal
media + Growth factors + Serum (complete growth media),
phosphate-buffered saline] were prepared. Fifty microliters
of each of these samples were mixed with 50 µl of 200 µM

HP provided in the kit and 100 µl of the color reagent. After
mixing gently, sample absorbance at 550 nm was recorded at
different time points (0, 10, 20, 30, 40, 50, and 60 min), and the
average net absorbance is plotted after subtracting the blank
from the measured values. A standard curve was generated with
the standard solution provided in the kit before measuring the
sample absorbance.

RESULTS

Dose and Time-Dependent Response to
Oxidative Stress in HUVECs
To study the cellular response to oxidative stress, specifically
at the boundary of cell survival and death, we explored the
mechanisms that follow HP-induced stress in HUVECs. We
examined the dose-response of ECs using functional readouts
such as metabolic activity, anti-oxidant capacity, caspase 3/7
activation, and cell toxicity to characterize different aspects of
cellular response.

To determine the appropriate dose and time window
to characterize the OSR, dose-response and time-series
measurements were carried out using CCK-8 assay that measures
cell metabolic capacity through intracellular dehydrogenase
activity. Cell metabolic activity decreased across all time points
with increasing HP dose and is reduced to 50% between 0.5 and
0.55 mM (Figure 1A). Doses beyond 0.6 mM drastically reduced
their metabolic capacity. To verify that 0.5 mM establishes
significant oxidative stress, the ratio of reduced to oxidized
glutathione (GSH/GSSG), a specific measure of cellular anti-
oxidant capacity, was measured at 12 h. It showed a reduced
anti-oxidant capacity by 50% (Supplementary Figure 1A).
Similarly, caspase3/7 assays showed a positive trend of a dose-
dependent increase in activity up to 0.5 mM (Supplementary
Figure 1B) with no caspase activity beyond 0.65 mM HP.
Suggesting caspase-dependent cell death mechanisms at low
doses and caspase-independent mechanisms at higher doses.
In addition to damaging proteins and DNA, ROS also disrupts
the integrity of lipid membranes. Cell toxicity was measured to
ensure that the induction dose does not result in drastic cell death
as it affects the quality of genomic material for gene expression
studies. Cell-Tox green assay showed increasing toxicity (number
of green cells) with dose. 24 h after induction, about 10% of cell
death was observed (Figure 1B). Overall, these assays established
that 0.5 mM HP induces significant oxidative stress and places
the cell at the transition of cell function and dysfunction.

To characterize the mechanisms at this transition, total RNA
was collected at 0, 1, 2, 4, 6, 8, 10-, 12-, 14-, and 16-h post-
treatment with 0.5 mM HP for RNA-sequencing. The number
of DEGs at each time point is shown in Figure 1C. There was
a dramatic increase in the number of DEGs to ∼6,000 between
1 and 4 h, and it gradually decreased to ∼3,500 between 4
and 16 h. Summary of data quality and the exact number of
reads sequenced per sample, and the uniquely mapped alignment
percentage are summarized in Supplementary Figure 2.

Kyoto Encyclopedia of Genes and Genomes pathway
enrichment was carried out to identify the significant processes
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FIGURE 1 | A dose- and time-dependent analysis of HP induced oxidative stress in HUVECs. (A,B) HUVECs were treated with 0–1 mM HP, and functional
measurements were made to characterize the dose-dependent response to oxidative stress. (C–E) mRNA samples, collected at 0, 1, 2, 4, 6, 8, 10, 12, 14, and 16 h
post-treatment (0.5 mM HP), were sequenced to characterize the time-dependent response to oxidative stress. (A) Dehydrogenase activity was measured as a proxy
for cell metabolic capacity. Blank adjusted measurements are reported as a percentage of the negative control (untreated cells) at 6, 12, 24, and 48 h post-treatment.
Three biological experiments (n = 3), each had four technical replicates. (B) Cyto-Tox Green assay: the amount of green staining is proportional to cytotoxicity. Scale
bar: 20 µm. Three biological experiments (n = 3), each had two technical replicates. (C) The number of differentially expressed genes at each time point post-HP
treatment to control (0 h); DE genes were identified by a p-value cutoff of 0.01 and a | fold-change| cutoff of 1.3. (D) Significantly enriched KEGG pathways. Each
ring of the circle represents one time-point, where the inner-most ring represents 1 h, and the outer-most ring represents 16 h. Dark blue indicates highly significant
p-values, whereas light blue represents less significant p-values. (E) Hierarchical clustering dendrogram of normalized gene counts from each time point.

across the time course (Figure 1D). Early time-points (<4 h)
were enriched for TNFα, MAPK, TGFβ, NFκB, PI3K/Akt,
and FOXO signaling along with pathways related to cytokine-
cytokine receptor interaction and oxidative phosphorylation. At

4 h, p53 signaling was maximally enriched. From 4 to 16 h, cell
cycle pathways, DNA replication, and DNA repair were enriched.

Hierarchical clustering of the normalized gene counts
identified distinct phases of the OSR (Figure 1E). At a tree height
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FIGURE 2 | A temporal model of HP induced oxidative stress in HUVECs. HUVECs treated with 0.5 mM HP in duplicate, and mRNA samples (from 0 to 16 h) were
sequenced. Significantly regulated genes and cellular processes (p < 0.05) were used to construct a temporal model depicting oxidative stress response
time-course. The boxes colored in blue and red represent down- and up-regulated genes or processes, respectively. The axis at the bottom of the figure indicates
the time at which various processes become significantly regulated. An arrowhead depicts positive regulation, and a flat line indicates negative regulation. Vascular
phenotypes associated with each group of genes/processes (i.e., endothelial senescence, protection of endothelial barrier function, chronic inflammation, stress
response, and thrombogenesis) are indicated to the right of the temporal model. The log2 (fold-change) values for the genes specified in this model are summarized
in the Supplementary Figure 3.

cutoff of ∼30, three distinct clusters emerged: 0–2 h defined the
“early” cluster, 4–6 h formed the “mid/transitional” cluster, and
8–16 h formed the “late” cluster. Additional functional analyses
showed a trend of decreased and increased cell populations
in the S phase and G2/M phases, respectively (Supplementary
Figures 3A,B). Also, there was an increase in autophagic vacuoles
to HP treatment (Supplementary Figure 3C). Mitochondrial
analysis showed a trend of increase in membrane depolarization,
decrease, and disintegration of its extended network into small
fragments upon HP treatment (Supplementary Figures 3D–F).

Taken together, the dose- and time-series response to oxidative
stress (Figure 1) suggest a nexus between cell function and
dysfunction, and it is characterized by three distinct phases (early,
mid, and late). The activation of classical OSR in the early phase is

later accompanied by cell cycle regulation, DNA replication, and
DNA repair pathways.

A Temporal Model of the Oxidative
Stress Response in Endothelial Cells
Significantly enriched genes and pathways (p < 0.05) were
identified from the time-series gene expression measurements
and used to construct a temporal model of the OSR (Figure 2).
The direction of the pathway and gene regulation is specified:
blue indicates down-regulation, and red indicates up-regulation
(the exact fold-change and p-values are summarized in
Supplementary Figure 4). In the first hour, we observed gene
expression changes associated with mitochondrial damage and
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p53 activation. Mitochondrial damage was characterized by
the consistent downregulation of key mitochondrial transcripts
associated with the electron transport chain (ETC) subunits
and ATP synthase from 1 to 16 h. At 2 h, potent cell cycle
inhibitors [CDKN1A (p21) and GADD45A] were up-regulated
and remained up-regulated until 16 h. Further, a strong down-
regulation of cell cycle genes (cyclins, CDKs, etc.) was observed
from 4 to 16 h. Interestingly, DNA replication and repair genes
were also strongly down-regulated from 4 to 16 h.

We observed a balance between pro-and anti-apoptotic gene
programs. The resistance to apoptosis is maintained by strong
upregulation of the IAP family members BIRC2 and BIRC3. Anti-
apoptotic BCL family members BCL2L1 and BCL2L2 were also
strongly up-regulated, and pro-apoptotic factors such as BRCA1,
CASP8, and Caspase inducing TRADD and FADD were down-
regulated across time. Finally, the upregulation of TGFβ family
members SMAD6 and SMAD7 also supported the resistance
to apoptosis. On the other hand, pro-apoptotic factors such as
FAS, CHOP, NR4A1, BAK1, and BAX were strongly up-regulated
across the time course (Figure 2).

Pro-inflammatory processes such as NFκB signaling and
expression of cytokines and chemokines were up-regulated from
2 to 16 h. Interestingly, inhibitors of NFκB (NFKBIA, NFKBIB)
are also up-regulated across the time course. In addition, ICAM1,
known to recruit and facilitate pro-inflammatory monocyte
extravasation, was up-regulated from 2 to 16 h.

NFE2L2, a critical transcription factor involved in the OSR, is
up-regulated from 2 to 8 h and again at 12–14 h. Key autophagy
proteins such as LC3A and PIK3C3 were up-regulated from 2
to 16 h, while other autophagic proteins such as ATG4C were
down-regulated from 4 to 10 h. Lysosomal activity increased
over time, with a majority of lysosome hydrolases being up-
regulated at 16 h.

HMOX1: A Key Regulator
Since the phenotype switch occurred from 4 to 6 h as indicated by
the hierarchical clustering and functional analysis, transcription
factors induced in the first hour that may facilitate the switch
from 4 to 6 h were identified. Of the top ten transcription factors
that were up-regulated, four were JUN family transcription
factors: FOSB, ATF3, FOS, and JUNB (Figure 3A). To explore
the mechanistic consequence of JUN activation, the top ten
up-regulated JUN family targets were identified using the
TRANSFAC database (Matys et al., 2006; Figure 3B). From
this list, two gene candidates (i.e., HMOX1 and ATF3) were
selected based on the following criteria: (1) their involvement
with the regulation of oxidative stress-related processes (Han
et al., 2008; Yoshida et al., 2008; Gozzelino et al., 2010; Tanaka
et al., 2011) and (2) association with endothelial apoptosis
(Kawauchi et al., 2002; Soares et al., 2002). Additionally, it is
important to note that the role of HMOX1 and ATF3 in the
transition from acute to chronic stress response has not been
explored. The knockdown experiments included three treatment
groups: (1) scrNT, (2) scrHP, and (3) knockdown-treated. We
observed no significant differences in cell count between the
scrambled siRNA and siHMOX1 transfected cells prior to the
addition of HP (Figure 3C). Statistical analysis of HMOX1 and

ATF3 knockdown in HP treatment is shown in Supplementary
Figure 5. Both HMOX1 and ATF3 showed significant p-values
(0.002 and 0.01), very strong bias adjusted effect size ĝ (4.84
and 4.39) and strong evidence for the alternate hypothesis
(Bayes factor), loge(BF01; −3.64 and −3.31), respectively. The
comparison of scrHP vs. scrNT displays the effect of the HP
treatment; we observed a decrease in cell count and a change
in cell morphology. Comparing the scrHP with each knockdown
+HP group revealed that the greatest change in cell count and
morphology occurred with HMOX1 knockdown.

HMOX1: A Global Regulator of Cell
Function
The global role of HMOX1 in orchestrating the OSR in the
transitional regime between early and late stress was examined
by transcriptomic analysis. Measurement of HMOX1 expression
upon HP treatment by qPCR between scrNT and scrHP showed
∼fourfold induction, while comparison between scrHP and
siHMOX1+HP showed knockdown efficiency (∼80%). After
alignment with OSA2, gene counts were used for differential
expression analysis (DEGs are summarized in Figure 4A).

Key processes affected by HP treatment were examined
in the knockdown context (Figure 4B). Many processes
that were up-regulated by HP treatment alone were down-
regulated in HMOX1 deficient cells and vice versa. For
example, mitochondrial transcripts MT-ATP6, MT-ND3, and
MT-CYB were all strongly down-regulated upon HP treatment
alone. However, after the knockdown, these transcripts were
up-regulated. Similarly, genes associated with inflammation,
autophagy, transcription, ER stress, anti-oxidant response, and
cell cycle switch their direction of expression in response to
HP when HMOX1 expression was decreased. Among the 2892
DEGs (p < 0.05), about 51% of them switched their direction
of expression upon HMOX1 knockdown in the HP treatment
group (Figure 4C). GO and KEGG enrichment of these switched
genes revealed enrichment in three spatial regions: nucleus, cell
surface, and mitochondria (Figure 4D). These data suggest the
global impact of HMOX1 on regulating the functional response
to oxidative stress.

Novel Mechanisms of HMOX1 in
Regulating the OSR
Upon further analysis of HMOX1 knockdown (KD) location-
specific effects, key mitochondrial transcripts, cell surface
receptors, and nuclear regulatory genes switched their direction
of expression upon HP treatment. At the cell surface, EGFR
and IGF1R were up-regulated with HP treatment in HMOX1
competent and down-regulated in HMOX1 KD cells (Figure 5A
and Supplementary Figure 6). Mitochondrial transcripts that
encode the ETC subunits were down- and up-regulated upon
HP treatment in HMOX1 competent and KD cells, respectively.
This is further validated by qPCR (Supplementary Figure 7).
To gauge this transcriptional switch’s functional consequence,
we performed the Seahorse Mito Stress Test to quantify
mitochondrial respiration. Consistent with the transcriptional
switch, measurement of the oxygen consumption rate in the
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FIGURE 3 | HMOX1 is a key regulator of cell fate in HUVECs upon HP treatment. Significant transcription factor-target interactions were identified to determine key
gatekeepers of cell fate and function. (A) Top 10 up-regulated transcription factors at 1-h post HP treatment. (B) The top 10 up-regulated gene targets of JUN family
transcription factors. All JUN targets differentially expressed at least one-time points were identified and ranked by average fold-change across all time points.
(C) Two genes were selected from (B) for a siRNA screen experiment: ATF3 and HMOX1. After 48 h of transfection and 6 h of HP treatment, HUVECs were imaged
using phase-contrast microscopy (the images shown are the representative images taken from 3 repeats of the experiment; scale bars indicate 100 µm).

scrNT, scrHP, and siHMOX1+HP groups indicated a decrease
in spare capacity upon HP treatment, reversed in the HMOX1
KD group (Figures 5C,D and Supplementary Figure 8).
The decrease in ATP-linked respiration (scrNT vs. scrHP,
p = 0.03) is ameliorated in the HMOX1 KD group but not
statistically significant.

Finally, we showed that key histone modification genes
(KDM6A, RBBP5, and PPM1D) were up-and down-regulated
upon HP treatment in HMOX1 competent and deficient cells,
respectively (Figure 5E and Supplementary Figures 6, 9).
Additionally, we have identified lncRNAs that switched their
direction of expression in response to HP treatment in the
HMOX1 KD group (Figure 5F and Supplementary Figure 6).

Taken together, these results highlight novel organelle-specific
HMOX1-mediated mechanisms of cell protection in response to
oxidative stress.

DISCUSSION

Endothelial dysfunction and cell death are central to the
progression of vascular diseases (Madamanchi et al., 2005;
Libby et al., 2011; Gimbrone and García-Cardeña, 2016). Under
chronic stress, gaps in the endothelium allow uninhibited
extravasation of immune cells and lipoproteins, contributing
to the persistent pro-inflammatory state that supports plaque
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FIGURE 4 | HMOX1 is a global regulator of cell function in HUVECs upon HP treatment. RNA collected from scrNT, scrHP, and siHMOX1+HP samples (n = 2 per
group) was submitted for RNA-seq. (A) The number of differentially expressed genes between scrHP vs. scrNT (i.e., indicating the effect of the HP treatment) and
between siHMOX1+HP vs. scrHP (i.e., indicating the effect of the HMOX1 knockdown in response to HP treatment). (B) Log2 (fold-change) of genes associated with
mitochondrial function, inflammatory/immune response, autophagy, transcription, ER stress, anti-oxidant response, and cell cycle in the time-course data (to the left
of the black bar) and the knockdown experiment (to the right of the black bar). (C) The Venn diagram indicates the number of overlapping differentially expressed
genes between the time-course experiment and the knock-down experiment (i.e., the 6 vs. 0 h time-course data and the treatment groups; p < 0.05). The table
indicates the number and percentage of overlapping genes that switch the direction of expression upon HP treatment in HMOX1 deficient HUVECs. (D) KEGG and
GO enrichment analysis of the overlapping genes that switch their direction of regulation upon HP treatment in HMOX1 deficient HUVECs. Enrichment of pathways in
the time-course data is also shown. The cell’s color indicates the significance of the p-value (the lighter the shade, the less significant, and the darker the shade, the
more significant the p-value). The enriched KEGG pathways and GO terms were grouped into three spatial categories, as specified in the table’s first column.
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FIGURE 5 | HMOX1 deficiency perturbs the OSR at the cell surface, nucleus, and mitochondria. Differentially expressed genes and pathways in each cellular
location were examined to identify novel targets of HMOX1 regulation. (A) Network diagram depicting HMOX1 activity at the cell surface. (B) Network diagram
depicting HMOX1 activity in the mitochondria. (C) The Mito Stress Test (Seahorse XFe24) was used to quantify functional changes in mitochondrial function. The
line-graph shows a representative oxygen consumption rate (pmol/min/cell) for one of the three biological repeats of this experiment (n = 3); 1 µM Oligomycin was
added at ∼20 min, followed by 2 µM FCCP at ∼50 min and finally 0.5 µM Rot/AA at ∼80 min. The background-subtracted mean OCR + SEM across two to four
technical replicates for scrNT (blue line), scrHP (red line), and siHMOX1+HP (green line) is shown. (D) The stacked bar graph shows the proton leak, ATP production
and spare capacity across all three groups. (E) Network diagram indicating lnc-RNAs and histone modification genes affected by HMOX1 expression. (F) Log2

(fold-change) of lnc-RNAs from the time-course experiment and the knockdown experiment, indicating the switch in expression upon HMOX1 deficiency. p < 0.05
are shaded; p > 0.05 are blank. Log2 (fold-change) and p-values for genes described in panels (A,B,E) are summarized in Supplementary Figure 6.

formation (Galbraith et al., 1998). Endothelial dysfunction and
cell death can be triggered by many mechanical (Chien, 2008;
Chiu and Chien, 2011; Ajami et al., 2017) and chemical cues
(Hadi et al., 2005; Deanfield et al., 2007). ECs are primed to sense
and respond to subtle chemical perturbations such as oxidative
stress as the first line of defense to the circulating toxins in the
blood (Deanfield et al., 2007; Pennathur and Heinecke, 2007). In
this study, we have characterized the response to oxidative stress
in ECs using a systems biology approach. In doing so, we have
identified gatekeepers at the nexus of cell fate decisions.

Dose-Dependent OSR in ECs
One of the critical features of vascular disease is eNOS
uncoupling, which results from the oxidation of nitric oxide;

this process is dependent on the amount of ROS available (i.e.,
the degree of oxidative stress; Elahi et al., 2009). We have
shown the dose dependence in metabolic activity and cell toxicity
(Figures 1A,B; Clément et al., 1998; Gorp et al., 1999; Csordas
et al., 2006; Gong et al., 2010; Messner et al., 2012; Wen et al.,
2013; Xu et al., 2013; Zhou et al., 2013; Nadeev et al., 2015).
At 0.5 mM HP, the metabolic and anti-oxidant capacities are
reduced by 50%, which induces significant oxidative stress. Also,
HP is unstable in growth media. About 50% of added HP is
cleared in less than 20 min, and it is undetectable around 60 min
(Supplementary Figure 10), even without cells. Therefore, a
single bolus of 0.5 mM HP induction perturbs the cell, places it
at the junction of cell survival and death, and serves as a model to
study early and late phase OSR.
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Time-Dependent OSR in ECs and
Hallmarks of Vascular Disease
We examined the longitudinal OSR to characterize
transcriptional programs that facilitate the transition from EC
function to dysfunction. In addition, our dose-response analysis
revealed the ECs’ functional tipping point, allowing us to focus
on factors that initiate cell dysfunction. We hypothesized that the
temporal OSR would be best reflected by the transcriptional state
of the cell and hence measured the longitudinal gene expression
changes through next generation RNA sequencing. Analysis of
the expression profile data allowed us to distinguish three distinct
phases of the stress response and provide a systems perspective
of OSR in ECs (Figure 2).

We observed both pro-and anti-apoptotic mechanisms as
part of the global response to oxidative stress. This ambiguity
is likely due to the heterogeneous cell populations present
in the culture and/or the concurrent activation of pro-and
anti-apoptotic processes in individual cells, highlighting the
complexity of stress response. Our model finds that the down-
regulation of cell cycle and DNA replication is correlated
with the induction of p21 and GADD45A from 4 to 16 h
(Figure 2 and Supplementary Figure 4); this is in line with
previous findings (Zhan, 2005; Gao et al., 2009; Moskalev
et al., 2012; Niehrs and Schäfer, 2012; Tamura et al., 2012).
Further, in addition to cell cycle arrest, our data reveal that
hallmarks of endothelial senescence, such as up-regulation of
pro-inflammatory cytokines, monocyte adhesion factors, and
autophagy along with down-regulation of NOS3, in a sustained
manner throughout the time course (Lum and Roebuck, 2001;
Tian and Li, 2014). Therefore, at the nexus of cell function
and dysfunction, decreased replicative potential and activation
of senescence supports key pillars of endothelial dysfunction
such as decreased NO, increased cytokines, and increased
monocyte adhesion.

Our data suggest that the activation of senescent, pro-
inflammatory, and chemoattractant gene expression promotes
the progression of acute stress to endothelial dysfunction. The
persistence of “protective” factors (i.e., resistance to apoptosis,
cell cycle arrest, and decreased mitochondrial pro-apoptotic
signaling) under significant oxidative stress shields dysfunctional
ECs from being cleared, thus contributing to the chronic stress
states of vascular diseases.

HMOX1: A Master Regulator
While HMOX1 has been shown to influence many cellular
functions in the past, these studies span many different
stress conditions and cell types. Thus, they mostly provide
a “snapshot” of HMOX1 regulated cellular function at a
fixed time point (Gozzelino et al., 2010; Kim et al., 2011).
Given that 51% of genes switch their direction of expression
upon HP treatment in HMOX1-deficient cells (Figure 4C),
it is clear that HMOX1 dramatically affects gene expression,
highlighting its substantial influence on the endothelial
OSR. To identify novel mechanisms of HMOX1 function,
we identified switching genes that had not previously
been associated with HMOX1 at each of the enriched

locations (i.e., nucleus, mitochondria, and the cell surface;
Figure 4D).

At the cell surface, HP induced EGFR and IGF1R
were significantly dampened in HMOX1 deficient cells
(Supplementary Figure 6). Consistent with our findings, it
has been reported that the addition of HP increases the gene
expression and protein concentration of EGFR (in murine
melanoma cells) and IGF1R (in VSMCs; Du et al., 2001;
Hyoudou et al., 2006). In addition, studies indicating the
increased apoptosis of ECs upon EGFR inhibition (Bruns
et al., 2000) support our finding that HMOX1-deficient cells
treated with HP resulting in decreased EGFR expression
and increased cell death (Figure 3C). Similarly, low IGF-1 is
associated with increased endothelial apoptosis/dysfunction
and cardiovascular risk (Conti et al., 2004). Additionally, it
has been shown that growth factor signaling results in the
phosphorylation of pro-apoptotic proteins, protecting the
cell from death (Winn and Harlan, 2005). Taken together,
the expression of EGFR and IGF1R (that informs the
signaling flux through these receptors) influences decisions
of cell fate in ECs. As such, targeted studies exploring the
mechanism by which HMOX1 influences these receptors and
the functional consequence of those changes could illuminate
potential therapeutic targets for endothelial dysfunction and
vascular diseases.

We and others have shown that HP treatment in HMOX1-
competent HUVECs causes the downregulation of mitochondrial
encoded ETC subunits (Karnewar et al., 2016); interestingly, we
show that this is reversed in HMOX1 deficient HUVECs
(Supplementary Figure 7). This reversal suggests that
HMOX1 protects against mito-ROS mediated cell death
by inhibiting expression or protein assembly of the ETC.
Further, our characterization of mitochondrial respiration in
HMOX1-competent and -deficient HUVECs suggests that
the transcriptional changes associated with mitochondrial
mRNA and protein processing may have lasting functional
consequences. Indeed, our functional analysis of mitochondrial
respiration indicates that consistent with the ETC subunit
gene expression, the mitochondrial respiratory reserve capacity
is significantly reduced in HP treated cells (Figure 5D and
Supplementary Figure 8), making them vulnerable to metabolic
stress and cell death. HMOX1 KD significantly restores the
reserve capacity at the cost of increased proton leak with a
marginal gain of ATP production (not statistically significant).
However, continued proton leak could lead to mitochondrial
membrane depolarization and mitopathy. Previous studies have
shown that mitochondrial HMOX1 affects the flux through
the ETC by regulating the availability of free heme and CO
(Zuckerbraun et al., 2007; Heinemann et al., 2008; Almeida et al.,
2015; Figure 5B).

Upon HP treatment, decreased expression of ETC
subunits and down-regulation of post-transcriptional and
post-translational regulators are consistent with decreased
mitochondrial activity and mitochondrial-ROS mediated pro-
death and pro-inflammatory processes. However, in HMOX1
deficiency, this protective mechanism is lost, and increased
mitochondrial ROS likely promote dysfunction and death. Thus,

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 September 2021 | Volume 9 | Article 702974

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-702974 September 8, 2021 Time: 17:13 # 13

Raghunandan et al. HMOX1 Regulates Cell-Fate Under OS

while the role of HMOX1 in maintaining the redox potential
of the mitochondria has been observed, our work provides
novel mechanisms for therapeutic intervention to address
dysfunctional ECs in vascular disease.

Given HMOX1’s entry and localization to the nucleus, its
potential role in regulating transcription has been suggested (Lin
et al., 2007; Biswas et al., 2014; Dulak and Jozkowicz, 2014).
However, the role of HMOX1 in epigenetic regulation is less clear.
We show that HMOX1 KD alters the expression of many histone
modification genes and lnc-RNAs (Figures 5E,F). While the role
of oxidative stress-mediated histone modification influencing
HMOX1 expression is well characterized (Chervona and Costa,
2012), the only other study that has shown the role of HMOX1
in mediating histone modification genes’ expression (Ciesla et al.,
2016). Furthermore, lnc-RNAs have been implicated in various
aspects of the OSR (Huang et al., 2016; Kim et al., 2017). These
novel aspects suggest that HMOX1-regulated endothelial OSR
can influence transcriptional control and epigenetic modulations,
thereby influencing a variety of cellular processes. However, their
regulation by HMOX1 is yet to be explored.

In summary, our longitudinal analysis of the OS response in
EC has elucidated dynamical mechanisms invoked, leading to
cell fate decisions. As shown in literature extensively and based
on our studies, ECs go toward cell death through apoptotic
and necrotic mechanisms at higher OS levels. At low doses,
the cells use recovery mechanisms, including redox enzymes
involved in removing free radical species, induction of DNA
repair mechanisms through transcription, and cell-protective
mechanisms at the interface of genotoxic and metabolic stress.
At a critical dose between cell recovery and death lies the
mechanisms that poise the cell toward recovery or death.
Our temporal studies of response at this dose point to many
cellular responses, including several cell-protective mechanisms
that suspend the cell at the interesting junction between cell
survival and death. Most importantly, our study reveals a
master regulator, HMOX1, which appears to play a critical
role in regulating the spatiotemporal response in EC to OS.
Whether the novel mechanisms of HMOX1 presented here
occur either by decoupling its enzymatic and non-enzymatic
activities or as a combination of the two requires further
analysis. Our study also points to interesting avenues for
designing therapeutics to deal with OS response, vital for vascular
dysfunction and disease.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the GEO
repository, accession number GSE72991.

AUTHOR CONTRIBUTIONS

SRg carried out the systems analyses of the longitudinal OSR
in endothelial cells, conducted the knockdown experiments,
analyzed HMOX1 knockdown data, and wrote the first draft
of the manuscript along with SRm. SRm performed the
dose-response experiments and functional validation of the
time-course model, contributed to the corresponding Methods
sections, and participated in the study design. EK helped
with the time course transcriptomics and nextgen sequencing
experiments, carried out the transcriptional data analysis, and
contributed to the corresponding methods. YM helped optimize
the Mito Stress Test assay and participated in data discussions
on the mitochondrial assay. RL participated in the study design.
ZC participated in the design of validation experiments with
mitochondria assays. SS conceived the study, participated in
its design, helped develop mechanistic models, revised the
manuscript, and supervised the entire project. All authors were
involved in editing and approving the manuscript.

FUNDING

This project was supported by NIH grants R01 LM012595,
U01 CA200147 (SS), U01 CA198941(SS), U19 AI090023(SS),
R01 HL106579(SS), R01HL108735(SS), R01 HD084633(SS),
R01 DK109365(SS), NIH/NHLBI K99/R00HL122368 and
NIH R01HL145170 (ZC), NSF-STC grant 0939370(SS), and an
endowment from the Joan and Irwin Jacobs Professorship (SS).
The funders had no role in the study design, data collection,
analysis, interpretation, presentation, and publication of the
study results.

ACKNOWLEDGMENTS

We would like to thank John Shyy for his generous use of
the laboratory facilities and providing, along with Shu Chien,
valuable insights into shear stress responses in endothelial cells,
Janice Huss and Angie Hamilton for technical support with the
Mito Stress Test assay. Finally, we would like to thank Marcy
Martin, Jian Kang, and Yun-Ting Wang for their valuable insights
and guidance on experimental methods.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
702974/full#supplementary-material

REFERENCES
Ajami, N., Gupta, S., Maurya, M., Nguyen, P., Yi-Shaun Li, J., Shyy, J., et al. (2017).

Systems biology analysis of longitudinal functional response of endothelial
cells to shear stress. PNAS 114, 10990–10995. doi: 10.1073/pnas.170751
7114

Almeida, A. S., Figueiredo-Pereira, C., and Vieira, H. L. A. (2015). Carbon
monoxide and mitochondria-modulation of cell metabolism, redox response
and cell death. Front. Physiol. 6:33. doi: 10.3389/fphys.2015.00033

Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput
Sequence Data. Reference Source. Available at: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 September 2021 | Volume 9 | Article 702974

https://www.frontiersin.org/articles/10.3389/fcell.2021.702974/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.702974/full#supplementary-material
https://doi.org/10.1073/pnas.1707517114
https://doi.org/10.1073/pnas.1707517114
https://doi.org/10.3389/fphys.2015.00033
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-702974 September 8, 2021 Time: 17:13 # 14

Raghunandan et al. HMOX1 Regulates Cell-Fate Under OS

Aydogan, V., Lenard, A., Denes, A. S., Sauteur, L., Belting, H.-G., and Affolter,
M. (2015). Endothelial cell division in angiogenic sprouts of differing cellular
architecture. Biol. Open 4, 1259–1269. doi: 10.1242/bio.012740

Balla, G., Jacob, H. S., Eaton, J. W., Belcher, J. D., and Vercellotti, G. M. (1991).
Hemin: a possible physiological mediator of low density lipoprotein oxidation
and endothelial injury. Arterioscler. Thromb. 11, 1700–1711. doi: 10.1161/01.
atv.11.6.1700

Balla, J., Jacob, H. S., Balla, G., Nath, K., Eaton, J. W., and Vercellotti, G. M. (1993).
Endothelial-cell heme uptake from heme proteins: induction of sensitization
and desensitization to oxidant damage. Proc. Natl. Acad. Sci. U.S.A. 90, 9285–
9289. doi: 10.1073/pnas.90.20.9285

Biswas, C., Shah, N., Muthu, M., La, P., Fernando, A. P., Sengupta, S., et al.
(2014). Nuclear heme oxygenase-1 (HO-1) modulates subcellular distribution
and activation of Nrf2, impacting metabolic and anti-oxidant defenses. J. Biol.
Chem. 289, 26882–26894. doi: 10.1074/jbc.M114.567685

Brouard, S., Berberat, P. O., Tobiasch, E., Seldon, M. P., Bach, F. H., and
Soares, M. P. (2002). Heme oxygenase-1-derived carbon monoxide requires the
activation of transcription factor NF-kappa B to protect endothelial cells from
tumor necrosis factor-alpha-mediated apoptosis. J. Biol. Chem. 277, 17950–
17961. doi: 10.1074/jbc.M108317200

Brouard, S., Otterbein, L. E., Anrather, J., Tobiasch, E., Bach, F. H., Choi, A. M.,
et al. (2000). Carbon monoxide generated by heme oxygenase 1 suppresses
endothelial cell apoptosis. J. Exp. Med. 192, 1015–1026. doi: 10.1084/jem.192.
7.1015

Bruns, C. J., Solorzano, C. C., Harbison, M. T., Ozawa, S., Tsan, R., Fan, D., et al.
(2000). Blockade of the epidermal growth factor receptor signaling by a novel
tyrosine kinase inhibitor leads to apoptosis of endothelial cells and therapy of
human pancreatic carcinoma. Cancer Res. 60, 2926–2935.

Chan, K. H., Ng, M. K. C., and Stocker, R. (2011). Haem oxygenase-1 and
cardiovascular disease: mechanisms and therapeutic potential. Clin. Sci. 120,
493–504. doi: 10.1042/CS20100508

Chandra, J., Samali, A., and Orrenius, S. (2000). Triggering and modulation of
apoptosis by oxidative stress. Free Radic. Biol. Med. 29, 323–333. doi: 10.1016/
s0891-5849(00)00302-6

Chen, J., Patschan, S., and Goligorsky, M. S. (2008). Stress-induced premature
senescence of endothelial cells. J. Nephrol. 21:337.

Chervona, Y., and Costa, M. (2012). The control of histone methylation and gene
expression by oxidative stress, hypoxia and metals. Free Radic. Biol. Med. 53,
1041–1047. doi: 10.1016/j.freeradbiomed.2012.07.020

Chien, S. (2008). Effects of disturbed flow on endothelial cells. Ann. Biomed. Eng.
36, 554–562. doi: 10.1007/s10439-007-9426-3

Chiu, J.-J., and Chien, S. (2011). Effects of disturbed flow on vascular endothelium:
pathophysiological basis and clinical perspectives. Physiol. Rev. 91, 327–387.
doi: 10.1152/physrev.00047.2009

Ciesla, M., Marona, P., Kozakowska, M., Jez, M., Seczynska, M., Loboda, A., et al.
(2016). Heme Oxygenase-1 Controls an HDAC4-miR-206 Pathway of Oxidative
Stress in Rhabdomyosarcoma. Cancer Res. 76, 5707–5718. doi: 10.1158/0008-
5472.CAN-15-1883

Clément, M.-V., Ponton, A., and Pervaiz, S. (1998). Apoptosis induced by
hydrogen peroxide is mediated by decreased superoxide anion concentration
and reduction of intracellular milieu. FEBS Lett. 440, 13–18. doi: 10.1016/
s0014-5793(98)01410-0

Conti, E., Carrozza, C., Capoluongo, E., Volpe, M., Crea, F., Zuppi, C., et al. (2004).
Insulin-like growth factor-1 as a vascular protective factor. Circulation 110,
2260–2265. doi: 10.1161/01.CIR.0000144309.87183.FB

Csordas, A., Wick, G., and Bernhard, D. (2006). Hydrogen peroxide-mediated
necrosis induction in HUVECs is associated with an atypical pattern of caspase-
3 cleavage. Exp. Cell Res. 312, 1753–1764. doi: 10.1016/j.yexcr.2006.02.005

Deanfield, J. E., Halcox, J. P., and Rabelink, T. J. (2007). Endothelial function
and dysfunction: testing and clinical relevance. Circulation 115, 1285–1295.
doi: 10.1161/CIRCULATIONAHA.106.652859

Deshane, J., Wright, M., and Agarwal, A. (2005). Heme oxygenase-1 expression in
disease states. Acta Biochim. Pol. 52, 273–284. doi: 10.18388/abp.2005_3440

Dimmeler, S., and Zeiher, A. M. (2000). Endothelial cell apoptosis in angiogenesis
and vessel regression. Circ. Res. 87, 434–439. doi: 10.1161/01.res.87.6.434

Du, J., Brink, M., Peng, T., Mottironi, B., and Delafontaine, P. (2001). Thrombin
regulates insulin-like growth factor-1 receptor transcription in vascular smooth

muscle: characterization of the signaling pathway. Circ. Res. 88, 1044–1052.
doi: 10.1161/hh1001.090840

Dulak, J., and Jozkowicz, A. (2014). Novel faces of heme oxygenase-1: mechanisms
and therapeutic potentials.Antioxid. Redox Signal. 20, 1673–1676. doi: 10.1089/
ars.2013.5761

Elahi, M. M., Kong, Y. X., and Matata, B. M. (2009). Oxidative stress as a mediator
of cardiovascular disease. Oxid Med. Cell Longev. 2, 259–269. doi: 10.4161/
oxim.2.5.9441

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol. Pathol.
35, 495–516.

Galbraith, C. G., Skalak, R., and Chien, S. (1998). Shear stress induces spatial
reorganization of the endothelial cell cytoskeleton. Cell Motil. Cytoskeleton 40,
317–330. doi: 10.1002/(sici)1097-0169(1998)40:4<317::aid-cm1>3.0.co;2-8

Gao, M., Guo, N., Huang, C., and Song, L. (2009). Diverse roles of GADD45α

in stress signaling. Curr. Protein Pept. Sci. 10, 388–394. doi: 10.2174/
138920309788922216

Gimbrone, M. A., and García-Cardeña, G. (2016). Endothelial cell dysfunction
and the pathobiology of atherosclerosis. Circ. Res. 118, 620–636. doi: 10.1161/
CIRCRESAHA.115.306301

Gong, G., Qin, Y., Huang, W., Zhou, S., Yang, X., and Li, D. (2010). Rutin inhibits
hydrogen peroxide-induced apoptosis through regulating reactive oxygen
species mediated mitochondrial dysfunction pathway in human umbilical vein
endothelial cells. Eur. J. Pharmacol. 628, 27–35. doi: 10.1016/j.ejphar.2009.11.
028

Gorp, R. M., Broers, J. L., Reutelingsperger, C. P., Bronnenberg, N. M., Hornstra,
G., Dam-Mieras, M. C., et al. (1999). Peroxide-induced membrane blebbing in
endothelial cells associated with glutathione oxidation but not apoptosis. Am. J.
Physiol. Cell Physiol. 277, C20–C28.

Gozzelino, R., Jeney, V., and Soares, M. P. (2010). Mechanisms of cell protection by
heme oxygenase-1. Annual review of pharmacology and toxicology 50, 323–354.
doi: 10.1146/annurev.pharmtox.010909.105600

Hadi, H. A., Carr, C. S., and Al Suwaidi, J. (2005). Endothelial dysfunction:
cardiovascular risk factors. Therapy, and outcome. Vasc. Health Risk Manag.
1, 183–198.

Han, E.-S., Muller, F. L., Pérez, V. I., Qi, W., Liang, H., Xi, L., et al. (2008). The
in vivo gene expression signature of oxidative stress. Physiol. Genomics 34,
112–126. doi: 10.1152/physiolgenomics.00239.2007

He, F., and Zuo, L. (2015). Redox roles of reactive oxygen species in cardiovascular
diseases. Int. J. Mol. Sci. 16, 27770–27780. doi: 10.3390/ijms161126059

Heinemann, I. U., Jahn, M., and Jahn, D. (2008). The biochemistry of heme
biosynthesis. Arch. Biochem. Biophys. 474, 238–251. doi: 10.1016/j.abb.2008.02.
015

Hori, R., Kashiba, M., Toma, T., Yachie, A., Goda, N., Makino, N., et al. (2002).
Gene transfection of H25A mutant heme oxygenase-1 protects cells against
hydroperoxide-induced cytotoxicity. J. Biol. Chem. 277, 10712–10718. doi: 10.
1074/jbc.M107749200

Hu, J., Ge, H., Newman, M., and Liu, K. (2012). OSA: a fast and accurate alignment
tool for RNA-Seq. Bioinformatics 28, 1933–1934. doi: 10.1093/bioinformatics/
bts294

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and
integrative analysis of large gene lists using DAVID bioinformatics resources.
Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

Huang, T.-S., Wang, K.-C., Li, J. Y.-S., Chang, T.-Y., Subramaniam, S., Shyy, J.,
et al. (2016). Role of lncRNAs in regulating endothelial function. FASEB J. 30,
1028.9–1028.9.

Huynh, J., Nishimura, N., Rana, K., Peloquin, J. M., Califano, J. P., Montague, C. R.,
et al. (2011). Age-related intimal stiffening enhances endothelial permeability
and leukocyte transmigration. Sci. Transl. Med. 3:112ra122. doi: 10.1126/
scitranslmed.3002761

Hyoudou, K., Nishikawa, M., Kobayashi, Y., Umeyama, Y., Yamashita, F., and
Hashida, M. (2006). PEGylated catalase prevents metastatic tumor growth
aggravated by tumor removal. Free Radic. Biol. Med. 41, 1449–1458. doi: 10.
1016/j.freeradbiomed.2006.08.004

Jeon, B. K., Kwon, K., Kang, J. L., and Choi, Y.-H. (2015). Csk-induced
phosphorylation of Src at tyrosine 530 is essential for H2O2-mediated
suppression of ERK1/2 in human umbilical vein endothelial cells. Sci. Rep.
5:12725. doi: 10.1038/srep12725

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 September 2021 | Volume 9 | Article 702974

https://doi.org/10.1242/bio.012740
https://doi.org/10.1161/01.atv.11.6.1700
https://doi.org/10.1161/01.atv.11.6.1700
https://doi.org/10.1073/pnas.90.20.9285
https://doi.org/10.1074/jbc.M114.567685
https://doi.org/10.1074/jbc.M108317200
https://doi.org/10.1084/jem.192.7.1015
https://doi.org/10.1084/jem.192.7.1015
https://doi.org/10.1042/CS20100508
https://doi.org/10.1016/s0891-5849(00)00302-6
https://doi.org/10.1016/s0891-5849(00)00302-6
https://doi.org/10.1016/j.freeradbiomed.2012.07.020
https://doi.org/10.1007/s10439-007-9426-3
https://doi.org/10.1152/physrev.00047.2009
https://doi.org/10.1158/0008-5472.CAN-15-1883
https://doi.org/10.1158/0008-5472.CAN-15-1883
https://doi.org/10.1016/s0014-5793(98)01410-0
https://doi.org/10.1016/s0014-5793(98)01410-0
https://doi.org/10.1161/01.CIR.0000144309.87183.FB
https://doi.org/10.1016/j.yexcr.2006.02.005
https://doi.org/10.1161/CIRCULATIONAHA.106.652859
https://doi.org/10.18388/abp.2005_3440
https://doi.org/10.1161/01.res.87.6.434
https://doi.org/10.1161/hh1001.090840
https://doi.org/10.1089/ars.2013.5761
https://doi.org/10.1089/ars.2013.5761
https://doi.org/10.4161/oxim.2.5.9441
https://doi.org/10.4161/oxim.2.5.9441
https://doi.org/10.1002/(sici)1097-0169(1998)40:4<317::aid-cm1>3.0.co;2-8
https://doi.org/10.2174/138920309788922216
https://doi.org/10.2174/138920309788922216
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1016/j.ejphar.2009.11.028
https://doi.org/10.1016/j.ejphar.2009.11.028
https://doi.org/10.1146/annurev.pharmtox.010909.105600
https://doi.org/10.1152/physiolgenomics.00239.2007
https://doi.org/10.3390/ijms161126059
https://doi.org/10.1016/j.abb.2008.02.015
https://doi.org/10.1016/j.abb.2008.02.015
https://doi.org/10.1074/jbc.M107749200
https://doi.org/10.1074/jbc.M107749200
https://doi.org/10.1093/bioinformatics/bts294
https://doi.org/10.1093/bioinformatics/bts294
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1126/scitranslmed.3002761
https://doi.org/10.1126/scitranslmed.3002761
https://doi.org/10.1016/j.freeradbiomed.2006.08.004
https://doi.org/10.1016/j.freeradbiomed.2006.08.004
https://doi.org/10.1038/srep12725
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-702974 September 8, 2021 Time: 17:13 # 15

Raghunandan et al. HMOX1 Regulates Cell-Fate Under OS

Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y., and Morishima, K. (2017).
KEGG: new perspectives on genomes, pathways, diseases and drugs. Nucleic
Acids Res. 45, D353–D361. doi: 10.1093/nar/gkw1092

Kanehisa, M., and Goto, S. (2000). KEGG: KYOTO encyclopedia of genes and
genomes. Nucleic Acids Res. 28, 27–30.

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2016).
KEGG as a reference resource for gene and protein annotation. Nucleic Acids
Res. 44, D457–D462. doi: 10.1093/nar/gkv1070

Karnewar, S., Vasamsetti, S. B., Gopoju, R., Kanugula, A. K., Ganji, S. K., Prabhakar,
S., et al. (2016). Mitochondria-targeted esculetin alleviates mitochondrial
dysfunction by AMPK-mediated nitric oxide and SIRT3 regulation in
endothelial cells: potential implications in atherosclerosis. Sci. Rep. 6:24108.
doi: 10.1038/srep24108

Kawauchi, J., Zhang, C., Nobori, K., Hashimoto, Y., Adachi, M. T., Noda, A.,
et al. (2002). Transcriptional repressor activating transcription factor 3 protects
human umbilical vein endothelial cells from tumor necrosis factor-α-induced
apoptosis through down-regulation ofp53 transcription. J. Biol. Chem. 277,
39025–39034. doi: 10.1074/jbc.m202974200

Kim, C., Kang, D., Lee, E. K., and Lee, J.-S. (2017). Long non-coding RNAs
and RNA-Binding proteins in oxidative stress, cellular senescence, and age-
related diseases. Oxid Med. Cell Longev. 2017:2062384. doi: 10.1155/2017/206
2384

Kim, K. M., Pae, H.-O., Zheng, M., Park, R., Kim, Y.-M., and Chung, H.-T. (2007).
Carbon monoxide induces heme oxygenase-1 via activation of protein kinase
R-like endoplasmic reticulum kinase and inhibits endothelial cell apoptosis
triggered by endoplasmic reticulum stress. Circ. Res. 101, 919–927. doi: 10.1161/
CIRCRESAHA.107.154781

Kim, Y.-M., Pae, H.-O., Park, J. E., Lee, Y. C., Woo, J. M., Kim, N.-H., et al.
(2011). Heme oxygenase in the regulation of vascular biology: from molecular
mechanisms to therapeutic opportunities. Antioxid. Redox. Signal. 14, 137–167.
doi: 10.1089/ars.2010.3153

Kuilman, T., Michaloglou, C., Mooi, W. J., and Peeper, D. S. (2010). The
essence of senescence. Genes Dev. 24, 2463–2479. doi: 10.1101/gad.197
1610

Langfelder, P., and Horvath, S. (2012). Fast r functions for robust correlations and
hierarchical clustering. J. Stat. Softw. 46:i11.

Liang, Y., Li, J., Lin, Q., Huang, P., Zhang, L., Wu, W., et al. (2017). Research
progress on signaling pathway-associated oxidative stress in endothelial cells.
Oxid Med. Cell Longev. 2017:7156941. doi: 10.1155/2017/7156941

Libby, P., Ridker, P. M., and Hansson, G. K. (2011). Progress and challenges in
translating the biology of atherosclerosis. Nature 473, 317–325. doi: 10.1038/
nature10146

Lin, Q., Weis, S., Yang, G., Weng, Y.-H., Helston, R., Rish, K., et al. (2007). Heme
oxygenase-1 protein localizes to the nucleus and activates transcription factors
important in oxidative stress. J. Biol. Chem. 282, 20621–20633. doi: 10.1074/jbc.
M607954200

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-Seq data with DESeq2. Genome Biol. 15:550.

Lum, H., and Roebuck, K. A. (2001). Oxidant stress and endothelial cell
dysfunction. Am. J. Physiol. Cell Physiol. 280, C719–C741.

Madamanchi, N. R., Vendrov, A., and Runge, M. S. (2005). Oxidative stress and
vascular disease. Arterioscler. Thromb. Vasc. Biol. 25, 29–38. doi: 10.1161/01.
ATV.0000150649.39934.13

Mallat, Z., and Tedgui, A. (2000). Apoptosis in the vasculature: mechanisms and
functional importance. Br. J. Pharmacol. 130, 947–962. doi: 10.1038/sj.bjp.
0703407

Matys, V., Kel-Margoulis, O. V., Fricke, E., Liebich, I., Land, S., Barre-Dirrie, A.,
et al. (2006). TRANSFAC R© and its module TRANSCompel R©: transcriptional
gene regulation in eukaryotes. Nucleic Acids Res. 34, D108–D110.

Messner, B., Frotschnig, S., Steinacher-Nigisch, A., Winter, B., Eichmair, E.,
Gebetsberger, J., et al. (2012). Apoptosis and necrosis: two different outcomes
of cigarette smoke condensate-induced endothelial cell death. Cell Death Dis.
3:e424. doi: 10.1038/cddis.2012.162

Moskalev, A. A., Smit-McBride, Z., Shaposhnikov, M. V., Plyusnina, E. N.,
Zhavoronkov, A., Budovsky, A., et al. (2012). Gadd45 proteins: relevance to
aging, longevity and age-related pathologies. Ageing Res. Rev. 11, 51–66. doi:
10.1016/j.arr.2011.09.003

Muñoz-Espín, D., and Serrano, M. (2014). Cellular senescence: from physiology to
pathology. Nat. Rev. Mol. Cell Biol. 15, 482–496. doi: 10.1038/nrm3823

Nadeev, A. D., Kudryavtsev, I. V., Serebriakova, M. K., Avdonin, P. V.,
Zinchenko, V. P., and Goncharov, N. V. (2015). [DUAL PROAPOPTOTIC
AND PRONECROTIC EFFECT OF HYDROGEN PEROXIDE ON
HUMAN UMBILICAL VEIN ENDOTHELIAL CELLS]. Tsitologiia 57,
909–916.

Ni, L., Li, T., Liu, B., Song, X., Yang, G., Wang, L., et al. (2013). The protective effect
of Bcl-xl overexpression against oxidative stress-induced vascular endothelial
cell injury and the role of the Akt/eNOS pathway. Int. J. Mol. Sci. 14, 22149–
22162. doi: 10.3390/ijms141122149

Niehrs, C., and Schäfer, A. (2012). Active DNA demethylation by Gadd45
and DNA repair. Trends Cell Biol. 22, 220–227. doi: 10.1016/j.tcb.2012.
01.002

Patil, I. (2021). Visualizations with statistical details: the “ggstatsplot” approach.
JOSS 6:3167. doi: 10.21105/joss.03167

Pennathur, S., and Heinecke, J. W. (2007). Oxidative stress and endothelial
dysfunction in vascular disease. Curr. Diab. Rep. 7, 257–264.

Portt, L., Norman, G., Clapp, C., Greenwood, M., and Greenwood, M. T. (2011).
Anti-apoptosis and cell survival: a review. Biochim. Biophys. Acta 1813, 238–
259. doi: 10.1016/j.bbamcr.2010.10.010

Reichard, J. F., Motz, G. T., and Puga, A. (2007). Heme oxygenase-1 induction
by NRF2 requires inactivation of the transcriptional repressor BACH1. Nucleic
Acids Res. 35, 7074–7086. doi: 10.1093/nar/gkm638

Romanoski, C. E., Che, N., Yin, F., Mai, N., Pouldar, D., Civelek, M., et al. (2011).
Network for activation of human endothelial cells by oxidized phospholipids a
critical role of heme oxygenase 1. Circ. Res. 109, e27–e41.

Safaeian, L., Yaghoobi, S., Javanmard, S. H., and Ghasemi-Dehkordi, N. (2017).
The effect of hydroalcoholic extract of Otostegia persica (Burm.) Boiss. against
H2O2-induced oxidative stress in human endothelial cells. Res. J. Pharm. 4,
51–58.

Salminen, A., Ojala, J., and Kaarniranta, K. (2011). Apoptosis and aging: increased
resistance to apoptosis enhances the aging process. Cell. Mol. Life Sci. 68,
1021–1031. doi: 10.1007/s00018-010-0597-y

Seldon, M. P., Silva, G., Pejanovic, N., Larsen, R., Gregoire, I. P., Filipe, J.,
et al. (2007). Heme oxygenase-1 inhibits the expression of adhesion molecules
associated with endothelial cell activation via inhibition of NF-kappaB RelA
phosphorylation at serine 276. J. Immunol. 179, 7840–7851. doi: 10.4049/
jimmunol.179.11.7840

Silva, G., Cunha, A., Grégoire, I. P., Seldon, M. P., and Soares, M. P. (2006).
The antiapoptotic effect of heme oxygenase-1 in endothelial cells involves the
degradation of p38 alpha MAPK isoform. J. Immunol. 177, 1894–1903. doi:
10.4049/jimmunol.177.3.1894

Soares, M. P., Seldon, M. P., Gregoire, I. P., Vassilevskaia, T., Berberat, P. O.,
Yu, J., et al. (2004). Heme oxygenase-1 modulates the expression of adhesion
molecules associated with endothelial cell activation. J. Immunol. 172, 3553–
3563. doi: 10.4049/jimmunol.172.6.3553

Soares, M. P., Usheva, A., Brouard, S., Berberat, P. O., Gunther, L., Tobiasch, E.,
et al. (2002). Modulation of endothelial cell apoptosis by heme oxygenase-1-
derived carbon monoxide. Antioxid. Redox. Signal. 4, 321–329. doi: 10.1089/
152308602753666370

Tamura, R. E., Vasconcellos, J. F., Sarkar, D., Libermann, T. A., Fisher, P. B., and
Zerbini, L. F. (2012). GADD45 proteins: central players in tumorigenesis. Curr.
Mol. Med. 12:634. doi: 10.2174/156652412800619978

Tanaka, Y., Nakamura, A., Morioka, M. S., Inoue, S., Tamamori-Adachi, M.,
Yamada, K., et al. (2011). Systems analysis of ATF3 in stress response and
cancer reveals opposing effects on pro-apoptotic genes in p53 pathway. PLoS
One 6:e26848. doi: 10.1371/journal.pone.0026848

Tian, X.-L., and Li, Y. (2014). Endothelial cell senescence and age-related vascular
diseases. J. Genet. Genomics 41, 485–495. doi: 10.1016/j.jgg.2014.08.001

Toussaint, O., Remacle, J., Dierick, J.-F., Pascal, T., Frippiat, C., Royer, V., et al.
(2002). Stress-induced premature senescence: from biomarkers to likeliness of
in vivo occurrence. Biogerontology 3, 13–17.

Wen, Y.-D., Wang, H., Kho, S.-H., Rinkiko, S., Sheng, X., Shen, H.-M., et al.
(2013). Hydrogen sulfide protects HUVECs against hydrogen peroxide induced
mitochondrial dysfunction and oxidative stress. PLoS One 8:e53147. doi: 10.
1371/journal.pone.0053147

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 September 2021 | Volume 9 | Article 702974

https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1038/srep24108
https://doi.org/10.1074/jbc.m202974200
https://doi.org/10.1155/2017/2062384
https://doi.org/10.1155/2017/2062384
https://doi.org/10.1161/CIRCRESAHA.107.154781
https://doi.org/10.1161/CIRCRESAHA.107.154781
https://doi.org/10.1089/ars.2010.3153
https://doi.org/10.1101/gad.1971610
https://doi.org/10.1101/gad.1971610
https://doi.org/10.1155/2017/7156941
https://doi.org/10.1038/nature10146
https://doi.org/10.1038/nature10146
https://doi.org/10.1074/jbc.M607954200
https://doi.org/10.1074/jbc.M607954200
https://doi.org/10.1161/01.ATV.0000150649.39934.13
https://doi.org/10.1161/01.ATV.0000150649.39934.13
https://doi.org/10.1038/sj.bjp.0703407
https://doi.org/10.1038/sj.bjp.0703407
https://doi.org/10.1038/cddis.2012.162
https://doi.org/10.1016/j.arr.2011.09.003
https://doi.org/10.1016/j.arr.2011.09.003
https://doi.org/10.1038/nrm3823
https://doi.org/10.3390/ijms141122149
https://doi.org/10.1016/j.tcb.2012.01.002
https://doi.org/10.1016/j.tcb.2012.01.002
https://doi.org/10.21105/joss.03167
https://doi.org/10.1016/j.bbamcr.2010.10.010
https://doi.org/10.1093/nar/gkm638
https://doi.org/10.1007/s00018-010-0597-y
https://doi.org/10.4049/jimmunol.179.11.7840
https://doi.org/10.4049/jimmunol.179.11.7840
https://doi.org/10.4049/jimmunol.177.3.1894
https://doi.org/10.4049/jimmunol.177.3.1894
https://doi.org/10.4049/jimmunol.172.6.3553
https://doi.org/10.1089/152308602753666370
https://doi.org/10.1089/152308602753666370
https://doi.org/10.2174/156652412800619978
https://doi.org/10.1371/journal.pone.0026848
https://doi.org/10.1016/j.jgg.2014.08.001
https://doi.org/10.1371/journal.pone.0053147
https://doi.org/10.1371/journal.pone.0053147
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-702974 September 8, 2021 Time: 17:13 # 16

Raghunandan et al. HMOX1 Regulates Cell-Fate Under OS

Winn, R. K., and Harlan, J. M. (2005). The role of endothelial cell apoptosis in
inflammatory and immune diseases. J. Thromb. Haemost. 3, 1815–1824. doi:
10.1111/j.1538-7836.2005.01378.x

Xu, M.-C., Shi, H.-M., Wang, H., and Gao, X.-F. (2013). Salidroside protects against
hydrogen peroxide-induced injury in HUVECs via the regulation of REDD1
and mTOR activation. Mol. Med. Rep. 8, 147–153. doi: 10.3892/mmr.2013.1468

Yachie, A., Niida, Y., Wada, T., Igarashi, N., Kaneda, H., Toma, T., et al. (1999).
Oxidative stress causes enhanced endothelial cell injury in human heme
oxygenase-1 deficiency. J. Clin. Invest. 103, 129–135. doi: 10.1172/JCI4165

Yoshida, T., Sugiura, H., Mitobe, M., Tsuchiya, K., Shirota, S., Nishimura, S., et al.
(2008). ATF3 protects against renal ischemia-reperfusion injury. J. Am. Soc.
Nephrol. 19, 217–224. doi: 10.1681/ASN.2005111155

Yu, J., Tian, S., Metheny-Barlow, L., Chew, L. J., Hayes, A. J., Pan, H., et al.
(2001). Modulation of endothelial cell growth arrest and apoptosis by vascular
endothelial growth inhibitor. Circ. Res. 89, 1161–1167. doi: 10.1161/hh2401.
101909

Zhan, Q. (2005). Gadd45a, a p53-and BRCA1-regulated stress protein, in cellular
response to DNA damage. Mutat. Res. Fundamental Mol. Mech. Mutagen. 569,
133–143. doi: 10.1016/j.mrfmmm.2004.06.055

Zhou, X., Yuan, D., Wang, M., and He, P. (2013). H2O2-induced endothelial NO
production contributes to vascular cell apoptosis and increased permeability in
rat venules. Am. J. Physiol. Heart Circ. Physiol. 304, H82–H93. doi: 10.1152/
ajpheart.00300.2012

Zuckerbraun, B. S., Chin, B. Y., Bilban, M., Avila, J., de, C., Rao, J., et al. (2007).
Carbon monoxide signals via inhibition of cytochrome c oxidase and generation

of mitochondrial reactive oxygen species. FASEB J. 21, 1099–1106. doi: 10.1096/
fj.06-6644com

Author Disclaimer: The content is solely the responsibility of the authors (SS and
ZC) and does not necessarily represent the official views of the National Institutes
of Health.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Raghunandan, Ramachandran, Ke, Miao, Lal, Chen and
Subramaniam. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 September 2021 | Volume 9 | Article 702974

https://doi.org/10.1111/j.1538-7836.2005.01378.x
https://doi.org/10.1111/j.1538-7836.2005.01378.x
https://doi.org/10.3892/mmr.2013.1468
https://doi.org/10.1172/JCI4165
https://doi.org/10.1681/ASN.2005111155
https://doi.org/10.1161/hh2401.101909
https://doi.org/10.1161/hh2401.101909
https://doi.org/10.1016/j.mrfmmm.2004.06.055
https://doi.org/10.1152/ajpheart.00300.2012
https://doi.org/10.1152/ajpheart.00300.2012
https://doi.org/10.1096/fj.06-6644com
https://doi.org/10.1096/fj.06-6644com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Heme Oxygenase-1 at the Nexus of Endothelial Cell Fate Decision Under Oxidative Stress
	Introduction
	Materials and Methods
	Cell Culture
	Hydrogen Peroxide Induction
	siRNA Knockdown Experiments
	Sample Preparation for RNA-Seq
	Time-Course Experiment
	Knockdown Experiment
	RNA-Sequencing Analysis

	Plate Assays
	CCK-8 Assay
	Caspase-Glo 3/7 Assay
	GSH/GSSG-Glo Assay
	Cell-Tox Green Assay
	Cell Cycle Analysis
	Autophagy Assay
	Mitochondrial Network Integrity
	Mitochondrial Membrane Potential Assay
	Quantitative PCR

	Statistical Analysis and Plotting of qPCR Results
	Quantifying Mitochondrial Respiration (Seahorse Mito Stress Test XFe24)
	Quantitative Determination of Hydrogen Peroxide


	Results
	Dose and Time-Dependent Response to Oxidative Stress in HUVECs
	A Temporal Model of the Oxidative Stress Response in Endothelial Cells
	HMOX1: A Key Regulator
	HMOX1: A Global Regulator of Cell Function
	Novel Mechanisms of HMOX1 in Regulating the OSR

	Discussion
	Dose-Dependent OSR in ECs
	Time-Dependent OSR in ECs and Hallmarks of Vascular Disease
	HMOX1: A Master Regulator

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


