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ABSTRACT: It is generally believed that vascular endothelial cells (VECs) rely on glycolysis
instead of the tricarboxylic acid (TCA) cycle under both normoxic and hypoxic conditions.
However, the metabolic pattern of human umbilical vein endothelial cells (HUVECs) under
extreme ischemia (hypoxia and nutrient deprivation) needs to be elucidated. We initiated a
lethal ischemic model of HUVECs, performed proteomics and bioinformatics, and verified
the metabolic pattern shift of HUVECs. Ischemic HUVECs displayed extensive aerobic
respiration, including upregulation of the TCA cycle and mitochondrial respiratory chain in
mitochondria and downregulation of glycolysis in cytoplasm. The TCA cycle was enhanced
while the cell viability was decreased through the citrate synthase pathway when substrates of
the TCA cycle (acetate and/or pyruvate) were added and vice versa when inhibitors of the
TCA cycle (palmitoyl-CoA and/or avidin) were applied. The inconsistency of the TCA cycle
level and cell viability suggested that the extensive TCA cycle can keep cells alive yet generate
toxic substances that reduce cell viability. The data revealed that HUVECs depend on
“ischemic TCA cycle” instead of glycolysis to keep cells alive under lethal ischemic
conditions, but consideration must be given to relieve cell injury.
KEYWORDS: vascular endothelial cells, citrate synthase, tricarboxylic acid cycle, glycolysis, ischemia

■ INTRODUCTION
Endothelial cells (ECs) are the orchestral conductors of blood
vessel function. The inability of ECs to perform their
physiological function (a setting termed EC dysfunction) or
pathological blood vessel formation (a process known as
pathological angiogenesis)1 is a common feature of various
diseases, such as flap necrosis,2 limb necrosis, heart failure,3

stroke, diabetes,4 and even cancer,5 affecting millions of people
worldwide. Therapeutic intervention to ameliorate EC
dysfunction or hamper aberrant angiogenesis could be beneficial
in such diseases.1 Recent studies have proven that EC
dysfunction or pathological angiogenesis is accompanied by
EC-specific metabolic alterations, thus targeting ECmetabolism
is emerging as a novel therapeutic strategy.
Cellular metabolism has been well recognized for its role in

bioenergetics. In recent years, much light has been shed on the
reprogramming cellular metabolism affecting many vital cellular
processes, such as cell activation, proliferation, and differ-
entiation;6 vessel sprouting;7 and angiogenesis. One of the most
notable metabolic reprogrammings is the Warburg effect (a
phenomenon known as aerobic glycolysis), which is charac-
terized by a metabolic switch favoring glycolysis over oxidative
phosphorylation,6 under conditions where oxygen is plentiful8

and sufficient glucose is available.9

ECs in the arteries are generally quiescent and exposed to
normal/high levels of oxygen and nutrients. Despite their close
proximity to oxygenated blood, ECs rely on glycolysis instead of

oxidative metabolism for adenosine triphosphate (ATP)
production.7 Specifically, alterations in glucose uptake and
utilization, accompanied by a reduction in mitochondrial
oxidative phosphorylation, have been demonstrated, mainly
due to the activation of pyruvate kinase by the elevated hypoxia-
inducible factor (HIF)-1α.10 The two main fates of the glucose-
derived metabolite pyruvate are to be converted to lactate by
glycolysis under the regulation of pyruvate kinase and HIF-1α or
to be transported to the TCA cycle in the mitochondria.11

However, it is reported that, under physiological conditions,
over 80% of ATP is produced by converting glucose into lactate
in ECs, and less than 1% of glucose-derived pyruvate enters the
mitochondria for oxidative metabolism through the TCA cycle
and subsequent ATP production via the electron transport chain
(ETC), which is composed of five multi-subunit complexes.7

Culic et al. suggested that ATP is generated nearly equivalently
by glycolysis and cellular respiration.12 Glycolysis prevails in
ECs, which may be due to its improving EC survival by reducing
oxygen consumption and thereby increasing the oxygen
availability to perivascular tissues.13
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ECs in the venous and lymphatic systems are more likely to
encounter hypoxic and nutrient-deprived conditions because of
locations and their functions in the vascular tree.14 Unsurpris-
ingly, under limited oxygen conditions, ECs generally depend on
glycolysis to generate energy. Polet and Feron suggested that
angiogenic ECs can survive under hypoxic conditions, with high
rates of glycolysis and glutaminolysis without coupling to
oxidative phosphorylation.15 Flux analysis demonstrated that
glycolysis was the most active process in lymphatic ECs,
contributing to more than 70% of the total ATP generation.16

It is clear that healthy ECs mainly rely on glycolysis instead of
the TCA cycle for survival under normoxic as well as hypoxic
conditions. Emerging evidences demonstrated that ECs also
survive on glycolysis under pathological conditions, such as
pulmonary artery hypertension. Glucose metabolism serving as
the primary energy supply generates a more than three-fold
glycolytic rate in the pulmonary artery hypertension ECs as
compared to normal ECs.17 Studies in human, avian, rodent, and
lamb pulmonary artery hypertension also confirmed this
phenomenon.18 Caruso et al. confirmed the abnormal
phenotype of angiogenesis derived from pulmonary artery
hypertension patients, associated with enhanced glycolysis and
reduced mitochondrial oxidative phosphorylation.19

Our study aimed to model tissue engineering scenarios where
new vessels would grow or re-connect using highly proliferative
human umbilical vein endothelial cells (HUVECs), e.g.,
transplanted graft. The aim of our study was to investigate
how proliferative instead of quiescent cells would survive a
period of ischemia (a situation defined as hypoxia plus nutrient
deprivation, including deficiency of glucose, amino acids, and
fatty acids).20 This has a great impact of later vessel formation.
However, the metabolic phenotype of proliferative ECs under
ischemia still needs to be elucidated. We will unveil one novel
phenomenon, coined as ischemic TCA cycle, based on the
results of high-throughput proteomics, bioinformatics, and
kinds of verification.

■ EXPERIMENTAL SECTION

Cell and Cell Culture
This study was approved by the Stomatological Hospital of
Chongqing Medical University Institutional Review Board (No:
(2021)058). HUVECs (Otwo Biotech, Shenzhen, China), 1 ×
104/mL, 0.2 mL and 1 × 105/mL, 10 mL, were seeded in a 96-
well culture plate and a 100 mm dish, respectively. Ischemic
conditions were set by culturing cells at the log phase and 60 to
80% confluent with ischemia buffer (1 mM NaH2PO4, 24 mM
NaHCO3, 2.5 mM CaCl2, 118 mM NaCl, 16 mM KCl, 0.5 mM
sodiumEDTA, 20mM sodium lactate, pH 6.8, 37 °C)21 without
glucose and fetal bovine serum (FBS) in a hypoxia incubator
(N2/O2/CO2, 94%:1%:5%) at 37 °C for up to designated time
points. HUVECs after ischemia treatment were incubated in
Dulbecco’s modified Eagle medium supplemented with 1 g/L
glucose and 10% FBS in a regular incubator (5%CO2, 37 °C) for
24 h to mimic reperfusion conditions.
Apoptosis Analysis
The establishment of a lethal ischemic model of HUVECs and
apoptosis analysis was conducted as previously described.22 This
analysis included three groups: a 3 h ischemia group (referred to
as group I), a 3 h ischemia/24 h reperfusion group (referred to as
group IR), and a 3 h normal control group (referred to as group
NC). The exponentially growingHUVECs of these three groups
were collected and stained with an Annexin V-FITC/PI assay kit

(BestBio, Shanghai, China) following the manufacturer’s
protocol. Then, cells were subject to flow cytometry analysis
using BD influx (BD Biosciences, San Jose, CA, USA). The
acquired flow cytometry data were analyzed with FlowJo v10.0
software (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). Each assay condition was done in triplicate.
Proteomics

To identify the respiratory and metabolic status of HUVECs
under ischemic conditions, glycolysis and TCA cycle were
assessed by proteomics by PTM BIO (PTM Biolabs Co., Ltd.,
Hangzhou, China) as described.22 Briefly, HUVECs of I, IR, and
NC groups received sonication followed by centrifugation. The
supernatant was collected, and the protein concentration was
determined with a BCA kit (Beyotime) according to the
manufacturer’s instructions. Approximately 100 μg of protein of
each sample was digested with trypsin for the following
experiments. After trypsin digestion, peptides were desalted
using a Strata-X C18 SPE column (Phenomenex, Torrance, CA,
USA) and vacuum-dried. The peptides were reconstituted in 0.5
M triethylammonium bicarbonate and processed according to
the manufacturer’s protocol for the 9-plex tandem mass tag
(TMT, Thermo Fisher Scientific, MA, USA) kit.23 The tryptic
peptides were fractionated by high-pH reverse-phase high-
performance liquid chromatography using an Agilent 300Ex-
tend-C18 column (5 μm particles, 4.6 mm ID, 250 mm length).
The fractionated peptides were subjected to Q Exactive Plus
Hybrid Quadrupole-Orbitrap mass spectrometry (Thermo
Fisher Scientific) followed by liquid chromatography−tandem
mass spectrometry (LC−MS/MS) in Q Exactive Plus (Thermo
Fisher Scientific) coupled online to the UPLC system. Intact
peptides were detected in the Orbitrap at a resolution of 70,000.
A data-dependent procedure that alternated between one MS
scan followed by 20 LC−MS/MS scans with a 15.0 s dynamic
exclusion was used. Automatic gain control was used to prevent
overfilling of the Orbitrap. Tandem mass spectra were searched
against the SwissProt Human database. For the protein
quantification method, the LC−MS/MS data were processed
using the Mascot search engine (v.2.3.0). The false discovery
rate was adjusted to <1%, and the peptide ion score was set at
≥20.
Bioinformatics

To interpret the proteins that were isolated, fractioned, and
purified from proteomic detection,24 Gene Ontology (GO)
proteome annotation was performed using the UniProt-GOA
database (http://www.ebi.ac.uk/GOA/). For identified pro-
teins that were not annotated by the UniProt-GOA database,
InterProScan software was used to assign a GO annotation to
the protein based on a protein sequence alignment method.
WoLF PSORT (https://wolfpsort.hgc.jp/) was used to predict
the subcellular localization of the differentially expressed
proteins. In the GO enrichment analysis, proteins were classified
by GO annotation into three categories: cellular compartment,
biological process, and molecular function. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was
used to identify enriched pathways by the two-tailed Fisher’s
exact test to compare the enrichment of differentially expressed
proteins against all identified proteins. These pathways were
classified into hierarchical categories according to the KEGG
website (http://www.genome.jp/kegg/). For protein domain
enrichment analysis, the InterPro (http://www.ebi.ac.uk/
interpro/) database was searched, and the two-tailed Fisher’s
exact test was employed to compare the enrichment of

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.2c00255
J. Proteome Res. 2022, 21, 2385−2396

2386

http://www.ebi.ac.uk/GOA/
https://wolfpsort.hgc.jp/
http://www.genome.jp/kegg/
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.2c00255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


differentially expressed proteins against all identified proteins. A
corrected P-value <0.05 was considered significant. In the
functional enrichment-based clustering analysis, quantified
proteins in this study were first divided into six quantitative
categories according to the quantification P/C ratio: Q1 (0 < I/
NC ratio < 1/1.2), Q2 (1/1.2 < I/NC ratio < 1.2), and Q3 (I/
NC ratio > 1.2). Then, quantitative category-based clustering
was performed. All the substrate categories obtained after
enrichment were collated along with their P-values and then
filtered for those categories that were enriched in at least one of
the clusters with a P-value <0.05. This filtered P-valuematrix was
transformed using the function x = −log 10 (P-value). Finally,
these x values were z-transformed for each category. These z-
scores were then clustered by one-way hierarchical clustering
(Euclidean distance, average linkage clustering) in Genesis.
Cluster membership was visualized by a heat map using the
“heatmap.2” function from the “gplots” R package (Lucent
Technologies, Inc., Murray Hill, NJ, USA). All protein name
identifiers were searched against the STRING database (v.10.5,
https://stringdb.org/) for protein−protein interactions (PPI).
Only interactions between the proteins belonging to the
searched data set were selected. STRING defines a metric
called the confidence score to define the confidence of the
interaction; all interactions that had a confidence score ≥0.7
(medium confidence) were fetched. The interaction network
formed in STRING was visualized in Cytoscape (v.3.1, http://
www.cytoscape.org/). A graph theoretical clustering algorithm
andmolecular complex detection (MCODE; https://omictools.
com/molecular-complexdetection-tool) were used to analyze
densely connected regions.
Western Blot Analysis

Western blot analysis was conducted as previously described.25

Briefly, HUVECs after the above ischemia/reperfusion treat-
ment were collected, lysed in modified RIPA buffer (Beyotime,
Shanghai, China), centrifuged, and quantified using the BCA
method (Beyotime) according to the manufacturer’s protocol.
After quantification of the protein concentration, equal amounts
of protein lysate were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis according to established
protocols. Proteins were transferred from the gels to PVDF
membranes (MilliporeSigma, Burlington, MA, USA) in a
sandwich model at 200 mA for 90 min. The membranes were
then probed with primary antibodies against citrate synthase
(1:1000, Zen Bioscience, Sichuan, China), pyruvate carboxylase
(1:500, Zen Bioscience), pyruvate dehydrogenase (1:500, Zen
Bioscience), lactate dehydrogenase (1:250, Zen Bioscience),
pyruvate kinase (1:1000, Zen Bioscience), hypoxia-inducible
factor-1 (1:300, Zen Bioscience), or β-actin (1:1000, Zen
Bioscience) and incubated at 4 °C overnight. After washing with
PBST, all membranes were incubated with HRP-conjugated
anti-rabbit/anti-mouse secondary antibodies (1:4000; Abcam,
Cambridge, UK) at room temperature for 1 h. The
immunoreactive proteins were visualized with a ChemiDoc
MP Imaging System (Bio-Rad, Hercules, CA, USA). ImageJ
1.46r (National Institutes of Health, MD, USA) was used to
determine the protein expression level, which was recorded as
the ratio of the target protein relative to β-actin.
Upregulation or Downregulation of the TCA Cycle

To rescue ischemia-challenged HUVECs, the substrate acetyl-
CoA was replenished with acetate solution (Sigma-Aldrich Inc.,
MO, USA) while pyruvate was supplemented with sodium
pyruvate solution (Sigma-Aldrich Inc.), respectively. Briefly,

prior to 3 h ischemia treatment, subconfluent HUVECs were
treated with acetate solution at concentrations of 0, 5, 10, and 20
mM; sodium pyruvate solution at concentrations of 0, 2.5, 5, and
10 mM; and co-treatment with 20 mM acetate solution and 10
mM sodium pyruvate solution. To test the destiny change of
ischemic HUVECs when the TCA cycle was inhibited, the
activities of citrate synthase or pyruvate carboxylase were
inhibited with palmitoyl coenzyme A lithium salt (palmitoyl
CoA, Sigma-Aldrich Inc.) or avidin from egg white (Sigma-
Aldrich Inc.), respectively. Briefly, prior to the 3 h ischemia
treatment, HUVECs were treated with palmitoyl CoA at
concentrations of 0, 50, and 100 μM; with avidin at
concentrations of 0, 10, and 20 μg/mL; and with 100 μM
palmitoyl CoA and 20 μg/mL avidin.
Cell Viability Assay
Quantitative cell viability was assessed by using Cell Counting
Kit-8 (CCK-8; Beyotime) according to the manufacturer’s
protocol. Briefly, subconfluent HUVECs seeded in 96-well
plates were treated with different concentrations of acetate
solution and/or sodium pyruvate solution, or palmitoyl CoA
and/or avidin under ischemic conditions. The CCK-8 reagent
was added to each well, followed by incubation at 37 °C for 60
min and reading absorbance at 450 nm. Each assay condition
was done twice.
Activity Tests of PK and CS
More than 106/mL centrifuged cells were collected in each
sample. HUVECs were washed with PBS and ground using a
non-contact ultrasonic cell grinder (Scientz08-III non-contact
ultrasonic cell grinder, Ningbo Scientz Biotechnology Co., Ltd.,
China) with a vibration time of 5 s, an interval of 20 s, power of
3840 W, and a duration of 40 min. Distilled water, standard
solutions with different concentrations, and samples of 20 μL
were added to control, standard, and test groups, respectively.
Vortex mixing and incubation for 30 min after adding 250 μL
working solution (The Total Protein Assay Kit using a standard
BCA method, Nanjing Jiancheng Bioengineering Institute,
China) were performed. A terminating solution of 750 μL was
added to each well before detecting the absorbance value at 562
nm. The protein concentration C1 of each sample was
calculated. For activity tests of PK (Pyruvate Kinase Assay Kit,
Nanjing Jiancheng Bioengineering Institute, China) and CS
(Citrate Synthase Assay Kit, Nanjing Jiancheng Bioengineering
Institute, China), the initial absorbance A1 was measured at 340
nm for 30 s, then it was accurately bathed in 37 °C for 15 min,
and the final absorbance A2 was taken out for 15 min and 30 s.
Initial absorbance A1, final absorbance A2, mmol extinction
coefficient 6.22 L/(μmol·cm), reaction time 15 min, light path
0.5 cm, total volume of reaction solution 1.195 mL, sampling
volume 0.02mL, and protein concentration of sample C1 gprot/
mL were applied to calculate the activity of PK and CS. The
calculation formula is

kinase activity
U

gprot
A1 A2

6.22 15 0.5
1.195

0.02 C1

i
k
jjjjj

y
{
zzzzz =

× ×
×

×

Data Analysis
Student t-test, analysis of variance (Tukey test), and/or
nonparametric test (Kruskal−Wallis test) were used to evaluate
the differences between groups by SPSS (Version 19.0; IBM
Corp., Armonk, NY, USA). P < 0.05 was considered statistically
significant. The original figures were produced by GraphPad
Prism 8 (GraphPad Company, San Diego, CA, USA), and
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figures were assembled by CorelDRAW(R) Graphics Suite X4
(Corel, Ottawa, Ontario, Canada).

■ RESULTS

Lethal Ischemic Model of HUVECs and Apoptotic Analysis

The optimal lethal ischemia time, 3 h, was verified by Western
blotting and confirmed by apoptosis analysis through flow
cytometry as previously described.22 Apoptotic analysis proved
that there were statistically significant differences in the
apoptotic ratio between experimental groups compared with
the control group (P < 0.05), but no statistically significant
difference between group I and group IR (P > 0.05).
Proteomics

The quantitative analysis of the global proteome in HUVECs
after the 3 h ischemic and/or 24 h reperfusion treatment or sham
treatment was performed by using 9-plex TMT labeling, high-
performance liquid chromatography fractionation, and LC−
MS/MS analysis. Altogether, a total of 6080 proteins were
identified, of which 5401 proteins were quantified (Proteo-
meXchange Consortium, PXD031313). When quantitatively
comparing the ratio between groups (ratios of I/NC, IR/NC,
and IR/I), a fold change larger than 1.2 was considered as
upregulation, and ratios less than 1/1.2 were regarded as
downregulation. A total of 2520 proteins were upregulated and
1856 proteins were downregulated per I/NC ratio (P < 0.05,
Supplementary Table 1). Most proteins corresponded to 7−20
peptides in terms of number of peptides per protein distribution.
The peptide mass tolerance distribution showed that the first-
order mass error of all spectra was within 10 ppm. Principal
component analysis suggested that protein expression level
indicated an extremely good biological repeatability (n = 3,
respectively). Volcano plots depicted that the differentially

expressed proteins in the IR/NC and I/NC groups had an
exceeding degree of consistency (Figure 1).
Functional Enrichment

This study mainly focused on the phenotype change of
HUVECs after a 3 h lethal ischemia challenge, so the I/NC
compare group was set as the target. Functional enrichment was
composed of GO enrichment and KEGG pathway enrichment,
and the former consisted of enrichments of biological process,
cellular component, and molecular function. The biological
process enrichment showed that functional upregulation was
observed in aerobic respiration, cellular amine metabolic
process, cellular respiration, respiratory ETC, etc. Cellular
component enrichment illustrated that the inner mitochondrial
membrane protein complex, mitochondrial respiratory chain,
mitochondrial protein complex, respiratory chain complex, and
respiratory chain were enhanced. Molecular function enrich-
ment demonstrated that electron carrier activity, nicotinamide
adenine dinucleotide (NADH) dehydrogenase activity, NADH
dehydrogenase (ubiquinone) activity, and NADH dehydrogen-
ase (quinone) activities were elevated. KEGG pathway enrich-
ment showed the upregulated pathways includingmetabolism of
glycine, serine, and threonine; TCA cycle; glyoxylate and
dicarboxylate metabolism; degradation of valine, leucine, and
isoleucine; and tryptophan metabolism (Figure 2).
Functional Enrichment-Based Clustering

Functional enrichment-based clustering was composed of
clusterings of the biological process, cellular component,
molecular function, and KEGG pathway. The biological process
enrichment-based clustering showed that cellular respiration,
respiratory ETC, aerobic respiration, mitochondrial trans-
membrane transport, and regulation of cellular amine metabolic
process were upregulated. Cellular component enrichment-
based clustering illustrated that mitochondrial respiratory chain,

Figure 1. Good biological repeatability and consistency of LC−MS/MS analysis. (A) Most proteins distributed at 7−20 peptides per peptide length
distribution. (B) The first-order mass error of all spectra was within 10 ppm by the peptide mass tolerance distribution. (C) Principal component
analysis showed extremely good biological repeatability of the protein expression levels. Group NC: 3 h normal control group, group I: 3 h ischemia
group, group IR: 3 h ischemia/24 h reperfusion group. (D−F) The differentially expressed proteins had an exceeding degree of consistency between
the IR/NC compare group and the I/NC compare group from volcano plots.
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respiratory chain, mitochondrial membrane, mitochondrial
matrix, mitochondria, and so forth were increased. Molecular
function enrichment-based clustering demonstrated that elec-
tron carrier activity, NADH dehydrogenase activity, NADH
dehydrogenase (ubiquinone) activity, NADH dehydrogenase
(quinone) activities, etc., were elevated. KEGG pathway
enrichment-based clustering proved the upregulated pathways
including metabolism of glycine, serine, and threonine; TCA
cycle; pyruvate metabolism; tryptophan metabolism; cysteine
and methionine metabolism; degradation of valine, leucine, and
isoleucine; and fatty acid degradation (Figure 3).
Western Blot Verification

Proteomics and bioinformatics indicated the downregulation of
enzymes regarding glycolysis and upregulation of enzymes
regarding the TCA cycle. The results of Western blot analysis
were highly consistent with those of LC−MS/MS with
upregulated citrate synthase and pyruvate dehydrogenase and
decreased pyruvate kinase (P < 0.01). Western blot analysis also
suggested the quiescence of HIF-1 α (Figure 4). Proteomics and
bioinformatics also indicated that β-actin was the most stable
and reliable housekeeping protein while the expression levels of

other housekeeping proteins, such as GAPDH, α-tubulin, and β-
tubulin, varied a lot by proteomics (P < 0.05, Supplementary
Table 2). Bioinformatics suggested an upregulation trend of
most antioxidant protease as well, such as superoxide dismutase,
glutathione peroxidase, and glutathione reductase (P < 0.05,
Supplementary Table 3).
Upregulation or Downregulation of the TCA Cycle

It is interesting to find out that CCK-8 analysis showed that the
cell viability of ischemic HUVECs was significantly decreased
rather than increased when treated with acetate solution at a
concentration of 20 mM (P < 0.05), sodium pyruvate solution at
concentrations of 5 and 10 mM (P < 0.05), and co-treatment
with 20 mM acetate and 10 mM pyruvate (P < 0.01, Figure 5A).
The expression levels of citrate synthase were significantly
increased through the solo treatment with 20 mM acetate and
co-treatment with 10 mM pyruvate, while the expression level of
pyruvate carboxylase was not significantly impacted by Western
blot analysis (P < 0.05, Figure 5B). It is significantly meaningful
to find out that the cell viability of ischemic HUVECs treated
with palmitoyl CoA at concentrations of 50 and 100 μM (P <
0.05), with avidin at concentrations of 10 and 20 μg/mL (P <

Figure 2. Functional enrichment analysis. (A) The biological process enrichments showed upregulated aerobic respiration, cellular amine metabolic
process, cellular respiration, etc. (B) Cellular component enrichment illustrated enhanced inner mitochondrial membrane protein complex and
mitochondrial respiratory chain. (C) Molecular function enrichment demonstrated elevated NADH dehydrogenase activity and NADH
dehydrogenase (ubiquinone) activity. (D) KEGGpathway enrichment showed the upregulated pathways includingmetabolism/degradation of amino
acids, fatty acid degradation, and TCA cycle. Green arrows point to the elevated aerobic respiration, mitochondrial respiratory chain, NADH
dehydrogenase activity, amino acid and fatty acid degradation, and TCA cycle.
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0.01), and by co-treatment with 100 μM palmitoyl CoA and 20
μg/mL avidin (P < 0.01) was statistically increased (Figure 5C).
The expression levels of citrate synthase were slightly decreased
through the solo or co-treatment with 100 μM palmitoyl CoA

and 20 μg/mL avidin but did not reach significant difference (P
> 0.05), and the expression levels of pyruvate carboxylase was
further downregulated on the basis of ischemia by Western blot
analysis (Figure 5D).

Figure 3. Functional enrichment-based clustering. (A) The biological process enrichment-based clustering showed elevated aerobic respiration,
cellular respiration, and cellular amine metabolic process. (B) Cellular component enrichment-based clustering illustrated upregulated mitochondrial
respiratory chain, respiratory chain, mitochondrial membrane, mitochondrial matrix, and so forth. (C) Molecular function enrichment-based
clustering demonstrated increased NADH dehydrogenase activity, NADH dehydrogenase (ubiquinone) activity, etc. (D) KEGG pathway
enrichment-based clustering proved the upregulated pathways including TCA cycle, amino acid metabolism, and fatty acid degradation. Green arrows
point to the upregulated aerobic respiration, mitochondrial respiratory chain, NADH dehydrogenase activity, amino acid/fatty acid degradation, and
TCA cycle.
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Activity Tests of PK and CS

In order to verify the enzyme activity of PK and CS, a PK assay
kit and a CS assay kit were utilized. The PK activity of HUVECs
had an upregulated trend after 1 h of ischemia; however, the PK

activity declined when HUVECs suffered from 2 h or 3 h
ischemia. There was a significant difference in PK activity
between the 3 h ischemia group and control group (P < 0.05).
The CS activity of HUVECs had an upregulated trend as time

Figure 4. Differentially expressed proteins of glycolysis and TCA cycle between compare groups by bioinformatics and Western blot analysis. (A)
Bioinformatics indicated the downregulations of pyruvate kinase, and glucose-6-phosphate isomerase, suggesting the downregulation of glycolysis. (B)
Bioinformatics suggested the upregulations of citrate synthase, and pyruvate dehydrogenase, indicating the upregulation of the TCA cycle. (C)
Western blot analysis indicated the downregulation of pyruvate kinase, quiescence of HIF-1α, and upregulation of citrate synthase, ***P < 0.001. Each
assay condition was done in triplicate.
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went by, and there was a significant difference in CS activity
between the 3 h ischemia group and control group (P < 0.01,
Figure 5E).

■ DISCUSSION
Normal cells adopt glycolysis under a hypoxic/anoxic situation
and rely on aerobic respiration under normoxic conditions,10

but healthy ECs generate most of their energy from glycolysis
under both hypoxic and normoxic settings.26 Our initially
established lethal ischemic model of HUVECs suggested that
HUVECs depended on the TCA cycle rather than glycolysis for
their survival under lethal ischemic conditions. HUVECs were
completely disrupted under a microscope after more than 3 h of
ischemia and 24 h of reperfusion, which was verified by

Figure 5.The results of upregulation or downregulation of the TCA cycle of ischemic HUVECs, verified by CCK-8 analysis andWestern blot analysis.
(A) The cell viability of ischemic HUVECs was significantly decreased when the substrates of the TCA cycle (pyruvate and/or acetate) were added,
suggesting a dose-dependent manner. (B) The expression levels of citrate synthase were statistically upregulated when acetate and/or pyruvate were
added. (C) The cell viability of ischemic HUVECs was significantly increased when the inhibitor of citrate synthase (palmitoyl CoA) and/or inhibitor
of pyruvate carboxylase (avidin) were added. (D) The expression levels of citrate synthase were slightly downregulated but did not reach significant
difference, and the level of pyruvate carboxylase was further inhibited after ischemia when palmitoyl CoA and/or avidin were added. (E) The pyruvate
kinase activity was first upregulated and then downregulated, and the citrate synthase activity was continuously upregulated. *P < 0.05; **P < 0.015;
***P < 0.001. Each assay condition was done in triplicate.
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uncollected β-actin (a typical housekeeping protein) byWestern
blot analysis. The apoptosis analysis by flow cytometry also
illustrated that there was no statistically significant difference
between group I and group IR. These data suggested a successful
establishment of the novel lethal ischemic model.
The extremely strong biological repeatability and high degree

of consistency by LC−MS/MS analysis also demonstrated the
successful setup of the lethal ischemic model. The robust
ischemic model was further proven by the extraordinarily same
tendency in the I/NC compare group (2520 upregulated
proteins and 1856 downregulated proteins) and IR/NC
compare group (2538 upregulated proteins and 1882 down-
regulated proteins) when the fold change was set as >1.2 (P <
0.05). The accuracy and credibility of quantitative results
increase when a specific protein corresponds to several peptides.
Most proteins in this study corresponded to 7−20 peptides
regarding the number of peptides per protein distribution,
greatly contributing to the reliability of the proteomics data. The
peptide mass tolerance distribution showed that the first-order
mass error of all spectra was within 10 ppm, which was in line
with the high-precision characteristics of the Orbitrap. Principal
component analysis showed that the protein expression level
obtained extremely excellent biological repeatability in group I,
group IR, or group NC (n = 3, respectively). The differentially
expressed proteins in the IR/NC compare group and I/NC
compare group from volcano plots also had a high degree of
consistency, which again confirmed the successful establishment
of the lethal ischemic model and the high degree of accuracy and
consistency of proteomics data.
The biological process enrichments showed that aerobic

respiration, cellular amine metabolic process, cellular respira-
tion, and respiratory ETC were upregulated. The biological
process enrichment-based clustering also demonstrated that
HUVECs prefer aerobic respiration instead of glycolysis under
lethal ischemic conditions.
Cellular component enrichment illustrated that the inner

mitochondrial membrane protein complex, mitochondrial
respiratory chain, mitochondrial protein complex, respiratory
chain complex, respiratory chain, etc., were upregulated. Cellular
component enrichment-based clustering also verified that it was
in the mitochondria where cellular respiration happened.
Pettersson-Klein et al. suggested that more mitochondria and/
or mitochondrial proteins were consistent with increased
respiratory capacity.27 Aerobic respiration consumes oxygen
and glucose through oxidative phosphorylation located in the
mitochondria.10 Indeed, mitochondria makes up only 5% of the
cellular volume,28 but mitochondria are the primary oxygen
demand in the cell, accounting for roughly 90% of cellular
oxygen consumption,17 80% of which is coupled to ATP
synthesis. ECs had reduced mitochondrial numbers and cellular
respiration compared to normal cells, which was consistent with
a more than three-fold increase in glycolysis for energy
production.17 However, mitochondria are the sites where
pyruvate oxidation, TCA cycle, amino acid metabolism, and
fatty acid metabolism happen.29 This is contrary to glycolysis,
which happens in cytoplasm as previously reported but indicates
increased aerobic respiration in mitochondria by LC−MS/MS
analysis.
Molecular function enrichment demonstrated that electron

carrier activity, NADHdehydrogenase activity (used in the ETC
for generation of ATP), NADH dehydrogenase (ubiquinone)
activity, and NADH dehydrogenase (quinone) activities were
elevated. Molecular function enrichment-based clustering also

confirmed that HUVECs suffered from a lethal ischemia
challenge. These suggested that HUVECs survived through
higher NADH dehydrogenase in mitochondria, which could
produce more ATP.
KEGGpathway enrichmentmanifested upregulated pathways

including metabolism of glycine, serine, and threonine; TCA
cycle; glyoxylate and dicarboxylate metabolism; degradation of
valine, leucine, and isoleucine; and tryptophan metabolism.
KEGG pathway enrichment-based clustering finally highlighted
that the TCA cycle was replenished by amino acid metabolism
and fatty acid metabolism under the condition of nutrient
deprivation. This was consistent with the fact that glucose and
glutamine,30 as well as fatty acids,31 are utilized as primary
carbon sources for the TCA cycle. Taken together, all the above
data suggested that HUVECs utilized amino acid metabolites
and fatty acid metabolites to produce ATP in mitochondria
through aerobic respiration to promote cell survival.
ECs are addicted to glycolysis according to published papers

for two reasons. First, cellular adaptation to hypoxia is mediated
by the transcription factor HIF-1α,32 which was further
demonstrated by Huang et al.33 HIF-1α plays a central role in
the adaptive regulation of energy metabolism, by triggering a
switch from mitochondrial oxidative phosphorylation to
anaerobic glycolysis in hypoxic conditions.34 Ma et al. showed
that the HIF-1α metabolic effector, pyruvate kinase, is
upregulated and is necessary to maintain aerobic glycolysis in
infected cells.35 After glucose is taken inside the cell under the
initiation of HIF-1α, it is metabolized from phosphoenolpyr-
uvate to pyruvate under the regulation of pyruvate kinase;36

finally, pyruvate is metabolized into lactate in the cytoplasm
under the regulation of lactate dehydrogenase. HIF-1α also
reduces pyruvate dehydrogenase activity leading to the reduced
production of acetyl-CoA37 and decreases the oxidative
metabolism of both fatty acids and glucose.38 Another reason
is that glycolysis rapidly generates ATP. Glycolysis can generate
similar amounts of ATP as glucose oxidation as long as glucose is
not limited in the extracellular milieu.39 However, oxygen is
limited and exogenous glucose and amino acids are deprived in
this lethal ischemic model. Therefore, it is quite reasonable to
find out that the uninitiated HIF-1α did not lead to the
upregulation of pyruvate kinase and downregulation of pyruvate
dehydrogenase, which were confirmed by Western blot and
enzyme activity analysis.
Metabolic reprogramming requires readily available bioen-

ergetics substrates, such as glucose, amino acids, and fatty acids,
to increase mitochondrial respiration.40 When glucose and
glycolysis levels drop, the oxidation of glucose is enhanced,
indicating that ECs switch to oxidative metabolism of glucose
when glycolysis is impaired (known as the Crabtree effect).41

However, it is not clear how HUVECs survive from deprived
exogenous glucose and amino acids and limited oxygen. We
hypothesized that HUVECs will take endogenous amino acids
and fatty acids as vital resources to keep themselves alive. Fatty
acid oxidation and glutamine metabolism have implicated the
function of replenishing the TCA cycle to produce ATP via
oxidative phosphorylation.36,42 HUVECs may also contain
numerous small lipid droplets, which are exceptionally rich in
mitochondria-like brown adipocytes.43 Glycolysis produces a
net total of only two molecules of ATP per glucose molecule,
whereas glucose oxidation yields up to 36 molecules of ATP,36

or 38 ATP with complete oxidation.9 The lethal ischemic
condition forces mitochondria to make the complete use of any
substrate of the TCA cycle, including fatty acids and amino acids
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(such as leucine, isoleucine, alanine, cysteine, serine, glycine,
aspartate, asparagine, valine, arginine, glutamate, and proline) in
our study, rather than glutamine, which was reported as a major
oxidative substrate for coronary ECs.41 Another reason is that
mitochondria in ECs have a high bioenergetic reserve capacity
and can increase respiration substantially in stress conditions of
glucose deprivation or oxidative stress.44

Acetate was recently identified as alternatives to glucose for
fueling the TCA cycle in cancer cells, particularly in the
condition of hypoxia.45,46 It is acetyl-CoA synthase that catalyzes
acetate-forming acetyl-CoA45 and citrate synthase that catalyzes
acetyl-CoA into citrate, which were upregulated in LC−MS/MS
and enzyme activity analysis. The gatekeeper enzyme of the
TCA cycle, pyruvate dehydrogenase complex, is responsible for
converting pyruvate to acetyl-CoA,47 and pyruvate carboxylase
tetramer is responsible for converting pyruvate into oxaloace-
tate. We further demonstrated that the protein levels of citrate
synthase rather than pyruvate carboxylase were significantly
increased by Western blot analysis through the solo treatment
with 20 mM acetate and co-treatment with 10 mM pyruvate. It
suggested that citrate synthase may dominate the destiny of
ischemic HUVECs (Figure 6). The pyruvate carboxylase
tetramer may not play a critical role in promoting ischemic
HUVEC survival because they were significantly downregulated
in the ischemia setting by Western blot analysis. The
upregulated pyruvate carboxylase by LC−MS/MS analysis
might be due to the dissociation of enzyme tetramers.48

However, it is interesting to highlight that the cell viability of

ischemic HUVECs was significantly decreased by CCK-8
analysis through the solo or co-treatment of acetate and
pyruvate. This phenomenon may suggest that the TCA cycle
is one indicator of cell injury level in the ischemia setting. A
higher level of TCA cycle might be linked with higher release of
reactive oxygen substrates, which will destroy the ischemic
HUVECs. It is also interesting to find out that this process can be
inhibited by the solo or co-treatment of inhibitor of citrate
synthase (palmitoyl-CoA) and inhibitor of pyruvate carboxylase
(avidin). Thus, it is reasonable to find out an upregulation trend
of most antioxidant proteases, such as superoxide dismutase,
glutathione peroxidase, and glutathione reductase, in ischemic
HUVECs. However, such an upregulated dose could not meet
the elimination necessity of more reactive oxygen substrates
when the TCA cycle is fueled by pyruvate and acetate.

■ CONCLUSIONS
To sum up, HUVECs depended on the ischemic TCA cycle
rather than glycolysis for survival through the enhancement of
citrate synthase to produce more ATP in this lethal ischemic
model. The TCA cycle in mitochondria was fueled by amino
acid metabolism and fatty acid metabolism. This novel
phenomenon, coined as the ischemic TCA cycle, shed light on
the novel therapeutic strategy to regulate the cells’ destiny by
promoting VEC survival in free flaps, myocardium, and brain
stroke or by preventing VEC survival in anti-angiogenesis
therapy of cancers.

Figure 6. The messstabolic pattern of HUVECs shifts from glycolysis to the TCA cycle through the acetyl-CoA/citrate synthase/citrate pathway to
keep cells alive under lethal ischemic conditions.
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