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Macrophages play crucial and diverse roles in the pathogenesis of inflammatory vascular diseases. Macro-
phages are the principal innate immune cells recruited to arterial walls to govern vascular homeostasis by
modulating the proliferation of vascular smooth muscle cells, the reorganization of extracellular matrix
components, the elimination of dead cells, and the restoration of normal blood flow. However, chronic
sterile inflammation within the arterial walls draws inflammatory macrophages into intimal/neointimal
regions that may contribute to disease pathogenesis. In this context, the accumulation and aberrant
activation of macrophages in the neointimal regions govern the progression of inflammatory arterial wall
diseases. Herein, we report that myeloidehypoxia-inducible factor-1a (HIF1a) deficiency attenuates
vascular smooth muscle cells and macrophage abundance in stenotic arteries and abrogates carotid neo-
intima formation in vivo. The integrated transcriptomics, Gene Set Enrichment Analysis, metabolomics, and
target gene evaluation showed that HIF1a represses oxidative phosphorylation, tricarboxylic acid cycle,
fatty acid metabolism, and c-MYC signaling pathways while promoting inflammatory, glycolytic, hypoxia
response gene expression in stenotic artery macrophages. At the molecular level, proinflammatory agents
utilized STAT3 signaling pathways to elevate HIF1a expression in macrophages. Collectively, this study
uncovers that macrophage-HIF1a deficiency restrains the pathogenesis of carotid artery stenosis by rewiring
inflammatory and metabolic signaling pathways in macrophages. (Am J Pathol 2021, 191: 1118e1134;
https://doi.org/10.1016/j.ajpath.2021.03.008)
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Macrophages are the principal innate immune cells that play
crucial and diverse roles in the pathogenesis of inflamma-
tory vascular wall diseases.1 Clinical studies have shown
that proinflammatory macrophages are associated with
symptomatic and high-grade carotid artery stenosis.2,3 Pa-
tients with carotid artery stenosis are at an elevated risk for
stroke and generally undergo carotid endarterectomy or
stenting to restore the normal blood flow to the brain. Many
of these patients develop restenosis or in-stent stenosis even
after these procedures.4e6 Current pharmacologic therapies
generally target blood pressure regulation and athero-
thrombotic pathways to treat complications associated with
carotid artery stenosis.7e9 However, there is a lack of in-
formation regarding genetic factors or signaling pathways
that govern carotid artery stenosis. Thus, the identification
of such factors will significantly elevate the current molec-
ular understanding of arterial stenosis and may facilitate the
development of novel therapeutic approaches. Inflammatory
macrophages that are recruited to stenotic arteries modulate
stigative Pathology. Published by Elsevier Inc
the tissue repair/regeneration through matrix remodeling,
migration, and proliferation of vascular smooth muscle cells
(VSMCs), production of inflammatory and stenotic factors,
and elimination of debris and dead cells.10 In this context,
the accumulation and aberrant activation of macrophages
within the intimal/neointimal regions govern the progression
of inflammatory arterial wall diseases.11 The macrophage-
mediated inflammation is an explicitly robust biological
response that involves alterations in inflammatory and
metabolic gene expression, affecting a significant part of the
cellular genome.12 Therefore, transcription factors that
govern inflammatory/metabolic gene expression play an
essential role in shaping the macrophage phenotypic
response.
. All rights reserved.
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HIF1a in Carotid Artery Stenosis
The hypoxic microenvironment within the diseased arterial
walls plays a pivotal role in the development and progression
of carotid artery stenosis.13,14 Thus, inflammatory macro-
phages in these stenotic arteries have to adapt to the hypoxic
microenvironment to perform effector functions. Studies over
the years have shown that hypoxia-inducible factor-1 (HIF1)
mediates adaptive responses to hypoxia/ischemia in meta-
zoan organisms.15 HIF1 is a highly conserved member of the
basic helix-loop-helix family of transcription factors that
consists of oxygen-sensitive HIF1a and constitutively
expressed HIF1b subunits. The HIF1a expression is tightly
controlled at the mRNA and protein levels.16 In addition to
hypoxia, several cytokines and inflammatory agents are
known to elevate HIF1a mRNA expression and protein
accumulation, even under normoxic conditions.17,18 Clinical
and experimental studies have shown that macrophages
within these diseased arterial walls express elevated levels of
inflammatory and HIF1a target genes.19,20 Previous studies
have shown that HIF1a deficiency attenuates some inflam-
matory and glycolytic gene expression in macrophages.21

However, whether HIF1a deficiency alters broad inflamma-
tory or metabolic gene programs in macrophages has not
been investigated. Moreover, whether myeloid-HIF1a defi-
ciency affects the pathogenesis of carotid artery stenosis has
not been examined. This study showed that HIF1a deficiency
broadly attenuates proinflammatory gene expression while
rewiring metabolic gene programs in macrophages. More
importantly, myeloid-HIF1aedeficient mice are highly pro-
tected from experimentally induced carotid artery stenosis
in vivo.

Materials and Methods

Materials

Anti-HIF1a (14179S), anti-STAT1 (14994S), antie
phosphorylated STAT1-Tyr701 (9167S), anti-STAT3
(4904S), antiesmooth muscle actin (1924S), anti-F480
(70076S), and antiephosphorylated STAT3-Tyr705 (9145S)
antibodies were obtained from Cell Signaling (Danvers, MA).
Antieb-actin (sc-130656) was obtained from Santa Cruz
Biotechnology Inc. (Dallas, TX). The horseradish
peroxidaseeconjugated goat anti-rabbit (A16096) and horse-
radish peroxidaseeconjugated goat anti-mouse (A16066) an-
tibodies were obtained from Thermo Fisher Scientific
(Waltham, MA). The wild-type (0664), Lyz2cre (04781),
Hif1afl/fl (7561), and mutant-Stat3 (027952) mice were ob-
tained from the Jackson Laboratory (Bar Harbor, ME). The
HRE-luciferase (26731) and pGL2B-HIF1A promoter frag-
ment (40172) were obtained fromAddgene (Watertown,MA).
The Lipofectamine3000 (L3000-008), TurboFect Transfection
Reagent (R0533), bicinchoninic acid assay kit (23227), ECL
Western Blotting Substrate (32106), random hexamers
(N8080127), oligo-dT primer (18418020), Fast SYBR Green
PCRMaster Mix (4385612), and custom primers listed in this
article were obtained from Thermo Fisher Scientific. The High
The American Journal of Pathology - ajp.amjpathol.org
Pure RNA Isolation Kits (11828665001), protease inhibitors
(04693132001), and phosphatase inhibitors (04906837001)
were obtained fromRoche (Indianapolis, IN). The RAW264.7
cell line (TIB-71)was purchased fromATCC (Manassas,VA).
The recombinant mouse macrophage colony-stimulating
factor (416-ML) and mouse interferon (IFN)-g (485-MI-100)
were obtained from R&D Systems (Minneapolis, MN). The
high-glucose Dulbecco’s modified Eagle’s medium
(SH30249.02), phosphate-buffered saline (SH30028.03), and
nitrocellulose membranes (10401197) were obtained from
GE-Healthcare Life Sciences (Chicago, IL). The radio-
immunoprecipitation assay buffer (R0278), bovine serum
albumin (A3608), and thioglycollate (108190) were obtained
from Millipore-Sigma (St. Louis, MO). The dual-Luciferase
reporter assay system (E1960) was obtained from Promega
(Madison, WI). The lipopolysaccharide (tlrl-pb5lps) was
obtained from InvivoGen (San Diego, CA). The siStat1- and
siStat3-specific siRNAs were obtained from GE Dharmacon
(Lafayette, CO). All other chemicals and reagents used were
of analytical grade and were obtained from commercial
sources.

Experimental Animal Studies

All animal procedures were approved by the Institutional
Animal Care and Use Committee at Case Western Reserve
University (Cleveland, OH) and conformed to guidelines
established by the American Association for Accreditation of
Laboratory Animal Care. All mice were bred and maintained
under pathogen-free conditions, fed standard laboratory
chow (2916; ENVIGO, Indianapolis, IN), and kept on
a 12-hour light/dark cycle. The control (Lyz2cre/cre on
C57BL/6J background) and myeloid-specific Hif1a-deficient
(Hif1afl/fl:Lyz2cre/cre on C57BL/6J background) mice were
generating by breeding male and female Hif1afl/�:Lyz2cre/cre

mice. The Hif1afl/fl:Lyz2cre/cre mice contained two Hif1a
floxed and two Lyz2 Cre alleles (C57BL/6J background).
Mice with two Cre alleles (Lyz2cre/cre) were used as the
control group (C57BL/6J background). The carotid artery
ligation model22 was utilized to investigate whether myeloid-
HIF1a deficiency affects the pathogenesis of carotid artery
stenosis. Accordingly, the left common carotid artery of
Hif1afl/fl:Lyz2cre/cre and Lyz2cre/cre mice was dissected and
ligated near the carotid bifurcation to induce arterial stenosis.
The sham surgery on the right carotid served as a control.
After 28 days of these procedures, study mice were eutha-
nized, and the control/ligated carotid arteries were collected.
These carotid arteries were fixed in 10% of buffered formalin
and embedded in paraffin. A standardized reference point
was set at which location the ligature did not distort the vessel
and where elastic laminae were intact. The reference point
was situated between 50 and 75 mm from the ligation. The
sections at 100, 200, and 300 mm from the reference point
were collected for histologic analyses. The images derived
from all of the cross-sections were utilized for analyses. The
elastin structures within the carotid arteries were visually
1119
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Table 1 List of Primers Used for Experiments

Target gene Forward primer Reverse primer

Glut1 50-GGATCCCAGCAGCAAGAAG-30 50-CCAGTGTTATAGCCGAACTGC-30

Hk2 50-TGATCGCCTGCTTATTCACGG-30 50-AACCGCCTAGAAATCTCCAGA-30

Pfkfb3 50-CAACTCCCCAACCGTGATTGT-30 50-TGAGGTAGCGAGTCAGCTTCT-30

Tpi1 50-AAACCAAGGTCATCGCAGATA-30 50-CCCGGAGCTTCTCGTGTA-30

Pgam1 50-GCTGTGGTGTGACCAATGAA-30 50-TGACTATGCCCCCAGTTACC-30

Il1a 50-GCACCTTACACCTACCAGAGT-30 50-AAACTTCTGCCTGACGAGCTT-30

Il1b 50-GCAACTGTTCCTGAACTCAACT-30 50-ATCTTTTGGGGTCCGTCAACT-30

Icam1 50-CCCACGCTACCTCTGCTC-30 50-GATGGATACCTGAGCATCACC-30

Hif1a 50-TGAGTTCTGAACGTCGAAAAGA-30 50-CGGCATCCAGAAGTTTTCTC-30

Serpine1 50-TTCAGCCCTTGCTTGCCTC-30 50-ACACTTTTACTCCGAAGTCGGT-30

Ddx18 50-GAAGCGGAATGCCAAGCTG-30 50-TCCTGTTTCTTTAGGCACATCTC-30

Hspe1 50-AGTTTCTTCCGCTCTTTGACAG-30 50-TGCCACCTTTGGTTACAGTTTC-30

Xrcc6 50-ATGTCAGAGTGGGAGTCCTAC-30 50-TCGCTGCTTATGATCTTACTGGT-30

Ndufs8 50-AGTGGCGGCAACGTACAAG-30 50-TCGAAAGAGGTAACTTAGGGTCA-30

Atp6v1f 50-GCGGGCAGAGGTAAGCTAATC-30 50-TTAGGGTGGCGGTTCTTGTTT-30

Uqcrfs1 50-GAGCCACCTGTTCTGGATGTG-30 50-GCACGACGATAGTCAGAGAAGTC-30

Idh2 50-GGAGAAGCCGGTAGTGGAGAT-30 50-GGTCTGGTCACGGTTTGGAA-30

Mdh1 50-TTCTGGACGGTGTCCTGATG-30 50-TTTCACATTGGCTTTCAGTAGGT-30

Suclg2 50-CCCCGAAGATGGCTGAACC-30 50-ACCTCCTTTCAAACCGCTATTG-30

36B4 50-GCTCCAAGCAGATGCAGCA-30 50-CCGGATGTGAGGCAGCAG-30

Kim et al
detected by using a modified Verhoeff Van Gieson elastic
stain kit. To determine the VSMCs and macrophage abun-
dance in carotid arteries, serial paraffin sections of carotid
arteries were deparaffinized in xylene and rehydrated in
graded ethanol series. Samples were subjected to antigen
retrieval steps with antigen unmasking solution. Samples
were treated with 0.3% H2O2 for 30 minutes at room tem-
perature, and the nonspecific binding was blocked with a
blocking buffer. Samples were incubated with rabbit
antiesmooth muscle actin or anti-F4/80 antibodies overnight
at 4�C. These tissue sections were subsequently incubated
with biotin-conjugated goat anti-rabbit IgG for 30 minutes at
room temperature. Samples were incubated in ABC reagent,
and the immunostaining was visualized using a
diaminobenzidine reagent. Images were acquired using a
microscope, and ImageJ version 1.53h software (NIH,
Bethesda, MD; https://imagej.nih.gov/ij, last accessed
February 10, 2021) was utilized for image analyses. The
circumferences of the lumen, internal elastic lamina (IEL),
and external elastic lamina (EEL) were measured by tracing
along the luminal surface, IEL, and EEL, respectively.
Under the assumption that the structures were circular,
these measurements were used to calculate luminal area,
IEL area, and EEL area. The neointimal area was
calculated by subtracting the luminal area from the area
defined by IEL. The medial area was calculated by
subtracting the area within the IEL from the area defined
by EEL. The total vessel area was calculated by tracings
obtained by the external perimeter of the artery. The
quantification of histologic data and statistical analyses
were performed by two independent investigators who
were blinded to sample genotypes and/or treatments.
Furthermore, no experimental animal or data from the
experiments were excluded from analyses.
1120
Cell Culture and Metabolic Assays

RAW264.7 cells were cultured in Dulbecco’s modified Eagle
medium supplementedwith 10% fetal bovine serum, 100U/mL
penicillin, 10 mg/mL streptomycin, and 2 mmol/L glutamine in
a humidified incubator (5% CO2 and 37�C). Bone
marrowederived macrophages (BMDMs) were generated by
ex vivo differentiation of bone marrow cells. Briefly, bone
marrow cells from 8-weekeold wild-type, Mut-Stat3,
Lyz2cre/cre, and Hif1afl/fl:Lyz2cre/cre mice were harvested from
the femur and tibia. These bone marrow cells were cultured in
complete Dulbecco’s modified Eagle medium supplemented
with recombinantmousemacrophage colony-stimulating factor
for 7 days. These BMDMs were collected and utilized for the
indicated experiments. The primary macrophages from control
and ligatedmouse carotid arteries are obtained 4weeks after the
procedure. Briefly, control and ligated carotid arteries were
harvested andwashedwith a copious amount of sterile, ice-cold
phosphate-buffered saline to remove blood cells. The carotid
tissues were minced with scalpel blades in petri plates under
filtered laminar airflow. The minced tissues were incubated
with 3 mg/mL collagenase-dispase mixture for 4 hours at room
temperature with gentle shaking. The cellular suspension was
collected by using a tissue strainer. The anti-F4/80 microbeads
(130-110-443; Miltenyi Biotec, Auburn, CA) were used to
purify macrophages from these cellular suspensions. The oxy-
gen consumption rate of BMDMs was analyzed by using
Seahorse XFe24Analyzer (Agilent, Santa Clara, CA). Baseline
measurements were made to determine basal oxygen con-
sumption rate before the sequential delivery of 1 mmol/L oli-
gomycin, 1 mmol/L fluorocarbonyl cyanide phenylhydrazone,
and 1 mmol/L mixture of antimycin A and rotenone through
individual injection ports for the measurements of ATP-linked
respiration, proton leak, maximum respiration, and spare
ajp.amjpathol.org - The American Journal of Pathology
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HIF1a in Carotid Artery Stenosis
respiration capacity, respectively. The oxygen consumption
rate values were normalized to the protein concentration.

RNA Extraction, Real-Time Quantitative PCR, and
Western Blot Analysis

Total RNA was isolated from indicated samples using the
High Pure RNA Isolation Kit. The total RNA samples
were reverse transcribed using M-MuLV reverse tran-
scriptase in the presence of random hexamers and oligo-
dT primers. Real-time quantitative PCR was performed
using Universal SYBR Green PCR Master Mix or Taq-
Man Universal Master Mix on Applied Biosystems
(Foster City, CA) Step One Plus real-time PCR system in
the presence of gene-specific primers. The list of primers
utilized in this study is provided in Table 1. Indicated
primary cells and cell lines were lysed in ice-cold radi-
oimmunoprecipitation assay buffer containing protease
and phosphatase inhibitors. Protein concentration was
measured by the bicinchoninic acid protein assay. An
equal amount of protein samples was electrophoresed
using 8% or 4% to 15% Mini-PROTEAN TGXTM pre-
cast gels (Bio-Rad) and transferred to nitrocellulose
membranes. The membranes were blocked with 5%
nonfat dry milk or 5% bovine serum albumin in Tris-
buffered saline with Tween 20 for 1 hour at room tem-
perature. These blots were further incubated with primary
antibodies diluted in 5% bovine serum albumin in Tris-
buffered saline with Tween 20. After overnight incuba-
tion, primary antibodies were removed by washing with
Tris-buffered saline with Tween 20. These blots were
incubated for 1 hour at room temperature in horseradish
peroxidaseeconjugated secondary antibodies. Blots were
visualized using enhanced chemiluminescence Western
Blotting Substrate. The densitometry analyses were
performed utilizing ImageJ software. The primary
antibodies were used at the following dilutions: HIF1a
(1:1000); STAT1, STAT3, phosphorylated STAT1,
and phosphorylated STAT3 (1:2500); and b-actin
(1:5000).

Polar Metabolite Profiling by Liquid
ChromatographyeMass Spectrometry

Targeted polar metabolite profiling was performed as
described before.23 Briefly, macrophages after indicated
treatments were washed with sterilized 0.9% NaCl and
incubated with extraction buffer [80% methanol, 20%
H2O plus isotopically labeled internal standards (MSK-
A2-1.2; Cambridge Isotope Laboratories)]. Cells were
harvested by scraping and were subjected to vortexing for
10 minutes at 4�C, and the debris was pelleted by a 10-
minute spin at 18,000 � g. The supernatant was then
transferred to a new tube and dried under nitrogen. Dried
polar samples were resuspended in 100 mL water, and 2
mL was injected into a ZIC-pHILIC 150 � 2.1-mm (5-mm
The American Journal of Pathology - ajp.amjpathol.org
particle size) column. The analysis was conducted on a
QExactive benchtop Orbitrap mass spectrometer equip-
ped with an Ion Max source and an HESI II probe, which
was coupled to a Dionex UltiMate 3000 UPLC system
(Thermo Fisher Scientific). External mass calibration was
performed using the standard calibration mixture every 7
days. Chromatographic separation was achieved using the
following conditions: buffer A was 20 mmol/L ammo-
nium carbonate and 0.1% ammonium hydroxide; and
buffer B was acetonitrile. The column oven and auto-
sampler tray were held at 25�C and 4�C, respectively.
The chromatographic gradient was run at a flow rate of
0.150 mL/minute as follows: 0 to 20 minutes: linear
gradient from 80% to 20% B; 20 to 20.5 minutes: linear
gradient from 20% to 80% B; 20.5 to 28 minutes: hold at
80% B. The mass spectrometer was operated in full-scan,
polarity switching mode with the spray voltage set to 3.0
kV, the heated capillary held at 275�C, and the HESI
probe held at 350�C. The sheath gas flow was set to 40
units, the auxiliary gas flow was set to 15 units, and the
sweep gas flow was set to 1 unit. The data acquisition was
performed over a range of 70 to 1000 m/z, with the res-
olution set at 70,000, the automatic gain control target at
10e6, and the maximum injection time at 20 milliseconds.
Relative quantitation of polar metabolites was performed
with XCalibur QuanBrowser 2.2 (Thermo Fisher Scien-
tific) using a 5 ppm mass tolerance and referencing an in-
house library of chemical standards. Metabolite levels
were normalized to the total protein amount for each
condition.

Transient Transfection, Luciferase Assay, and ChIP
Analysis

Wild-type mice BMDMs were transfected with indicated
siRNA using the Lipofectamine reagent, according to the
manufacturer’s instructions. These transfected BMDMs
were stimulated with cytokines and subjected to specified
analyses. RAW264.7 cells were transfected with HIF1a
promoter-driven luciferase reporter plasmid in the presence
and absence of Stat3-specific siRNA. These cells were
stimulated with indicated cytokines, and luciferase reporter
activity was measured and normalized according to the
manufacturer’s instructions. Results are presented as relative
luciferase fold change over the control group (cells treated
with phosphate-buffered saline).

Chromatin immunoprecipitation (ChIP) analyses were per-
formed using the EZ-Magna ChIP G kit (Millipore-Sigma),
according to the manufacturer’s instruction. Briefly, BMDMs
derived from wild-type mice were separately stimulated with
LPS or IFN-g. ChIP analyses were performed using the
anti-STAT3 antibody. Chromatin samples from these experi-
ments were analyzed by real-time quantitative RT-PCR (for-
ward: 5-TGTATGTGTGTGTGAGTGTGTTTG-3; reverse:
5-CAGGTACATGCTGGCTCACT-3). ChIP, performed
using isotype IgG, was used as a negative control.
1121
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Figure 1 Myeloidehypoxia-inducible factor-1a (HIF1a) deficiency attenuates carotid artery stenosis. A and B: Histologic analyses of control and ligated
carotid arteries of Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre mice. A and B: Representative cross-sections of control and ligated (28 days) carotid arteries with
hematoxylin-eosin (A) and elastin (B) staining. CeF: The quantitative analyses of Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre mice carotid luminal area (C), neointimal
area (D), medial area (E), and total vessel area (F) of control and ligated groups. Data were analyzed by analysis of variance, followed by Bonferroni post-
testing. Values are reported as means � SD (CeF). n Z 8 (AeF). **P < 0.01, ***P < 0.001. Scale bar Z 100 mm (A and B).

Kim et al
RNAseq Analysis

Quality control of total RNA samples was assessed using
Qubit (Thermo Fisher Scientific) for quantification and
Agilent 2100 BioAnalyzer (Santa Clara, CA) analysis to
assess quality using a cutoff of RNA integrity number >7.0
to select specimens for further analysis. cDNA library for
RNA sequencing (RNAseq) was generated from 150 ng of
total RNA using the Illumina (San Diego, CA) TruSeq
Stranded Total RNA kit with Ribo Zero Gold for rRNA
removal, according to the manufacturer’s protocol. The
resulting purified mRNA was used as input for the Illumina
TruSeq kit, in which libraries are tagged with unique adapter
1122
indexes. Final libraries were validated on the Agilent 2100
BioAnalyzer, quantified via real-time quantitative PCR, and
pooled at equimolar ratios. Pooled libraries were diluted,
denatured, and loaded onto the Illumina NextSeq 550 Sys-
tem using a high-output flowcell. The aligned reads were
then analyzed with Cufflinks version name 2.2.1 to obtain
gene-level expression data using the GENCODE gene
annotation for mm10 version GRCm38.p6 and reported as
fragments per kilobase per million reads mapped. Differ-
ential expression analysis was also performed, and signifi-
cantly differentially expressed genes were defined using an
adjusted P value <0.05 (false discovery rate corrected).
Gene expression tables for relevant pairwise comparisons
ajp.amjpathol.org - The American Journal of Pathology
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HIF1a in Carotid Artery Stenosis
were analyzed for Gene Set Enrichment Analysis (GSEA)24

using GenePattern version v3.9.11-rc.5 b234 (Broad
Institute, Cambridge, MA). Pathway data sets that were
examined included Kyoto Encyclopedia of Genes and
Genomes and Hallmark gene sets. A gene set was consid-
ered to be significantly enriched using an FWER cutoff
<0.05. Heat maps were generated using ClustVis (latest
release December 20, 2018).25 The sequencing data reported
The American Journal of Pathology - ajp.amjpathol.org
in this article have been deposited in Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
accZGSE131364).

Quantification and Statistical Analysis

All data, unless indicated, are presented as the means � SD.
The statistical significance of differences between the two
1123
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groups was analyzed by t-test or two-way analysis of vari-
ance with Bonferroni multiple comparison tests.

Results

Myeloid-HIF1a Deficiency Attenuates the Pathogenesis
of Carotid Artery Stenosis

Previous experimental and clinical studies have shown that
HIF1a levels are elevated in stenotic arteries.20,26 Therefore,
this study was intended to examine whether myeloid-HIF1a
deficiency alters experimentally induced carotid artery stenosis
in vivo. Accordingly, the carotid artery flow cessation model
was utilized to evaluate the effects of myeloid-HIF1a defi-
ciency on intimal hyperplasia and vascular remodeling. The
morphometric analyses show that myeloid-HIF1aedeficient
mice are highly protected from ligation-induced vascular
remodeling (Figure 1, A and B). Interestingly, carotid artery
flowcessation dramatically reduced the luminal area inLyz2cre/
cre mice and exhibited extensive carotid artery occlusion
(Figure 1C). However, myeloid-HIF1aedeficient mice dis-
played amodest reduction (approximately 50%) in the luminal
area and a partial increase in carotid artery occlusion
(Figure 1C). Furthermore, ligation-induced cessation of ca-
rotid artery blood flow significantly elevated neointimal for-
mation and medial thickening in Lyz2cre/cre mice (Figure 1, D
and E). Surprisingly, myeloid-HIF1aedeficient mice exhibit
significant protection from ligation-induced carotid neointimal
formation and medial thickening (Figure 1, D and E).
Concordantly, Lyz2cre/cremice displayed a substantial increase
in total vessel area compared with myeloid-HIF1aedeficient
mice following carotid artery ligation (Figure 1F). Collec-
tively, these analyses show that myeloid-HIF1a deficiency is
protective against the pathogenesis of carotid artery stenosis
in vivo. Next, studies have examined whether myeloid-HIF1a
deficiency alters cellular components of stenotic carotid ar-
teries in vivo. Accordingly, stenotic and control carotid artery
transverse sections from Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre

mice were examined for vascular smooth muscle cells and
macrophage abundance. The analyses show a profound in-
vestment of vascular smooth muscle cells into neointimal re-
gions of stenotic carotid arteries inLyz2cre/cremice (Figure 2, A
and C). However, myeloid-HIF1aedeficient mice exhibited a
dramatic reduction in vascular smooth muscle cell investment
into neointimal regions of stenotic carotid arteries (Figure 2, A
and C). Interestingly, myeloid-HIF1a deficiency significantly
attenuated macrophage abundance in stenotic carotid arteries
compared with Lyz2cre/cre mice (Figure 2, B and D). Taken
together, these results demonstrate that myeloid-HIF1a defi-
ciency alleviates carotid artery stenosis in vivo.

HIF1a Deficiency Curtails Inflammatory Genes Involved
in Carotid Stenosis

The in vivo analyses demonstrated that myeloid-HIF1a
deficiency significantly attenuated macrophage abundance
The American Journal of Pathology - ajp.amjpathol.org
in stenotic arteries and averted substantial vascular remod-
eling. Therefore, the impact of HIF1a deficiency on in-
flammatory gene expression was assessed. First, the
reduction in HIF1a protein level in Hif1afl/fl:Lyz2cre/cre mice
BMDMs was confirmed by Western blot analysis (Figure 3,
A and B). Previous studies have demonstrated that lipo-
polysaccharides (LPSs) are potent and robust inducers of
inflammatory gene expression in macrophages.27 Therefore,
LPS was utilized to induce expansive changes in signaling
pathways and inflammatory gene expression in macro-
phages. Accordingly, Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre

mice BMDMs were stimulated with LPS, and total RNA
samples were obtained to perform gene expression profiling
studies. To identify signaling pathways that were dysregu-
lated because of HIF1a deficiency, RNAseq data were
subjected to GSEA.24 The analyses show that HIF1a defi-
ciency significantly attenuated hypoxia response, glycolysis,
and tumor necrosis factoreinduced NF-kBeregulated in-
flammatory gene expression in macrophages (Figure 3, C
and D). As shown in Figure 3E, LPS exposure significantly
induced a large number of proinflammatory gene targets in
Lyz2cre/cre mice BMDMs (Figure 3E). However, the in-
duction of these proinflammatory gene targets was signifi-
cantly curtailed in HIF1a-deficient macrophages
(Figure 3E). Furthermore, these observations were validated
on a small subset of inflammatory gene targets by real-time
quantitative PCR analyses. As shown in Figure 3F, LPS
stimulation robustly induced Icam1, Serpine1, Il1a, and
Il1b expression in Lyz2cre/cre mice BMDMs. However, LPS-
induced expression of these gene targets was significantly
curtailed in HIF1a-deficient BMDMs (Figure 3F). Next,
these differentially expressed gene expression profiles were
used as a guide to probe dysregulated inflammatory gene
targets in stenotic carotid artery macrophages. As shown in
Figure 3G, several proinflammatory (Icam1, Serpine1, Il1a,
and Il1b) gene targets were substantially attenuated in
myeloid-HIF1aedeficient carotid artery macrophages.
Collectively, these analyses show that HIF1a deficiency
broadly attenuates critical proinflammatory genes involved
in carotid artery stenosis.

Glycolytic Gene Expression in Stenotic Artery
Macrophages

Previous studies have shown that proinflammatory macro-
phage activation and gene expression are dependent on the
processes of glycolysis.28 Therefore, this study intended to
examine the glycolytic gene expression changes in stenotic
carotid artery macrophages. Interestingly, the GSEA of
RNAseq studies utilizing Hallmark and Kyoto Encyclopedia
of Genes and Genomes gene sets shows that LPS-induced
glycolytic gene expressions were significantly attenuated
in HIF1a-deficient BMDMs (Figure 4, A and B). As shown
in Figure 4C, LPS exposure vigorously elevated the prin-
ciple glycolytic gene expression in Lyz2cre/cre mice
BMDMs. However, the induction of these glycolytic genes
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Figure 6 Impact of hypoxia-inducible factor-1a (HIF1a) deficiency on lipid metabolism and MYC signaling pathways. A: Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre

mice bone marrowederived macrophages (BMDMs) were stimulated with 100 ng/mL lipopolysaccharide (LPS) for 6 hours. Indicated tricarboxylic acid cycle
(TCA) metabolites were quantified by liquid chromatographyemass spectrometryebased targeted metabolomics analyses. B: The oxygen consumption rate
(OCR) of LPS-induced Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre mice BMDMs. CeE: Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre mice BMDMs were stimulated with 100 ng/mL LPS
for 6 hours. CeE: Total RNA extracts were analyzed for expression of MYC targets (Ddx18, Hspe1, and Xrcc6; C), oxidative phosphorylation (Ndufs8, Atp6v1f,
and Uqcrfs1; D), and TCA (Idh2, Mdh1, and Suclg2; E) gene targets by RT-qPCR. F: Total RNA samples from Lyz2cre/cre and Hif1afl/fl:Lyz2cre/cre mice control and
stenotic carotid artery macrophages were analyzed for expression of indicated MYC targets, oxidative phosphorylation, and TCA genes by RT-qPCR. Data were
analyzed by analysis of variance, followed by Bonferroni post-testing. Values are reported as means � SD (AeF). n Z 3 (A and B); n Z 4 (CeE); n Z 6 (F).
*P < 0.05, **P < 0.01, and ***P < 0.001. Ant, antimycin A; FCCP, fluorocarbonyl cyanide phenylhydrazone; Oligo, oligomycin; Rot, rotenone.
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was significantly curtailed in HIF1a-deficient BMDMs
(Figure 4C). Concordantly, HIF1a deficiency significantly
attenuates LPS-induced augmentation of these glycolytic
metabolites in primary macrophages (Figure 4D). Further-
more, real-time quantitative PCR studies show that these
critical glycolytic gene (Glut1, Hk2, Pfkfb3, Pgam1, and
Tpi1) expression levels were significantly attenuated in
LPS-treated HIF1a-deficient BMDMs (Figure 4E). Next,
1128
these differentially expressed glycolytic genes were utilized
as a lead to probe the dysregulated glycolytic gene targets in
stenotic carotid artery macrophages in vivo. As shown in
Figure 4F, the expression of these essential glycolytic genes
(Glut1, Hk2, Pfkfb3, Pgam1, and Tpi1) was significantly
elevated in Lyz2cre/cre mice stenotic artery macrophages. As
anticipated, the induction of these glycolytic genes was
substantially diminished in Hif1afl/fl:Lyz2cre/cre mice stenotic
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 STAT3 signaling supports hypoxia-inducible factor-1a (HIF1a) expression in macrophages. AeD: Wild-type mice bone marrowederived mac-
rophages (BMDMs) were treated with 100 ng/mL lipopolysaccharide (LPS) or 10 ng/mL interferon (IFN)-g for 0 to 6 hours. A and B: HIF1a protein (A) and
mRNA (B) expression levels were analyzed by Western blot analysis and RT-qPCR, respectively. C and D: The expression and phosphorylation status of STAT1 (C)
and STAT3 (D) were analyzed by Western blots. E: Wild-type mice BMDMs were transfected with siControl, siStat1, or siStat3 siRNA. These cells were stimulated
with 100 ng/mL LPS or 10 ng/mL IFN-g for 4 hours. Total protein extracts were analyzed for HIF1a protein expression by Western blot analysis. F and G: Wild-
type and dominant-negative mutant-Stat3 mice BMDMs were stimulated with 100 ng/mL LPS or 10 ng/mL IFN-g for 4 hours. F and G: HIF1a mRNA (F) and
protein (G) expression were analyzed by RT-qPCR and Western blot analysis, respectively. DeF: Data were analyzed by analysis of variance, followed by
Bonferroni post-testing. Values are reported as means � SD (B and F). n Z 4 (CeG). **P < 0.01, ***P < 0.001. PBS, phosphate-buffered saline; pSTAT,
phosphorylated STAT.

HIF1a in Carotid Artery Stenosis
carotid artery macrophages (Figure 4F). Collectively, these
analyses show that myeloid-HIF1a deficiency attenuates
proinflammatory and glycolytic gene expression in stenotic
carotid artery macrophages.

HIF1a Deficiency Augments Lipid Metabolism and MYC
Pathways

It is conceivable that HIF1a could promote proinflammatory
and glycolytic gene expression while repressing anti-
inflammatory and lipid metabolism gene expression in ste-
notic artery macrophages. Therefore, one could hypothesize
that HIF1a deficiency might result in heightened signaling
and metabolic pathways that support anti-inflammatory
macrophage activation. To test this hypothesis, data from
RNAseq studies were subjected to GSEA utilizing Hallmark
and Kyoto Encyclopedia of Genes and Genomes databases.
The American Journal of Pathology - ajp.amjpathol.org
As shown in Figure 5, A and B, gene targets associated with
oxidative phosphorylation, MYC target expression, and
fatty acid metabolism are significantly enriched in HIF1a-
deficient BMDMs following LPS treatment. More impor-
tant, concomitant analyses utilizing Kyoto Encyclopedia of
Genes and Genomes data sets further corroborated the
overrepresentation of oxidative phosphorylation, tricarbox-
ylic acid cycle (TCA), and fatty acid metabolism pathways
in HIF1a-deficient BMDMs following LPS exposure
(Figure 5, C and D). Furthermore, as shown in Figure 5E,
LPS treatment significantly attenuated oxidative phosphor-
ylation, MYC targets, and fatty acid metabolism gene
expression in macrophages. Interestingly, LPS-exerted
repression of these target genes was substantially abro-
gated in HIF1a-deficient macrophages (Figure 5E). More-
over, cellular metabolite analyses following LPS exposure
show that HIF1a deficiency significantly elevated the
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Figure 8 STAT3ehypoxia-inducible factor-1a (HIF1a) axis modulates inflammatory gene expression in macrophages. A: RAW264.7 cells were transfected
with an HIF1a promoter-driven luciferase reporter construct in the presence of control or Stat3-specific siRNA. These cells were stimulated with lipopoly-
saccharide (LPS) or interferon (IFN)-g for 6 hours, and cell lysates were analyzed for luciferase activity. B: Wild-type mice bone marrowederived macrophages
were stimulated with LPS or IFN-g for 4 hours, and chromatin immunoprecipitation analysis was performed on Hif1a promoter (�1041 to �1051) utilizing
anti-STAT3 antibody. CeF: RAW264.7 cells were cotransfected with a combination of Stat3-specific siRNA or oxygen-stable form DHIF1a plasmid and
stimulated with 100 ng/mL LPS for 5 hours. CeF: Total RNA from these experiments was evaluated for expression of Il1a (C), Il1b (D), Icam1 (E), and Serpine1
(F) by RT-qPCR. Data were analyzed by analysis of variance, followed by Bonferroni post-testing. Values are reported as means � SD (AeF). n Z 3 (A and B);
n Z 4 (CeF). **P < 0.01, ***P < 0.001. PBS, phosphate-buffered saline.
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critical TCA and fatty acid oxidation metabolite levels in
macrophages (Figure 6A). Furthermore, LPS-induced
HIF1a-deficient BMDMs exhibited elevated oxygen con-
sumption rates compared with Lyz2cre/cre mice BMDMs
treated with LPS (Figure 6B). Moreover, LPS-induced
HIF1a-deficient BMDMs also show heightened ATP-
linked respiration, proton leak, maximum respiration, and
spare respiration capacity (Figure 6B). Subsequently, the
GSEA observations (Figure 5) were corroborated on a
subset of MYC, oxidative phosphorylation, and TCA gene
targets by real-time quantitative PCR analysis. As shown in
Figure 6, CeE, HIF1a-deficient BMDMs are highly pro-
tected from LPS-exerted repression of MYC targets (Ddx18,
Hspe1, and Xrcc6), and genes involved in oxidative phos-
phorylation (Ndufs8, Atp6v1f, and Uqcrfs1) as well as TCA
(Idh2, Mdh1, and Suclg2). Next, GSEA findings (Figure 5)
were utilized as a pointer to probe dysregulated oxidative
phosphorylation, TCA, and MYC target gene expression in
the stenotic carotid artery macrophages. As shown in
Figure 6F, expression of MYC targets (Ddx18, Hspe1, and
Xrcc6) and genes that facilitate oxidative phosphorylation
(Ndufs8, Atp6v1f, and Uqcrfs1) as well as TCA (Idh2,
Mdh1, and Suclg2) is significantly attenuated in Lyz2cre/cre

mice stenotic artery macrophages. Interestingly, HIF1a
deficiency completely abrogates the repression of these
MYC targets, oxidative phosphorylation, and TCA gene
expression in stenotic artery macrophages. Collectively,
these analyses show that HIF1a deficiency results in limited
repression of MYC targets, oxidative phosphorylation, and
TCA gene expression in the face of inflammatory
challenges.

STAT3 Signaling Supports HIF1a Expression in
Macrophages

Next, studies were designed to identify signaling events that
support HIF1a expression in macrophages. Accordingly,
wild-type mice BMDMs were separately stimulated with
LPS or IFN-g, and total protein extracts were subjected to
Western blot analyses. Proinflammatory agent exposure
elevated HIF1a protein levels in macrophages (Figure 7A).
These observations were also recapitulated at Hif1a mRNA
expression (Figure 7B). Subsequently, the impact of proin-
flammatory agent exposure on the activation of STATs was
examined in macrophages. The results show that LPS or
IFN-g exposure robustly induced STAT1 and STAT3
phosphorylation in macrophages (Figure 7, C and D).
Interestingly, the magnitude of STAT3 phosphorylation
level appears to reflect the HIF1a protein expression in
macrophages. Therefore, studies were designed to examine
whether the silencing of STAT1 or STAT3 expression
altered LPS- or IFN-geinduced HIF1a expression in pri-
mary macrophages. As shown in Figure 7E, the silencing of
STAT1 expression did not attenuate LPS- or IFN-
geinduced HIF1a expression in wild-type mice BMDMs.
However, genetic inhibition of STAT3 substantially
The American Journal of Pathology - ajp.amjpathol.org
attenuated LPS- or IFN-geinduced HIF1a protein levels in
macrophages (Figure 7E). Interestingly, the silencing of
both STAT1 and STAT3 did not offer any additional
repressive effects on LPS- or IFN-geinduced HIF1a
expression in wild-type mice BMDMs (Figure 7E). More
importantly, expression of dominant-negative mutant
Stat329 significantly attenuated LPS- or IFN-geinduced
HIF1a mRNA and protein expression in primary macro-
phages (Figure 7, F and G). Furthermore, analyses show that
the silencing of STAT3 expression significantly attenuated
LPS- or IFN-geinduced HIF1a promoter-driven luciferase
reporter activity in macrophages (Figure 8A). Next, studies
were performed to examine whether STAT3 occupies the
Hif1a promoter following proinflammatory cytokine expo-
sure. As shown in Figure 8B, ChIP analysis demonstrated
that proinflammatory agent treatment significantly elevated
STAT3 accumulation on Hif1a promoter (�1041 to �1051)
in wild-type mice BMDMs. Subsequently, studies were
designed to examine whether inhibition of STAT3 attenu-
ates HIF1a-driven proinflammatory gene expression in
macrophages, and overexpression of HIF1a could reverse
this phenotype. Genetic approaches were utilized to silence
STAT3 (siStat3) and overexpress the oxygen-stable form of
HIF1a (DHif1a-P402A/P564A) in macrophages. Accord-
ingly, RAW264.7 macrophages were transfected with a
combination of siStat3 siRNA and DHif1a plasmid. These
cells were stimulated with LPS, and total RNA derived from
these experiments was analyzed for proinflammatory gene
targets by RT-qPCR analysis. As shown in Figure 8, CeF,
inhibition of STAT3 significantly attenuated LPS-induced
Il1a, Il1b, Icam1, and Serpine1 expression in macro-
phages. Surprisingly, overexpression of oxygen-insensitive
form of HIF1a completely reversed attenuated Il1a, Il1b,
Icam1, and Serpine1 expression in STAT3-deficient mac-
rophages (Figure 8, CeF). Collectively, these studies sup-
port a role for STAT3 signaling in the regulation of HIF1a
and attendant gene expression in macrophages.
Discussion

The central finding of this study is that myeloid-HIF1a
signaling supports carotid artery stenosis by modulating
broad inflammatory and metabolic gene expression in
macrophages. The key observations are as follows: i)
Myeloid-HIF1a deficiency attenuates carotid neointima
formation in vivo. ii) Myeloid-HIF1a deficiency abrogates
vascular smooth muscle cells and macrophage abundance in
stenotic arteries. iii) HIF1a deficiency broadly restrained
proinflammatory and glycolytic gene expression in stenotic
artery macrophages. iv) Genes involved in oxidative phos-
phorylation, TCA, fatty acid metabolism, and MYC target
expression are elevated in HIF1a-deficient macrophages
ex vivo and in vivo. v) STAT3 signaling supports HIF1a and
attendant gene expression in macrophages. Collectively, this
study provides evidence that macrophage-HIF1a deficiency
1131
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curbs carotid artery stenosis by rewiring inflammatory and
metabolic signaling pathways in macrophages.

Previous studies have demonstrated that phenotypes of
infiltrating macrophages influence carotid artery disease
vulnerability in humans.19 In this study, symptomatic patients
expressed elevated levels of proinflammatory genes, including
chemokine (C-C motif) ligand 2, tumor necrosis factor, IL-6,
matrix metalloproteinase 2, and matrix metalloproteinase 9,
in carotid artery macrophages.19 Prior studies have also
implicated HIF1a as an exclusive transcription factor that
supports proinflammatory macrophage activation and func-
tions.21 Besides, HIF1a signaling has been associated with
several physiological and pathophysiological processes,
including but not limited to angiogenesis, arteriogenesis, vas-
culogenesis, and vascular homeostasis.30 Interestingly, previ-
ous studies have shown that flexible guide wireeinduced
vascular injury significantly elevates HIF1a mRNA and pro-
tein expression in injured arteries.26 Indeed, local inhibition of
HIF1a by utilizing siRNA attenuates wire injuryeinduced
VSMC accumulation and neointima formation.26 Likewise,
the current study showed that myeloid-HIF1a deficiency
attenuated ligation-induced neointima formation and broad
vascular remodeling in vivo. Congruent with previous obser-
vations, myeloid or local inhibition of HIF1a significantly
attenuated angioplasty guide wireeinduced neointima for-
mation, VSMCproliferation, andmacrophage accumulation in
injured femoral arteries.31,32 Local expression of classicHIF1a
gene targets is also attenuated in HIF1a-deficient diseased
femoral arteries.31,32 Consistent with these observations,
myeloid-HIF1a deficiency attenuated neointima formation,
medial thickening, and occlusion of carotid arteries in the
current study. In addition, carotid ligation altered inflammatory
and metabolic gene targets regulated by HIF1a. Concordant
with previous studies, inhibition of HIF1a significantly
diminished expression of these genes in stenotic artery mac-
rophages. Analyses by Lambert et al33 demonstrate that local
inhibition ofHIF1a functions by adenoviral-mediated delivery
of dominant-negative HIF1a, which significantly curtailed
balloon injuryeinduced carotid artery pathologic remodeling
in a rat model. Similarly, Qi et al34 observed that angiotensin II
exposure elevated HIF1a mRNA and protein expression in
VSMCs. More important, VSMC-specific deficiency of
HIF1a significantly attenuated angiotensin IIeinduced
vascular wall remodeling in vivo 34 In this context, the cur-
rent report shows that myeloid-specific HIF1a deficiency
attenuated ligation-induced carotid artery stenosis and arterial
wall remodeling in vivo. Furthermore, VSMC-specific defi-
ciency of HIF1a attenuated macrophage recruitment into the
vascular wall as well as proinflammatory gene expression in
angiotensin IIeinduced vascular disease model.34 Concordant
with these observations, this study shows that myeloid-HIF1a
deficiency attenuates macrophage abundance in stenotic ca-
rotid artery walls. In addition, this study also indicates that
myeloid-HIF1aedeficient mice stenotic carotid artery mac-
rophages expressed lower levels of proinflammatory genes
compared with the control group. There is a close relationship
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between macrophage infiltration and the extent of smooth
muscle cell proliferation. Studies by Danenberg et al35 show
that macrophage depletion by bisphosphonate-liposomes at-
tenuates neointima formation after carotid balloon injury,
indicating that macrophage-mediated inflammation augments
VSMC growth. Similarly, macrophage CCR2 depletion ab-
rogates angiotensin IIeinduced vascular hypertrophy because
of the reduction of proliferating VSMCs in the aortic medial
layer.36 Furthermore, chemokine (C-C motif) ligand
2etargeted gene therapy inhibits neointima formation after
balloon injury,37 stenting,38 and vein graft.39 Thus, further
studies are needed to address whether macrophage-HIF1a
signaling alters VSMC function by modulating the chemokine
(C-C motif) ligand 2eCCR2 axis. Previous studies have
implicated STAT3 signaling in VSMCmigration and vascular
wall remodeling.40,41 In this context, the current study shows
that inhibition of STAT3 signaling dwindled cytokine-induced
HIF1a and attendant gene expression in macrophages.
In summary, the observations presented herein highlight

the importance of HIF1a signaling in amending broad in-
flammatory and metabolic response in stenotic carotid artery
macrophages. The in vivo studies showed that myeloid-
HIF1a deficiency significantly alleviates ligation-induced
carotid artery remodeling by altering macrophage and
VSMC functions. Furthermore, the current study also
showed that HIF1a supports proinflammatory and glyco-
lytic gene expression in diseased carotid artery macro-
phages. More importantly, HIF1a facilitated effective
proinflammatory macrophage activation by repressing
oxidative phosphorylation, TCA, fatty acid metabolism, and
anti-inflammatory c-MYC pathways. At the molecular level,
proinflammatory agents utilized STAT3 signaling to elevate
HIF1a expression in macrophages. Furthermore, suppres-
sion of STAT3 signaling significantly diminished HIF1a
and attendant target gene expression in macrophages.
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