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Abstract

Background: Endothelial cells depend on glycolysis for much of their energy production. 

Impaired endothelial glycolysis has been associated with various vascular pathobiologies, 

including impaired angiogenesis and atherogenesis. Interferon-gamma (IFN-γ)-producing CD4+ 

and CD8+ T-lymphocytes have been identified as the predominant pathologic cell subsets in 

human atherosclerotic plaques. While the immunological consequences of these cells have 

been extensively evaluated, their IFN-γ-mediated metabolic effects on endothelial cells remain 

unknown. The purpose of this study was to determine the metabolic consequences of the T­

lymphocyte cytokine, IFN-γ, on human coronary artery endothelial cells (HCAEC).

Methods: The metabolic effects of IFN-γ on primary HCAEC were assessed by unbiased 

transcriptomic and metabolomic analyses combined with real-time extracellular flux analyses 

and molecular mechanistic studies. Cellular phenotypic correlations were made by measuring 

altered endothelial intracellular cyclic guanosine monophosphate (cGMP) content, wound healing 

capacity, and adhesion molecule expression.

Results: IFN-γ exposure inhibited basal glycolysis of quiescent primary HCAEC by 20 % 

through the global transcriptional suppression of glycolytic enzymes resulting from decreased 

basal hypoxia inducible factor 1α (HIF1α) nuclear availability in normoxia. The decrease in 

HIF1α activity was a consequence of IFN-γ-induced tryptophan catabolism resulting in ARNT 

(aryl hydrocarbon receptor nuclear translocator)/HIF1β sequestration by the kynurenine-activated 
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aryl hydrocarbon receptor (AHR). Additionally, IFN-γ resulted in a 23% depletion of intracellular 

NAD+ in HCAEC. This altered glucose metabolism was met with concomitant activation of 

fatty acid oxidation, which augmented its contribution to intracellular ATP balance by over 20%. 

These metabolic derangements were associated with adverse endothelial phenotypic changes, 

including decreased basal intracellular cGMP, impaired endothelial migration, and a switch to a 

pro-inflammatory state.

Conclusions: IFN-γ impairs endothelial glucose metabolism via altered tryptophan catabolism 

destabilizing HIF1, depletes NAD+, and results in a metabolic shift toward increased fatty acid 

oxidation. This work suggests a novel mechanistic basis for pathologic T-lymphocyte-endothelial 

interactions in atherosclerosis mediated by IFN-γ, linking endothelial glucose, tryptophan, and 

fatty acid metabolism with NAD(H) and ATP generation, and their adverse endothelial functional 

consequences.
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INTRODUCTION

Glucose metabolism is fundamental to endothelial cell survival and function, serving as an 

essential source for energy generation, biomass synthesis, and redox hemostasis (reviewed 

in1). Endothelial cells depend on glycolysis for much of their adenosine triphosphate (ATP) 

production, up to 80% even in the presence of abundant oxygen2, 3, and on the pentose 

phosphate pathway for redox balance and nucleotide synthesis. Dysregulated endothelial 

glycolysis has been linked to various vascular pathologies, including atherogenesis4, 

pulmonary hypertension5, and impaired angiogenesis6.

The interface between the immunological and endothelial systems forms a shared 

mechanistic basis for a broad spectrum of diseases, including atherosclerosis. Interferon­

gamma (IFN-γ)-producing CD8+ and CD4+ T helper type 1 cells have been identified 

as the most abundant and prominent pathological immune cell subsets in human carotid 

atherosclerotic plaques correlating with worse clinical outcomes7. IFN-γ has been 

characterized as proatherogenic in mice,8, 9 and has been linked to neointima formation 

in in-stent stenosis10 and allograft vasculopathy11 in humans. While their contributions as 

immune effector cells to atheroma development and progression have been extensively 

studied, the metabolic consequences of their actions, and of IFN-γ in particular, on 

endothelial cells remain unknown.

Here, we study the metabolic effects of IFN-γ on human coronary artery endothelial 

cells (HCAEC) with unbiased transcriptomic and metabolomic analyses. Given that most 

systemic vascular beds affected by atherosclerosis are non-proliferating in the absence 

of significant hypoxic stress, our study focuses on how basal metabolism of quiescent 

endothelial cells is altered by IFN-γ exposure in normoxia. We demonstrate that IFN-γ 
exposure results in significant impairment of basal endothelial glucose metabolism via 

altered tryptophan metabolism with downstream inhibition of HIF1 activity resulting from 
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AHR activation by the tryptophan catabolite, kynurenine. These effects are accompanied by 

concomitant intracellular NAD+ depletion and heightened endothelial oxygen consumption 

from accelerated fatty acid oxidation, and are associated with endothelial dysfunction. 

These metabolic derangements and their associated pathologic phenotypic changes present 

a novel mechanistic link between the endothelial cell and T-cell-dependent, IFN-γ-mediated 

cardiovascular pathobiology.

METHODS

An expanded methods section is provided in the Supplemental Material.

Data Availability

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

No animal experiments were included in this study. While we used human cells, they were 

purchased from a vendor, Lonza; were anonymous with respect to donor; and for which IRB 

review was not required.

Cell culture and treatments

Primary human coronary artery endothelial cells (HCAEC) (Lonza) were cultured in 

Endothelial Cell Growth Basal Medium-2 supplemented with EGM-2 Microvascular 

Endothelial Cell Growth Medium-2 BulletKit without antibiotics unless otherwise specified 

at 37°C with 5 % CO2. Glucose concentration of this medium was 1.0 g/L (5.5 mM) 

unless otherwise indicated. Low and high glucose media were prepared using the basal 

medium containing no glucose (Cell Biologics) with the above BulletKit supplemented 

with glucose (Boston Bioproducts) at 2.5 mM and 25 mM, respectively. For studying the 

effects of tryptophan depletion, confluent HCAECs were incubated with the Dulbecco’s 

Modified Eagle Medium (DMEM) containing 1.0 g/L of glucose and deficient in tryptophan 

(Thermo Fisher Scientific) with or without exogenous tryptophan supplementation (16.0 

mg/L; Sigma) equivalent to the concentration in the standard DMEM formulation. The 

cells had been prepared commercially from deceased adult male and female donors ranging 

in age from 46 – 55 yr without diabetes or known cardiac diseases whose causes of 

deaths were non-cardiac. All experiments were performed with cells grown to confluence 

between passages five and seven before being treated with human recombinant IFN-γ (R&D 

Systems; 1–50 ng/mL) in vitro for the durations specified. For the real-time extracellular 

flux assays and high performance liquid chromatography (HPLC) measurements of ATP 

and ADP, only passage six cells were used. For indoleamine-2,3, -dioxygenase 1 (IDO1) 

inhibition, cells were co-treated with 1-methyltryptophan (1-MT) (Sigma-Aldrich; 1, 3, 5 

mM) and IFN-γ at 50 ng/mL for 24 h. For poly (ADP-ribose) polymerase inhibition, cells 

were pretreated with 3-aminobenzamide (3-AB) (Sigma-Aldrich; 5 mM) for 1 h prior to 24 

h of IFN-γ treatment. For NAD precursor supplementation, nicotinamide mononucleotide 

(NMN) was added at 0.5 mM to cells pre-treated with IFN-γ for 24 h for an additional 

24 h before measuring intracellular NAD(H). For fatty oxidation (FAO) inhibition, 2[6(4­

chlorophenoxy)hexyl]oxirane-2-carboxylate (etomoxir) (Cayman; 10 μM) was added during 
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the last hour of 24 h of IFN-γ treatment at 50 ng/mL. For hypoxia studies, cells were treated 

for 24 h with 1 % O2, 5 % CO2, with N2 balance, at 37°C in a hypoxia chamber glove box 

with or without IFN-γ at 50 ng/mL.

Statistical Analyses

Statistical analyses were carried out with GraphPad Prism 8. Data represent mean ± standard 

error of the mean (SEM) from at least 3 independent experiments as specified. Normal 

distribution was assessed by the Shapiro-Wilk test. Homogeneity of variances was assessed 

by the F-test or Brown-Forsythe test. For normally distributed data, two-tailed Student’s 

t-test or Welch’s t-test (for unequal variances) was used for 2-group analyses; and one- or 

two-way ANOVA with post hoc Bonferroni’s, Tukey’s, or Sidak’s multiple comparisons 

test or Welch’s ANOVA test (for unequal variances) with post hoc Dunnett’s T3 multiple 

comparisons test was used for multi-group analyses, as specified. For data that deviate from 

a normal distribution, the Mann-Whitney U test or Wilcoxon matched-pairs signed-rank test 

was used for 2-group analyses; and the Kruskal-Wallis test with post hoc Dunn’s multiple 

comparisons test was used for multi-group analyses. One-sample t-test was used to analyze 

the fold changes in normalized protein densitometric analysis data or intracellular cGMP as 

specified. p < 0.05 was used to define statistical significance.

RESULTS

Interferon-γ impairs basal glycolysis in human coronary artery endothelial cells (HCAEC)

IFN-γ exposure to confluent, resting HCAEC for 24 h in vitro in culture medium containing 

physiological glucose concentration (5.5 mM) resulted in a 20 % decrease in basal 

extracellular acidification rate (ECAR) (p = 0.006) measured by the real-time extracellular 

flux assay, indicating decreased endothelial glycolytic activity (Figure 1A). Consistent with 

this finding, a 27% decrease in intracellular lactate was observed (p = 0.010) (Figure 1B).

HCAEC exposed to IFN-γ had significantly reduced intracellular glucose transport in vitro 
as demonstrated by a 20% decrease in the fluorescent glucose analogue 2-NBDG uptake 

(Figure 1C–D). Similarly, many of the intracellular intermediates in glycolytic pathways 

measured by LC-MS, including fructose-1,6-bisphosphate, dihydroxyacetone phosphate, 

glyceraldehyde 3-phosphate, phosphoenolpyruvate, and pyruvate, were significantly 

decreased after 24 h of IFN-γ exposure throughout (Figure 1E–I). Taken together, these 

findings indicate that IFN-γ impairs endothelial glycolysis (Figure 1O). Similarly, impaired 

glycolysis was observed in the absence of serum or growth factor supplementation to 

the culture medium and, in addition, in low–glucose medium (2.5 mM) (Figure I in the 

Supplement).

IFN-γ induces global suppression of endothelial glycolytic enzyme gene expression

Given the notable suppression of basal glycolysis, including glucose uptake and pyruvate-to­

lactate conversion, we hypothesized that IFN-γ impairs glycolysis via inhibition of multiple 

glycolytic enzymes at the transcriptional level. Indeed, expression of both solute carrier 

family 2 member 1 (SLC2A1) and lactate dehydrogenase A (LDHA), the genes encoding 

the enzymes regulating glucose uptake and pyruvate-to-lactate conversion, respectively, was 
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suppressed after 24 h of IFN-γ exposure in vitro, each by over 40% (p = 0.0008 and 0.0286, 

respectively) (Figure 1J–K). LDHA protein expression was similarly decreased (Figure 1L–

M). Additionally, RNA sequencing analysis of HCAEC following 24 h of IFN-γ exposure 

was notable for suppression of the expression of the majority of the glycolytic enzymes 

(Figure 1N), further supporting the conclusion that IFN-γ interferes with endothelial glucose 

metabolism at the level of transcription (Figure 1O).

IFN-γ accelerates tryptophan catabolism resulting in an intracellular kynurenine surge in 
HCAEC

Given the significant alterations in endothelial glucose metabolism induced by IFN-γ, 

we next sought to obtain a more global assessment of the landscape of different cellular 

metabolic pathways by targeted LC-MS analysis of 144 common intracellular metabolites 

extracted from HCAEC treated with IFN-γ for 24 h in vitro (Figure 2A). We observed a 

decrease in intracellular tryptophan by up to 78% (p < 0.0001) (Figure 2B) following 24 h of 

IFN-γ exposure with robust antiparallel accumulation of kynurenine (the first major stable 

metabolite of tryptophan catabolism) by 720% compared with untreated control (p < 0.0001) 

(Figure 2C). We also observed concomitant increases in mRNA and protein expression of 

indoleamine-2, 3, -dioxygenase 1 (IDO1), an IFN-γ-activated enzyme catalyzing tryptophan 

degradation to kynurenine (Figure 2D–E). Increasing IDO activity over time was suggested 

by a time-dependent increase in the intracellular kynurenine-to-tryptophan ratio (Figure 2F). 

These findings are consistent with prior reports of tryptophan depletion in non-coronary 

artery endothelial cells upon IFN-γ exposure12–14.

To understand better the functional consequences of tryptophan depletion on endothelial 

cells, confluent HCAECs were incubated in DMEM deficient in tryptophan with or 

without exogenous tryptophan supplementation for 24 h followed by assessment of 

changes in endothelial adhesion molecule expression and migratory capacity. Exposure 

to the tryptophan-deficient medium resulted in a pro-inflammatory phenotype with robust 

upregulation of ICAM (p = 0.0005) and VCAM (p = 0.0083) gene expression (Figure 

2G–H) and a significant impairment in HCAEC migratory capacity following mechanical 

(scratch) injury to the endothelial monolayer (Figure 2I; Figure II in the Supplement).

IFN-γ activates AHR and promotes its dimerization with ARNT/ HIF1β with a concomitant 
decrease in nuclear HIF1α

Kynurenine is an endogenous ligand for the intracellular transcription factor, aryl 

hydrocarbon receptor (AHR)15. Upon ligand- and non-ligand-specific activation, AHR 

translocates to the nucleus, dimerizes with aryl hydrocarbon receptor nuclear translocator 

(ARNT)/ hypoxia-inducible factor 1 beta (HIF1β) (henceforth referred to as ARNT), and 

binds to the xenobiotic response element [XRE; also known as the dioxin response element 

(DRE)] to regulate downstream target gene transcription16. Following IFN-γ treatment 

and the subsequent intracellular kynurenine surge in HCAEC, we detected an increase in 

AHR protein expression in endothelial nuclei and nuclear extracts (Figure 3A–C). This 

increase in nuclear AHR was accompanied by downstream transcriptional activation of its 

canonical target genes, such as cytochrome P450 family 1 subfamily B member 1 (CYP1B1) 

with an over 27-fold change in its mRNA expression (Figure 3D). Given that ARNT is 
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a shared binding partner for AHR and HIF1α and necessary for their stabilization and 

activity as transcription factors17, 18, we hypothesized that AHR activation and nuclear 

translocation by the IFN-γ-induced kynurenine increase leads to sequestration of the limited 

nuclear ARNT and, as a consequence, destabilizes residual HIF1α in normoxia (Figure 

3H). Such competition between HIF1α and AHR (activated by an exogenous agonist) has 

been demonstrated in other endothelial cell types in hypoxia19. We further hypothesized this 

mechanism likely would explain IFN-γ-induced transcriptional suppression of SLC2A1 and 

LDHA expression— both well-characterized HIF1 target genes—as well as the decreases 

in the expression of other glycolytic enzymes. We found that IFN-γ treatment of HCAEC 

for 38 h in normoxia resulted in significant HIF1α destabilization with a 29 % decrease in 

total nuclear protein expression (p = 0.012), while total nuclear ARNT remained unchanged 

(Figure 3C). A similar and significant decrease in nuclear HIF1α was noted with IFN-γ 
treatment in hypoxia (1% O2), although the extent of HIF1α destabilization was somewhat 

less (17 %) (data not shown). Co-immunoprecipitation analysis (Figure 3E–G) comparing 

the relative quantities of ARNT-bound HIF1α and ARNT-bound AHR in nuclear extracts 

following the same IFN-γ exposure showed a 30% decrease in ARNT-bound HIF1α/ARNT­

bound AHR when compared to untreated controls (p = 0.036). Consistent with the decreased 

nuclear HIF1α availability by IFN-γ, IFN-γ abrogated cobalt chloride (CoCl2)-induced 

HRE-luciferase reporter activity in HCAECs (Figure 3I) and suppressed another canonical 

HIF1 target gene expression, VEGFA, by more than 50 % (Figure 3J).

IFN-γ exposure results in widespread suppression of HIF1 target gene expression in 
HCAEC

Downstream of IFN-γ-induced HIF1α destabilization in quiescent HCAEC in normoxia, 

we found global suppression of HIF1 target gene expression (Figure III in the Supplement; 

Table I in the Supplement). In addition to the significant decreases in the expression of 

genes encoding almost all of the glycolytic enzymes, other markedly suppressed genes 

involve broad aspects of endothelial cell survival and function, including cell growth 

and viability, with a 51% decrease in insulin-like growth factor (IGF2) and its binding 

protein (IGFBP) isotypes, as well as a 22% decrease in cyclin-dependent kinase inhibitor 

(CDKN1). Additionally, there were decreases in the expression of genes involved in vascular 

remodeling [transforming growth factor beta (TGFB)], vasomotor tone [adrenomedullin 

(ADM), adrenoceptor alpha 1B (ADRA1B)], thrombosis [serpin family E member 1 

(SERPINE1)], and heme [(heme oxygenase 1 (HMOX1)] and iron metabolism [transferrin 

receptor (TFRC)].

IFN-γ-induced suppression of endothelial glycolytic genes is mediated by IDO1-AHR-HIF1 
pathway interactions

In order to link further IFN-γ-induced activation of IDO1-kyneurenine-AHR pathways 

and concomitant HIF1α destabilization with IFN-γ-induced suppression of glycolytic 

enzyme gene expression, we carried out a series of targeted gene silencing and/or 

pharmacological inhibition studies specific to each pathway. Pharmacological inhibition 

of IDO1 by 1-methyltryptophan (1-MT) abrogated IFN-γ-induced suppression of SLC2A1 
gene expression (Figure 4A) and partially attenuated suppression of LDHA (Figure 4B) 

in HCAEC. Similarly, gene silencing of AHR attenuated IFN-γ-induced suppression of 
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LDHA gene expression (Figure 4C–D; Figure IV in the Supplement). Lastly, silencing 

of the von Hippel-Lindau tumor suppressor gene (VHL)20 successfully stabilized nuclear 

HIF1α protein expression in normoxia (Figure 4E) beyond that of the control siRNA-treated 

sample, and abrogated the IFN-γ-induced suppression of LDHA gene expression (Figure 

4F–G; Figure IV in the Supplement; Table II–III in the Supplement).

IFN-γ depletes basal intracellular NAD(H) in HCAEC

Nicotinamide adenine dinucleotide (NAD+) and its reduced form (NADH) are essential 

elements of cellular bioenergetics and redox homeostasis, serving not only as cofactors for 

glycolysis but also as important regulators of glycolysis and intracellular signaling [reviewed 

in21]. IFN-γ exposure resulted in a significant dose-dependent depletion of intracellular 

NAD(H) by 20 % (p = 0.0078) (without a significant change in the NAD+/NADH ratio) 

(Figure 5A–B). These findings were contrary to our initial expectation that the IFN-γ­

induced intracellular kynurenine surge would promote de novo NAD+ synthesis and increase 

total intracellular NAD(H). Pretreatment of HCAEC with 3-aminobenzamide (3-AB), an 

inhibitor of poly (ADP-ribose) polymerase (PARP), completely prevented IFN-γ-induced 

depletion of intracellular NAD(H) (Figure 5A), suggesting such NAD+ depletion is largely 

driven by PARP activation. Of note, no significant differences in cell viability were noted 

between the IFN-γ-treated cells and untreated controls. Supplementation with the NAD+ 

precursor, nicotinamide mononucleotide (NMN), also effectively restored the intracellular 

NAD(H) level following IFN-γ exposure (Figure 5C).

With marked impairment of glycolysis and NAD(H) depletion, we next hypothesized that 

total intracellular energy balance would be impaired. Interestingly, ATP/ADP and ATP/AMP 

ratios were unchanged with IFN-γ (Figure 5D–E), raising a question as to the nature 

of alternative metabolic pathways and energy source(s) that compensate for impaired 

glycolysis.

IFN-γ results in endothelial metabolic reprogramming to augment fatty acid oxidation

Indeed, despite the inhibition of glycolysis by IFN-γ resulting in a marked depletion 

of intracellular pyruvate (Figure 1I), a 23% increase in basal mitochondrial oxygen 

consumption rate (OCR) or oxidative phosphorylation (OXPHOS (defined as [basal OCR] 

– [OCR after antimycin A and rotenone injection]) was noted with IFN-γ (p = 0.0032) 

(Figure 6A). This finding was independent of the presence of serum or growth factor 

supplementation in the basal medium (Figure IB–C in the Supplement). Furthermore, 

there was a 30% increase in mitochondrial respiration associated with ATP production 

(ATP-linked OCR; defined as [basal OCR]-[OCR following oligomycin injection]) (p 
= 0.0021) (Figure 6B). Overall, there was a significant shift away from glycolysis to 

oxidative phosphorylation in basal endothelial metabolism following IFN-γ exposure as 

demonstrated by an increased basal mitochondrial OCR-to-ECAR ratio (Figure 6C) and 

a left- and upward-shift in the representative ECAR-OCR plot (Figure 6D). This finding 

raised the important issue of the identity of the alternative fuel source(s) that supplies the 

mitochondrial electron transport chain in the face of impaired glucose metabolism.
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In contrast to the global transcriptional suppression of glycolytic enzymes by IFN-γ 
(Figure 1N), the gene expression levels of multiple key enzymes regulating fatty acid 

oxidation (FAO) were significantly elevated in HCAEC treated with IFN-γ (Figure 6E). 

These included up to a 450% increase in acyl-CoA synthetase long chain family members 

(ACSL) expression as well as a 57% increase in acyl-CoA dehydrogenase medium 

chain (ACADM) expression. In order for an activated cytosolic long chain fatty acid 

to cross the mitochondrial inner membrane for oxidation, transfer of its acyl moiety to 

carnitine (acyl-carnitine) by carnitine palmitoyl transferase I (CPT1) is required. Once 

in the mitochondrial matrix, the acyl group of the fatty acid is transferred to CoA 

(fatty acyl-CoA), which is subsequently oxidized to generate ATP. There was a 47% 

decrease in intracellular butyrylcarnitine, an acyl-carnitine, in IFN-γ-treated HCAEC as 

well as a similarly decreasing trend in propionylcarnitine (Figure 6F–G). Together with the 

transcriptional activation of multiple FAO enzymes, such a decrease in precursors to fatty 

acyl-CoAs was consistent with increased FAO in IFN-γ-treated HCAEC. This metabolic 

shift from glycolysis to FAO was accompanied by earlier activation of AMP-activated 

protein kinase (AMPK) by IFN-γ (Figure 6H–I).

Upon pharmacologic inhibition of CPT1 (etomoxir), the rate limiting FAO enzyme, IFN-

γ-treated HCAEC could no longer augment basal OXPHOS (Figure 6J) or ATP-linked 

mitochondrial OCR (Figure 6K). Similarly, gene silencing of CPT1A attenuated the IFN-γ­

induced increase in OXPHOS (Figure VA–C in the Supplement).

Furthermore, inhibition of FAO disrupted intracellular energy balance in IFN-γ-treated 

cells as noted by over 20% reduction in the ATP/ADP ratio (Figure 6L–M), supporting 

the novel role of FAO in maintaining endothelial intracellular energy balance in the face 

of IFN-γ-induced impaired glucose metabolism. Of note, no transcriptional activation of 

the enzymes involved in glutaminolysis or significant changes in intracellular glutamine or 

glutamate levels were observed with IFN-γ treatment (Figure VD–F in the Supplement), 

eliminating this amino acid pathway from consideration as an alternate energy source.

IFN-γ exposure depletes basal endothelial cyclic guanosine 5ʹ-monophosphate (cGMP) 
and impairs endothelial proliferative and migratory capacity

Metabolic derangements induced by IFN-γ treatment were accompanied by unfavorable 

phenotypic changes in HCAEC. Endothelial dysfunction in association with cGMP-nitric 

oxide (NO) insufficiency has been well established as an important correlate of heightened 

cardiovascular risk22 and deemed a precursor to coronary artery atherogenesis23. Twenty­

four h of IFN-γ exposure at 50 ng/mL resulted in a 29 % reduction in basal intracellular 

cGMP in HCAEC (p = 0.0247) (Figure 7A–B). This reduction was observed despite the 

increased phosphorylation of the serine 1177 residue of endothelial nitric oxide synthetase 

(eNOS) (Figure VIA–D in the Supplement) consistent with recent examples of discordance 

between eNOS phosphorylation in human umbilical vein endothelial cells (HUVEC) and 

nitric oxide formation24. Total eNOS protein expression did not change (Figure VIE–F in the 

Supplement).

Similar to the effect of tryptophan depletion (Figure 2I; Figure II in the Supplement), 15 

h of IFN-γ exposure resulted in impaired healing of an endothelial monolayer following 
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mechanical (scratch) injury, a process dependent on endothelial proliferative and migratory 

function (p = 0.0098) (Figure 7C–G), and consistent with prior reports of the anti-angiogenic 

effect of IFN-γ25.

DISCUSSION

In the present study, IFN-γ impaired coronary artery endothelial glucose metabolism by 

glycolysis inhibition--via accelerated tryptophan catabolism--and NAD(H) depletion while 

activating fatty acid oxidation. Without FAO upregulation, IFN-γ-exposed-HCAEC suffered 

a significant intracellular energy deficit, which highlights the novel role of endothelial FAO 

in preserving overall intracellular energy balance in the face of T-cell-mediated endothelial 

metabolic derangements induced by this cytokine. These metabolic changes were associated 

with pathological endothelial phenotypic changes, including intracellular cyclic GMP 

depletion and impaired migration and proliferation. To the best of our knowledge, this is the 

first report of the metabolic shift from glucose utilization to FAO in any cell type induced 

by IFN-γ, a major cytokine in human atheroma as well as in anti-viral, anti-tumor, and 

autoimmune milieux.

Studies have established glycolysis as essential for endothelial survival, proliferation, and 

angiogenesis6, 26. While studies linking impaired glycolysis with vascular pathologies 

centered on the inhibition or insufficiency of specific glycolytic regulators, especially 

PFKFB35, 6, IFN-γ treatment of quiescent HCAEC in normoxia in the present study 

resulted in a far more extensive (global) suppression of nearly all glycolytic enzymes at 

the transcriptional level with a correlative decline in associated intracellular metabolites. 

Suppression of glycolysis by IFN-γ was specific to endothelial cells, in striking contrast 

to their neighboring macrophages in atheroma in which IFN-γ promotes glycolysis and a 

switch to a pro-inflammatory phenotype27. To the best of our knowledge, the only other 

biological context wherein IFN-γ resulted in a similar directional change in glycolysis as in 

endothelial cells involves Chlamydia trachomatis-infected epithelial cell lines28.

The role of HIF as a major regulator of endothelial function and metabolism has been 

established first in hypoxia29–31 with now growing appreciation of its role in normoxia32–34. 

The biological consequences of IFN-γ-induced loss of tonic HIF activity in diseased 

and non-diseased endothelial cells are likely system-wide—well beyond its implications 

in atherobiology35–37--either as a direct sequela of disrupted glucose metabolism or via 

impaired transcriptional activation of the multitude of genes governing important aspects 

of endothelial function (Figure III in the Supplement). It is also important to note that 

endothelial glucose metabolism is regulated by closely intertwined networks of numerous 

transcription factors and signaling pathways in addition to HIF, including, but not limited to, 

MYC, mammalian targets of rapamycin (mTOR), AMPK, Kruppel-like factors (KLF), and 

their interactions1.

Maintenance of intracellular NAD(H) balance is tightly regulated and indispensable for 

cellular bioenergetics. Despite robust activation of the rate-limiting step for de novo NAD+ 

synthesis, IFN-γ resulted in a net 20 % depletion in total intracellular NAD(H) driven 

largely by PARP activation by IFN-γ similar to that observed in cancer cell lines38 and 
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peripheral blood mononuclear cells39. While IFN-γ-induced cellular apoptosis has been 

reported in various biological contexts, the exact mechanism by which IFN-γ induces 

PARP activation remains incompletely understood. The consequences of NAD+ depletion in 

relation to glucose metabolism are several-fold. In addition to creating cofactor deficiency 

for multiple glycolytic enzymes, NAD+ depletion alone can result in PARP activation40, 

which, in turn, can inhibit glycolysis further independent of NAD+ via PARPylation of 

HK141, 42. In the present study, pretreatment of HCAECs with a PARP inhibitor blocked 

IFN-γ-mediated NAD+ depletion, suggesting that the increased PARP activity was driven 

by IFN-γ first and not a mere consequence of the NAD+ depletion that ensued. The current 

study highlights a PARP-mediated degradation mechanism, but it is worth noting that total 

intracellular NAD(H) reflects the summation and complex cross-regulation of major NAD+ 

biosynthesis pathways and degradation pathways [reviewed in21] as demonstrated by our 

ability to restore intracellular NAD(H) by NMN following IFN-γ exposure.

Unexpectedly, conserved intracellular ATP/ADP balance was found in this study despite a 

substantial impairment of glycolysis and NAD(H) loss following IFN-γ-exposure. Further 

investigation of compensatory metabolic pathways led to the identification of novel 

effects of IFN-γ on endothelial FAO and a role for fatty acids in fueling ATP-coupled 

mitochondrial respiration. While IFN-γ had been noted to promote adipocyte lipolysis43 and 

modulate fatty acid incorporation in monocyte and macrophage membrane phospholipids44, 

its role in promoting FAO as an alternative fuel source has not been previously described.

Endothelial FAO had been known mostly for non-exergonic roles, such as cell fate45, 

proliferation and vessel sprouting46–48, vascular permeability48, nucleotide synthesis47, 

and redox homeostasis49. Undiminished intracellular ATP/ADP despite FAO inhibition in 

basal quiescent HCAEC in the present study (in the absence of IFN-γ) is consistent with 

the current understanding that FAO provides minimal contribution to basal endothelial 

energy balance49. More than 20% loss of the intracellular ATP/ADP resulting from acute 

CPT1 inhibition in IFN-γ-exposed HCAEC, however, signifies that IFN-γ-augmented 

endothelial FAO’s contributes to overall cellular bioenergetics in the face of disrupted 

glucose utilization. Complete50 or partial51 extracellular glucose deprivation in culture 

media had been shown to increase FAO in HUVEC or bovine aortic ECs, respectively. Our 

observation is especially intriguing because the endothelial metabolic shift from glycolysis 

to FAO occurred without a glucose deficit, being purely driven by IFN-γ. We propose 

IFN-γ creates a relative hypoglycemic or starvation state in the intracellular compartment 

in HCAEC via inhibition of glucose uptake and glycolysis, requiring that the cell resort to 

an alternative fuel source even with abundant extracellular glucose available. The AMPK 

activation we observed in these cells likely contributes to facilitating this metabolic shift. 

The extent of intracellular ATP/ADP (21%) balance contributed by FAO in IFN-γ-treated 

HCAECs closely matched the 20% decrease in glycolytic activity resulting from IFN-γ. 

This finding illustrates the tightly regulated, yet highly fluid, crosstalk between multiple 

metabolic pathways coexisting within a single cell type where perturbation in one pathway 

has widespread impact on others (Figure 8). The complex interplay between glycolysis and 

FAO has been well described in other tissues and cell types (e.g., the Randle cycle)52, but 

remains incompletely characterized in general and not previously studied in endothelial cells 

in particular.
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The potential clinical implications of endothelial metabolic derangements from chronic 

IFN-γ exposure in atheroma rich in activated T-lymphocytes in ischemic heart disease 

are paramount. NAD+ depletion in other cell types has been demonstrated to result in 

necrotic cell death53. Impaired glycolysis and suppression of growth factor signaling 

likely inhibit collateral vessel formation as demonstrated by the significantly impaired 

endothelial wound healing capacity with IFN-γ. With local ischemia in the setting of 

hemodynamically significant coronary artery luminal stenosis, impaired HIF stabilization by 

IFN-γ-mediated AHR activation would compromise essential cellular adaptive responses 

to hypoxia, while chronically increased endothelial oxygen consumption in the intima 

may exacerbate myocardial ischemia by oxygen “steal” during the delivery of an already 

limited oxygen supply. In addition to the adverse phenotypic consequences of the above 

metabolic pathways, we report for the first time that tryptophan depletion similarly impairs 

the endothelial migratory capacity in vitro while switching HCAEC to a proinflammatory 

phenotype with upregulation of adhesion molecule expression as demonstrated in aortic 

endothelial cells54.

Two prior studies involving different human venous endothelial cell sources (HUVEC) 

have reported contrasting directional changes in intracellular cGMP levels in response to 

IFN-γ55, 56. By contrast, our results in arterial endothelial cells (HCAEC) showing that 

IFN-γ induces a reduction in basal cGMP corroborates and provides mechanistic insight 

into the over three-decades-old seminal observation linking decreased cGMP bioavailability 

to atheroma-laden coronary arteries57. More importantly, this significant loss of basal 

endothelial cGMP likely results in a system-wide disruption of key aspects of vascular 

homeostasis. When combined with the sequelae of the concomitant loss of tonic HIF activity 

and deranged metabolic balance demonstrated in this study, IFN-γ-induced endothelial 

cGMP depletion likely has important clinical consequences especially in the context of 

atherogenesis and its thrombotic and ischemic complications. Chronically decreased NO­

cGMP bioavailability has been clearly associated with an increased risk for atherothrombotic 

diseases and adverse clinical outcomes22, 58.

In summary, IFN-γ impairs basal glycolysis of HCAEC via activation of the IDO­

kynurenine-AHR pathway resulting in decreased HIF1 activity and depletes intracellular 

NAD+ while augmenting fatty acid oxidation as an alternative fuel source (Figure 8). 

We propose such metabolic and phenotypic derangements resulting from pathologic T­

lymphocyte-endothelial interaction as a fundamental mechanism linking adaptive immunity 

and vascular pathobiology.
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Non-standard Abbreviations and Acronyms

3-AB 3-aminobenzamide

ACADM acyl-CoA dehydrogenase medium chain

ACSL acyl-CoA synthetase long chain family members

ADM adrenomedullin

ADP adenosine diphosphate

ADRA1B adrenoceptor alpha 1B

AMPK adenosine monophosphate-activated protein kinase

ATP adenosine triphosphate

AHR aryl hydrocarbon receptor

ARNT aryl hydrocarbon receptor nuclear translocator

CDKN1 cyclin-dependent kinase inhibitor

cGMP cyclic guanosine 5ʹ-monophosphate

CPT1 carnitine palmitoyl transferase I

CYP1B1 cytochrome P450 family 1 subfamily B member 1

DMEM Dulbecco’s Modified Eagle Medium

DRE dioxin response element

ECAR extracellular acidification rate

eNOS endothelial nitric oxide synthetase

FAO fatty acid oxidation

FLT1 fms-related receptor tyrosine kinase

HCAEC human coronary artery endothelial cell

HIF1 hypoxia inducible factor 1

Lee et al. Page 12

Circulation. Author manuscript; available in PMC 2022 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HMOX1 heme oxygenase 1

HUVEC human umbilical vein endothelial cell

ICAM intercellular adhesion molecule

IDO1 indoleamine-2, 3, -dioxygenase 1

IFN-γ Interferon-gamma

IGF2 insulin-like growth factor 1

IGFBP insulin-like growth factor binding protein

KLF Kruppel like factors

LC-MS liquid chromatography mass spectrometry

LDHA lactate dehydrogenase A

1-MT 1-methyltryptophan

MYC MYC Proto-Oncogene, BHLH Transcription Factor

mTOR mammalian targets of rapamycin

NAD(H) nicotinamide adenine dinucleotide

2-NBDG 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose

NMN nicotinamide mononucleotide

NO nitric oxide

OCR oxygen consumption rate

OXPHOS oxidative phosphorylation

PARP poly (ADP-ribose) polymerase

PFKFB gene encoding 6-Phosphofructo-2-Kinase/Fructose-2,6­

Biphosphatase

SERPINE1 serpin family E member 1

SLC2A1 solute carrier family 2 member 1

TBP TATA-box binding protein

TCA tricarboxylic acid cycle

TFRC transferrin receptor

TGFB transforming growth factor beta

VCAM vascular cell adhesion molecule
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VHL von Hippel-Lindau tumor suppressor

XRE xenobiotic response element
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CLINICAL PERSPECTIVE

What is new?

• Interferon-gamma (IFN-γ), a major cytokine in human atheroma secreted 

by CD8+ and CD4+ T-lymphocytes, impairs glucose metabolism of primary 

human coronary artery endothelial cells by inhibiting glycolysis and depleting 

nicotinamide adenine dinucleotide (NAD(H)).

• Glycolysis inhibition by IFN-γ was mediated by hypoxia inducible factor 1α 
(HIF1α) destabilization resulting from tryptophan catabolism to kynurenine 

with downstream sequestration of HIF1β by aryl hydrocarbon receptor and 

was offset by increased fatty acid oxidation to preserve cellular energy 

balance.

• IFN-γ-induced metabolic derangements were accompanied by adverse 

endothelial phenotypic changes, including intracellular cyclic GMP depletion, 

impaired migratory capacity, and increased adhesion molecule expression.

What are the clinical implications?

• Endothelial cells depend on glycolysis for energy, angiogenesis, and survival, 

and its impairment by IFN-γ in atheroma-laden coronary artery endothelium 

likely accelerates atherosclerosis and impairs collateral vessel formation.

• Our metabolomic and transcriptomic analyses demonstrate IFN-γ induces 

widespread perturbations across a network of metabolic pathways (glycolysis, 

NAD(H), tryptophan, and fatty acid metabolism) and regulatory and signaling 

pathways (HIF1, AMPK, NO-cGMP) essential for vascular homeostasis and 

function, highlighting the fluid crosstalk between, and cross-regulation of, 

multiple endothelial metabolic pathways in CAD.

• This study provides a novel pathobiological mechanism linking T-cell 

activation and CAD through endothelial metabolic derangements by IFN-γ.
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Figure 1. IFN-γ impairs basal glucose metabolism in HCAEC via global transcriptional 
suppression of glycolytic enzymes
A, Real time extracellular flux analysis of extracellular acidification rate (ECAR) of 

HCAEC following 24 h of IFN-γ treatment at 50 ng/ml. Data represent mean ± SEM from 6 

independent experiments.

B, Intracellular lactate levels in HCAEC measured by LC-MS following the same IFN-γ 
treatment. Mean ± SEM from 9 biological replicates from 3 independent experiments.

C-D, Cellular uptake of the glucose analogue 2-NBDG by HCAEC assessed by flow 

cytometry following 48 h of IFN-γ treatment. Mean ± SEM from 9 biological replicates 

from 3 independent experiments.
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E-I, Intracellular metabolites of the glycolytic pathway in HCAEC measured by LC-MS 

following 24 h of IFN-γ treatment. Mean ± SEM from 9 biological replicates from 3 

independent experiments.

J-K, Gene expression changes of SLC2A1 (J) and LDHA (K) measured by real-time 

PCR in HCAEC following the same IFN-γ treatment. Mean ± SEM from 4 independent 

experiments. Statistical significance was assessed using paired (A) or unpaired (D) two­

tailed Student’s t-tests, unpaired Welch’s t-tests (B, E, I-J), and Mann-Whitney U tests 

(F-H, K).

L-M, Protein expression changes of LDHA by western blot in HCAEC following 24–48 h 

of IFN-γ (L) and densitometric quantification of 3 independent experiments (M).

N, IFN-γ induced gene expression changes involving the glycolytic enzymes by RNASeq 

analysis of HCAEC obtained in biological triplicates. Statistical significance was determined 

based on the p-values adjusted for multiple test hypotheses by Benjamini-Hochberg 

procedure with a false discovery rate threshold of < 0.05.

O, Summary of IFN-γ impairment of HCAEC glycolysis at the transcriptional (asterisks) 

and metabolite (red arrows) levels. Red arrows denote the significantly decreased 

intracellular metabolites measured by LC-MS while asterisks indicate the significantly 

decreased gene expressions of the enzymes involved in the reactions and the extents of 

the statistical significance.

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001

ADPGK: ADP dependent glucokinase, ALDO: Aldolase, DHAP: Dihydroxyacetone 

phosphate, ENO: Enolase, FBP1: Fructose-bisphosphatase 1, Fructose-1,6-bisP: 

Fructose-1,6,-bisphospate, Fructose-2,6-bisP: Fructose-2,6,-bisphospate, Fructose-6-P: 

Fructose-6-phosphate, GAPDH: Glyceraldehyde 3-phosphate dehydrogenase, GPI: 

Glucose-6-phosphate isomerase, Glucose-6-P: glucose-6-phosphate, Glyceraldehyde 3-P: 

glyceraldehyde 3-phosphate, HK: Hexokinase, IFN: Interferon, PFK: Phosphofructokinase, 

SLC2A1: Solute carrier family 2 Member 1, PEP: Phosphoenolpyruvate, PFKFB: 6­

Phosphofructo-2-kinase/fructose-2,6-biphosphatase, PGAM: Phosphoglycerate mutase 1, 

PGK: Phosphoglycerate kinase, PKM: Pyruvate kinase M, LDH: Lactate dehydrogenase, 

SLC16A1: Solute carrier family 16A member 1 (encodes monocarboxylate transporter 

1), and SLC16A3: Solute carrier family 16A member 3 (encodes monocarboxylate 

transporter 4), TCA: tricarboxylic acid, 1, 3-bisP glycerate: 1,3-bisphosphoglycerate, 2­

NBDG: 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose, 2-P glycerate: 2­

phosphoglycerate, 3-P glycerate: 3-phosphoglycerate.
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Figure 2. IFN-γ accelerates tryptophan degradation to kynurenine in HCAEC
A, Targeted LC-MS analysis of 144 common intracellular metabolites. Log2 of fold changes 

in intracellular metabolites extracted from HCAEC following 24 h of IFN-γ at 50 ng/mL 

are depicted on the x-axis with their p values on the y-axis. Mean from 3 independent 

experiments.

B-C, Intracellular tryptophan (B) and kynurenine (C) in HCAEC measured by LC-MS 

following 1, 6, 24 h of IFN-γ treatment. Mean ± SEM from 9 biological replicates from 3 

independent experiments.

D, IDO1 mRNA expression fold change in HCAEC following the same IFN-γ treatment. 

Mean ± SEM from 3 independent experiments.
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E, IDO1 protein expression changes in HCAEC following the same IFN-γ treatment. 

Representative Western blot.

F, Intracellular kynurenine/tryptophan ratio over time indicating increased indoleamine 

2,3-dioxygenase 1 (IDO1) activity. Mean ± SEM from 9 biological replicates from 3 

independent experiments.

G-H, Adhesion molecules, ICAM (G) and VCAM (H), mRNA expression fold changes 

in HCAEC measured by real-time PCR following 24 h incubation in control Dulbecco’s 

Modified Eagle Medium (DMEM) (Ctrl) or DMEM deficient in tryptophan (TRP) (−TRP) 

with (black triangles with hatched bars) or without (red squares) TRP supplementation 

(−TRP + TRP Supp). Mean ± SEM from 3 independent experiments.

I, Percentages of wound closure of monolayer re-endothelialization following 24 h 

incubation in the above medium calculated by the following formula = [(open area at 0 h) - 

(open area at 48 h)]/(open area at 0 h) × 100. Mean ± SEM from 4 independent experiments.

Statistical significance was determined by two-way ANOVA with post hoc Tukey’s 

multiple comparisons test (B-C, F), Welch’s t-test (D), or one-way ANOVA with post hoc 
Bonferroni’s pairwise comparisons test (G-I).

* p < 0.05, ** p < 0.01, *** < 0.001, **** p < 0.0001

ICAM: intercellular adhesion molecule; VCAM: vascular cell adhesion molecule.

Lee et al. Page 22

Circulation. Author manuscript; available in PMC 2022 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. IFN-γ results in AHR activation, nuclear translocation, dimerization with ARNT, and 
transcriptional activation of its target gene and concomitantly decreases total nuclear HIF1α in 
HCAEC
A, Confocal microscopy analysis of intracellular AHR (green: Alexa Flour 488) 

superimposed with DAPI nuclei as staining (blue) following 24 h of IFN-γ treatment at 

50 ng/mL. Representative images.

B, Protein expression of AHR in the nuclear and cytoplasmic extracts following IFN-γ 
treatment. Representative Western blots.

C, IFN-γ-induced fold changes in total nuclear protein expression levels of AHR, HIF1α, 

and ARNT in HCAEC following 38 h of IFN-γ treatment in normoxia. Densitometric 

quantification of each protein level was normalized by loading control protein, TATA 

binding protein (TBP), before the IFN-γ-treated group was compared to the untreated 
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control within each experiment. Mean ± SEM from 7 independent experiments. AHR: fold 

change (FC) 1.64; p= 0.11. HIF1α: FC 0.71; p= 0.012. ARNT: FC 1.0; p= 0.97.

D, Transcriptional activation of a canonical AHR target gene CYP1B1 by qPCR by IFN-γ. 

Mean ± SEM from 3 independent experiments.

E, Nuclear protein extracts of HCAEC were co-immunoprecipitated (CO-IP) with ARNT 

following IFN-γ treatment and probed with antibodies against AHR, HIF1α, and ARNT. 

The left panel represents protein detection in the 8% of the total unprocessed nuclear lysates 

(input) used for each CO-IP experiment. Representative Western blot.

F, IFN-γ-induced fold changes in nuclear AHR and HIF1α co-immunoprecipitated with 

ARNT in normoxia. Densitometric quantification of each protein was normalized by the 

co-immunoprecipitated ARNT level before the IFN-γ-treated group was compared to the 

untreated control within each experiment. Mean ± SEM from 7 independent experiments. IP 

ARNT: AHR FC 1.30; p = 0.018. IP ARNT: HIF1α: FC 0.86; p = 0.036.

G, Fold changes in the relative abundance of ARNT-bound nuclear HIF1α over ARNT­

bound AHR in HCAEC following IFN-γ treatment over untreated control, p = 0.036. Mean 

± SEM from 7 independent experiments.

H, Schematic summary of the proposed mechanism.

I, HRE luciferase activity after 48 h cobalt chloride (CoCl2) treatment with or without IFN-

γ. HRE firefly luciferase activity was normalized by the cotransfected Renilla luciferase 

activity in each sample before quantifying the fold changes in the reporter activity from the 

untreated control group. Mean ± SEM from 3 independent experiments.

J, Transcriptional suppression of a canonical HIF1 target gene VEGFA by qPCR by IFN-γ. 

Mean ± SEM from 3 independent experiments.

Statistical significance was determined by one-sample t-test (C, F, G), Welch’s t-test (D), 

Welch’s ANOVA with post hoc Dunnett’s T3 multiple comparisons test (I), and unpaired 

two-tailed student’s t-test (J).

AHR: Aryl hydrocarbon receptor, ARNT: Aryl hydrocarbon receptor nuclear translocator, 

HIF1α: Hypoxia inducible factor 1 alpha, CYP1B1: Cytochrome P450 family 1 subfamily 

B Member 1, TBP: Tata binding protein, DRE: digoxin responsive element, HRE: hypoxia 

responsive element, VEGFA: vascular endothelial growth factor A.

* p <0.05, ** p < 0.01
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Figure 4. IFN-γ-induced suppression of glycolytic gene expression is mediated by the 
interactions between the IDO1-AHR-HIF1 transcriptional regulatory pathways
A-B, Pharmacological inhibition of IDO1 by 1-methyltryptophan (1-MT) abrogates IFN-γ 
induced suppression of SLC2A1 gene expression (A) and partially attenuates suppression of 

LDHA (B) in HCEAC. Data represent mean ± SEM from 3 independent experiments.

C-D, Gene silencing of AHR attenuates IFN-γ induced suppression of LDHA gene 

expression in HCEAC. Data represent mean mRNA fold changes with IFN-γ treatment 

compared to those not exposed to IFN-γ within each siRNA treatment group ± SEM from 3 

independent experiments.

E, Gene silencing of von Hippel-Lindau tumor suppressor (VHL) stabilizes nuclear HIF1α 
protein expression in normoxia. TATA binding protein (TBP) was used as a loading control. 

Representative Western blot.

F-G, HIF1α stabilization in normoxia by gene silencing of VHL abrogates IFN-γ induced 

suppression of LDHA gene expression in HCAEC. Data represent mean mRNA fold 

changes with IFN-γ treatment compared to those not exposed to IFN-γ within each siRNA 

treatment group ± SEM from 3 independent experiments.

Lee et al. Page 25

Circulation. Author manuscript; available in PMC 2022 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical significance was determined by one-way ANOVA with post hoc Tukey’s multiple 

comparisons test (A-D) or Kruskal-Wallis test with post hoc Dunn’s multiple comparisons 

test (F-G).

*p < 0.05, ** p < 0.01, *** < 0.001
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Figure 5. IFN-γ exposure depletes basal intracellular NAD(H) via increased ADP-ribosylation in 
HCAEC
A, Intracellular NAD(H) (total NAD+ and NADH) in HCAEC following IFN-γ treatment 

for 24 h at 20 or 50 ng/mL detected by bioluminescent assay with or without 1 h 

pretreatment with a poly (ADP-ribose) polymerase inhibitor, 3 aminobenzamide (3-AB).

B, Intracellular NAD+/NADH ratio following the same IFN-γ treatments.

C, Intracellular NAD(H) in HCAEC following IFN-γ treatment for 24 h at 50 ng/mL with or 

without subsequent nicotinamide mononucleotide (NMN) supplementation at 0.5 mM for an 

additional 24 h. Data represent mean ± SEM from 3 independent experiments.

D-E, Intracellular ATP/ADP (D) and ATP/AMP (E) ratios in HCAEC following 24 h of 

IFN-γ treatment measured by HPLC. Data represent mean ± SEM from 9 independent 

experiments.

Statistical significance was assessed using one-way ANOVA with post hoc Tukey’s multiple 

comparisons (A-C) or an unpaired two-tailed Student’s t-test (D-E).

ADP: Adenosine diphosphate, ATP: Adenosine triphosphate, HPLC: High performance 

liquid chromatography, NAD(H): Nicotinamide adenine dinucleotide.

** p < 0.01
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Figure 6. IFN-γ activates fatty acid oxidation in HCAEC
A, Real time extracellular flux analysis of mitochondrial oxygen consumption rate reflecting 

oxidative phosphorylation (OXPHOS) of HCAEC following IFN-γ treatment at 50 ng/ml 

for 24 h.

B, Mitochondrial oxygen consumption associated with ATP production from the same 

experiments.

C, IFN-γ-induced changes in the ratio between mitochondrial OCR and ECAR representing 

decreased glycolysis and increased OXPHOS in HCAEC. Mean ± SEM from 6 independent 

experiments (A-C). Statistical significance was assessed using paired two-tailed Student’s 

t-tests (A-B) or Wilcoxon matched-pairs signed rank test (C).
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D, Representative plot demonstrating altered basal glycolysis and oxidative phosphorylation 

activities in HCAEC following the same IFN-γ treatment in a single experiment. Mean ± 

SEM from 9–10 biological replicates.

E, IFN-γ induces gene expression changes in the fatty acid oxidation enzymes by RNASeq 

analysis of HCAEC obtained in biological triplicates. Statistical significance was determined 

based on the p-values adjusted for multiple test hypotheses by Benjamini-Hochberg 

procedure.

F-G, Intracellular acylcarnitines (butyrylcarnitine (F) and propionylcarnitine (G)) in 

HCAEC measured by LC-MS following the same IFN-γ treatment. Mean ± SEM of 9 

biological replicates from 3 independent experiments. Statistical significance was assessed 

using Welch’s t-test.

H-I, Phosphorylation of AMP-activated protein kinase (AMPK) at Thr 172 following 7 h of 

IFN-γ treatment at 50 ng/mL. Representative Western blot (H) and densitometric analysis 

(I). Mean ± SEM from 3 independent experiments analyzed by two-tailed Student’s t-test.

J, Real time extracellular flux analysis of basal OXPHOS of HCAEC following the same 

IFN-γ treatment with and without 1 h 10 μM etomoxir incubation just prior to analysis.

K, Mitochondrial oxygen consumption associated with ATP production from the same 

experiments. Mean ± SEM from 4 independent experiments (J-K). Statistical significance 

was assessed by 2-way ANOVA with Sidak’s multiple comparison tests.

L-M, Intracellular ATP/ADP ratios detected in HCAEC following the IFN-γ treatment with 

(M) and without (L) etomoxir. Data represent mean fold changes with IFN-γ treatment 

compared to those not exposed to IFN-γ within each inhibitor treatment group ± SEM 

from 7–9 independent experiments. Statistical significance was assessed using a two-tailed 

Student’s t-test.

*p < 0.05, ** p < 0.01, **** p < 0.0001

ACAA: Acetyl-CoA acyltransferase, ACADM: Acyl-CoA dehydrogenase medium chain, 

ACADS: Acyl-CoA dehydrogenase short chain, ACADSB: Acyl-CoA dehydrogenase 

short/branched chain, ACADVL: Acyl-CoA dehydrogenase very long chain, ACSL: Acyl­

CoA synthetase long chain family member, CPT: Carnitine palmitoyltransferase, HADH: 

Hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex.
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Figure 7. IFN-γ exposure depletes endothelial basal intracellular cGMP and impairs 
proliferation and migratory capacity.
A-B, Intracellular cGMP levels from HCAEC quantified using ELISA following 25 h of 

IFN-γ treatment at 50 ng/mL. Absolute intracellular cGMP measurements normalized to 

total protein/plate (pmol/mg protein) (A) and relative intracellular cGMP levels expressed 

as the percentages of those of untreated control groups (B). Mean ± SEM from 8 biological 

replicates from 4 independent experiments.

C-F, HCAEC proliferation and migration capacities were assessed by scratch assay after 

IFN-γ exposure for 30 h. Representative bright field images are shown at 0 h (C-D) and 15 h 

the scratch (E-F).

G, Percentages of wound closure or monolayer re-endothelialization following IFN-γ 
treatment were calculated by the following formula = [(open area at 0 h) - (open area at 

15 h)]/(open area at 0 h) × 100. Mean ± SEM from 3 independent experiments.
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Statistical significance was assessed using a two-tailed Student’s t-test (A,G) or one-sample 

t-test (B).

* p < 0.05
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Figure 8. 
Proposed mechanisms for the widespread IFN-γ-induced metabolic derangements in human 

coronary artery endothelial cells.
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