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Neutrophils are primed for neutrophil extracellular trap (NET) formation during diabetes, and excessive 
NET formation from primed neutrophils compromises wound healing in patients with diabetes. Here, we 
demonstrate that trained immunity mediates diabetes-induced NET priming in neutrophils. Under diabetic 
conditions, neutrophils exhibit robust metabolic reprogramming comprising enhanced glycolysis via the 
pentose phosphate pathway and fatty acid oxidation, which result in the accumulation of acetyl-coenzyme 
A. Adenosine 5′-triphosphate-citrate lyase-mediated accumulation of acetyl-coenzyme A and histone 
acetyltransferases further induce the acetylation of lysine residues on histone 3 (AcH3K9, AcH3K14, 
and AcH3K27) and histone 4 (AcH4K8). The pharmacological inhibition of adenosine 5′-triphosphate-
citrate lyase and histone acetyltransferases completely inhibited high-glucose-induced NET priming. 
The trained immunity of neutrophils was further confirmed in neutrophils isolated from patients with 
diabetes. Our findings suggest that trained immunity mediates functional changes in neutrophils in 
diabetic environments, and targeting neutrophil-trained immunity may be a potential therapeutic target 
for controlling inflammatory complications of diabetes.

Introduction

Activated innate immune cells exhibit long-term functional 
reprogramming, characterized by metabolic reprogramming and 
epigenetic modifications in response to specific immunological 
environments [1]. This process, known as trained immunity, 
drives the nonspecific memory of innate immune cells, ensuring 
a robust inflammatory response against subsequent stimulations. 
However, exaggerated responses by trained immunity can lead 
to detrimental inflammation [1]. In diabetes, innate immune cells 
undergo trained immunity due to the metabolic disturbances. 
Diabetic macrophages exhibit metabolic reprogramming and 
epigenetic modifications for proinflammatory genes [2,3]. This 

trained immunity results in a proinflammatory phenotype polar-
ization of macrophages, thereby contributing to the chronic 
inflammatory status in patients with diabetes [3,4].

Neutrophils, the most abundant innate immune cells in 
humans, exhibit dysregulated functions in diabetes. Most effec-
tor functions of neutrophils, such as the generation of reactive 
oxygen species (ROS) generation, degranulation, chemotaxis, 
and phagocytosis, are dysregulated in diabetes [5,6]. Diabetic 
neutrophils (DNs) exhibit enhanced neutrophil extracellular 
trap (NET) formation [7,8]. Components of NETs, such as 
double-stranded DNA and granules, are found in the serum of 
patients with type 2 diabetes mellitus [7,9,10]. In addition, the 
basal levels of NETs are elevated in neutrophils isolated from 
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these patients [9]. Moreover, neutrophils isolated from diabetic 
patients exhibit increased expression levels of peptidyl arginine 
deiminase 4, a key enzyme required for chromatin decondensa-
tion during NET formation [8]. These primed neutrophils are 
readily activated in response to inflammatory challenge. Con-
sequently, NETs released by these primed neutrophils compro-
mise wound healing in diabetic patients [7,11]. While these findings 
strongly suggest the trained immunity of neutrophils during 
diabetes, neither metabolic reprogramming nor epigenetic 
changes in neutrophils in diabetes have been elucidated so far.

In this study, we demonstrate that trained immunity medi-
ates priming of neutrophils for NET formation in diabetes. 
Under diabetic conditions, neutrophils exhibit metabolic repro-
gramming, characterized by enhanced glycolysis, activation 
of pentose phosphate pathway (PPP), and increased fatty 
acid oxidation (FAO). Adenosine 5′-triphosphate (ATP)-citrate 
lyase (ACLY), a nuclear-cytosolic enzyme responsible for con-
verting citrate to acetyl-coenzyme A (CoA), facilitates the accu-
mulation of acetyl-CoA in the nucleus. Histone acetyltransferases 

(HATs) further induce histone acetylation, a prerequisite for 
the chromatin decondensation required for NET priming in 
diabetes. Inhibition of ACLY reverses delayed wound healing 
in a murine model of diabetes. These results advance our under-
standing of how trained immunity mediates the dysregulation 
of neutrophils in diabetes.

Results
Diabetes induces metabolic reprogramming  
in neutrophils
First, we confirmed the NET priming in neutrophils in diabetes. 
The demographic and clinical characteristics of patients with 
diabetes are summarized in Table S1. Neutrophils isolated from 
patients with diabetes (DNs) exhibited enhanced basal NET for-
mation and showed an increased NET formation in response to 
subsequent lipopolysaccharide (LPS; 10 μg/ml) stimulation com-
pared to neutrophils isolated from healthy volunteers [normal-
glucose-exposed neutrophils (NNs)] (Fig. 1A). To evaluate the 
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Fig. 1. Metabolic reprogramming in neutrophils isolated from patients with diabetes. (A and B) Priming for NET formation in neutrophils isolated from patients with diabetes. 
Neutrophils were isolated from patients with diabetes (DNs) or healthy volunteers (NNs) in the presence or absence of LPS (10 μg/ml), and NET formation was analyzed using 
SYTOX Green staining. CDNs, neutrophils isolated from diabetic patients with controlled levels of HbA1c in serum; UDNs, neutrophils isolated from diabetic patients with 
uncontrolled levels of HbA1c. n = 12 per group. (C to E) RNA sequencing analysis of NNs (n = 4) and DNs (CDNs, n = 3; UDNs, n = 2). (C) Heatmap representations of DEGs in NNs 
and DNs. (D) Heatmap depicting DEG analysis of metabolic profiles of DNs with respect to NNs. (E) GO enrichment analysis of up-regulated genes in DNs. (F) A qPCR validation of 
enzymatic genes of metabolic pathways in DNs and NNs. NNs, n = 12; CDNs, n = 4; UDNs, n = 6. All results are expressed as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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effects of long-term exposure to high-glucose condition on 
neutrophils, we categorized DNs according to their adjusted 
hemoglobin A1c (HbA1c) levels, based on blood glucose levels 
[12]. Neutrophils isolated from diabetic patients with uncon-
trolled levels of HbA1c [uncontrolled DNs (UDNs)] exhibited 
substantially higher basal levels of NET formation and demon-
strated enhanced NET formation in response to LPS stimulation 
than those isolated from either diabetic patients with controlled 
HbA1c [controlled DNs (CDNs)] or NNs (Fig. 1B).

To investigate metabolic reprogramming in DNs, we con-
ducted transcriptome analysis using RNA sequencing of NNs 
(n = 4) and DNs (CDNs, n = 3; UDNs, n = 2). We found 5,120 
(2,462 up-regulated) and 2,490 (1,642 up-regulated) differentially 
expressed genes (DEGs) in CDNs and UDNs, respectively (Fig. 
1C and Table S2). DEG analysis of the metabolic profiles of DNs 
with respect to NNs revealed increased expressions of key 
enzymes in metabolic pathways such as hexokinase 1 (HK1), 
phosphoglucomutase 2 (PGM2), hexose-6-phosphate dehydro-
genase (H6PD), and 6-phosphogluconolactonase (PGLS) in 
UDNs (Fig. 1D and Fig. S1A). Gene Ontology (GO) enrichment 
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis revealed the up-regulation of the PPP in 
UDNs (Fig. 1E, Fig. S1B to E, and Table S2). We further examined 
the rate-limiting enzymes involved in metabolic pathways using 
quantitative polymerase chain reaction (qPCR). UDNs exhibited 
increased expression of genes involved in glucose metabolism 
[HK2, glucose-6-phosphate isomerase (GPI), 6-phosphofructo-
kinase liver type (PFKL), glyceraldehyde-3- phosphate dehydro-
genase (GAPDH), and pyruvate kinase muscle isozyme (PKM)], 
PPP (H6PD and PGLS), pyruvate metabolism [pyruvate dehy-
drogenase (PDH) E1 subunit α1 (PDHA1)], fatty acid metabolism 
[carnitine palmitoyltransferase 1C (CPT1C), fatty acid synthase 
(FASN), and acetyl-CoA carboxylase α (ACACA)], and the con-
version of acetyl-CoA into citrate [citrate synthase (CS)] than 
NNs (Fig. 1F and Fig. S1F). CDNs exhibited alterations in meta-
bolic genes to a lesser extent than did UDNs (HK1, GPI, PFKL, 
GAPDH, PKM, H6PD, and CPT1C) or down-regulation (HK2, 
PGLS, FASN, and ACACA) (Fig. 1F and Fig. S1F). No substantial 
changes were found in the expression levels of genes involved in 
the tricarboxylic acid (TCA) cycle in the DNs.

High-glucose condition induces metabolic 
reprogramming in neutrophils
As our results suggested that prolonged exposure to high glu-
cose during diabetes induced NET priming and metabolic 
reprogramming in neutrophils, we next examined the effects 
of high glucose on the functions of neutrophils. Neutrophils 
were incubated in RPMI medium containing either 5.5 mM 
glucose (NNs) or 22 mM glucose [high-glucose-exposed neu-
trophils (HNs)] for 4 h. Then, the neutrophils were stimulated 
with either LPS (10 μg/ml) or phorbol 12-myristate 13-acetate 
(PMA; 1 μg/ml) for 1 h, and NET formation was analyzed. HNs 
exhibited higher basal NET formation and higher NET forma-
tion in response to LPS and PMA stimulation than NNs (Fig. 
2A to E). HNs also showed a remarkable enhancement in both 
basal- and LPS-induced ROS production (Fig. 2E). Neutrophils 
exposed to 11 mM glucose exhibited increased NET formation 
and ROS generation, and replacement with mannitol, nonme-
tabolizable sugar alcohol, at concentrations of either 11 or 22 mM, 
did not affect either basal NET formation or ROS generation, 
suggesting that high glucose per se is responsible for NET prim-
ing (Fig. S2A and B).

To further confirm the metabolic modulation of neutrophils 
under high-glucose conditions, we characterized the metabolic 
profile of HNs (n = 8) with respect to NNs (n = 4) using tran-
scriptome data. The gene expression profiles of NNs and HNs 
were distinct and revealed a total of 6,407 (6,366 up-regulated) 
DEGs in HNs (Fig. 2F and Table S2). Similar to DNs, HNs 
exhibited the up-regulated genes involved in glycolysis, PPP, 
and pyruvate metabolism (Fig. 2G). Gene enrichment analysis 
of up-regulated genes for GO biological process (GOBP) and 
KEGG pathways showed enrichment of genes involved in gly-
colysis and PPP in HNs (Fig. 2H, Fig. S1C and D, and Table 
S2). We further confirmed the changes in the rate-limiting 
enzymes involved in metabolic pathways using qPCR. HNs 
showed increased expressions of genes involved in glucose 
metabolism (HK3, GPI, PFKL, GAPDH, and PKM), PPP 
(H6PD, PGLS), pyruvate metabolism (PDHA1), fatty acid 
metabolism (CPT1C, ACACA, and FASN), and conversion of 
acetyl-CoA into citrate (CS) (Fig. 2I and J and Fig. S2E to J). 
Neutrophils exposed to 11 mM glucose also demonstrated 
notable up-regulation of key metabolic genes, although this 
was less pronounced compared to exposure to 22 mM glucose 
(Fig. S2K).

Metabolic reprogramming controls NET priming 
under high glucose
As the transcriptome profile showed alterations in glucose uti-
lization in neutrophils under diabetic conditions, we first exam-
ined the effects of inhibitors on glucose transporters during 
high-glucose-induced NET priming. Neutrophils were incu-
bated for 4 h under either normal or high-glucose conditions 
in the presence or absence of glucose transporter inhibitors and 
further stimulated with LPS (10 μg/ml; Fig. 3A). Ritonavir, an 
inhibitor of glucose transporter 1 (GLUT1), did not affect high-
glucose-induced NET priming, whereas fasentin, an inhibitor 
of GLUT1 and GLUT4, significantly inhibited basal NET for-
mation and priming (Fig. 3B). These results suggest that neu-
trophils primarily utilize GLUT4 over GLUT1 for glucose uptake. 
Therefore, we examined the presence of GLUTs in neutrophils. 
NNs expressed GLUT1, GLUT3, and GLUT4 (Fig. S3A), con-
sistent with the findings of a previous study [13]. Notably, HNs 
exhibited increased GLUT4 expression (Fig. S3A) and higher 
glucose uptake (Fig. S3B) than those of NNs. These results sug-
gest that neutrophils actively utilize glucose under high-glucose 
conditions, and we further examined the metabolic pathways 
involved in high-glucose-induced NET priming.

Neutrophils were exposed to different glucose concentra-
tions in the presence of various inhibitors of metabolic path-
ways, and priming for NET formation was examined. Inhibitors 
of the glycolytic pathway [2-deoxyglucose (2-DG), a hexokinase 
inhibitor; N,N-dimethylformamide (DMF), a GAPDH inhibi-
tor] completely inhibited the high-glucose-induced NET prim-
ing (Fig. 3B). The inhibition of the PPP with 6-aminonicotinamide 
[6-AN; an inhibitor of glucose-6-phosphate dehydrogenase 
(G6PD)] completely inhibited the high-glucose-induced NET 
priming (Fig. 3C). Inhibition of pyruvate metabolism (with 
UK5099, a mitochondrial pyruvate transporter inhibitor, and 
CPI-613, a PDH inhibitor) also inhibited high-glucose-induced 
NET priming, whereas treatment with dichloroacetic acid (DCA, 
a pan-PDH kinase inhibitor) enhanced high-glucose-induced 
NET priming (Fig. 3C). In contrast, inhibition of lactate dehy-
drogenase A (LDHA) with FX11 did not affect the basal NET 
formation or high-glucose-induced NET priming (Fig. 3D). 
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Fig. 2. Metabolic pathways involved in high-glucose-induced NET priming. (A to E) The effect of high-glucose condition on the function of neutrophils. Human neutrophils 
were incubated in an RPMI medium supplemented with either 5.5 mM glucose (NNs) or 22 mM glucose (HNs) for 4 h. NNs and HNs were stimulated with LPS (10 μg/ml) 
or PMA (1 μg/ml) for 1 h. n = 4 to 7 per group. (A) Immunofluorescence images of NET formation in NNs and HNs. Representative images of 5 experiments are shown. Red, 
CitH3; green, MPO; blue, DAPI. (B and C) Percentages of MPOhigh (B) and CitH3high (C) neutrophils. (D) NET formation in NNs and HNs was determined by SYTOX Green 
staining. n = 7 per group. (E) ROS generation in NNs and HNs was determined by DCF-DA staining. n = 5 per group. (F to J) RNA sequencing analysis of NNs and HNs. n = 4 
per group. (F) Heatmap representation of DEGs in NNs and HNs. (G) Heatmap depicting DEG analysis of metabolic profiles in NNs and HNs. (H) GO enrichment analysis of 
up-regulated genes in HNs. (I) A qPCR validation of the enzymatic genes of metabolic pathways in NNs and HNs. n = 6 per group. (J) Schematic depicting altered metabolic 
pathways in HNs based on KEGG metabolic pathway mapping and qPCR. Adjusted P < 0.05 was considered to indicate statistical significance for KEGG metabolic pathway 
mapping (colored arrows). The significant alterations in genes involved in metabolic pathways on qPCR analysis were denoted by asterisks. All results are expressed as 
means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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These results suggest that HNs utilize the glycolytic pathway by 
passing through the PPP for NET priming. Inhibition of FAO 
with etomoxir, an inhibitor of CPT1, inhibited the high-glucose-
induced NET priming, whereas rotenone, an inhibitor of mito-
chondrial respiratory chain complex I, did not affect NET 
priming (Fig. 3D). Moreover, diphenyleneiodonium chloride 
(DPI), an inhibitor of reduced form of nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase, completely inhibited 
high-glucose-induced NET priming, suggesting that ROS-
dependent NET priming (Fig. S3E). To further examine whether 
neutrophils are also primed for inflammatory cytokine produc-
tion during diabetes, we measured the protein levels of tumor 
necrosis factor-α, interleukin-8 (IL-8), and IL-1β in neutrophils. 
HNs exhibited the increased levels of IL-8 and IL-1β in resting 
state, and LPS stimulation further enhanced the production of 
IL-1β in HNs than NNs (Fig. S3F).

We further explored the bioenergetics of HNs. Analysis of 
the extracellular acidification rate (ECAR), an indicator of aero-
bic glycolysis, revealed higher glycolysis rates in HNs than in 
NNs (Fig. 3E and Fig. S3C). The addition of oligomycin, an 
inhibitor of ATP synthase, did not affect ECAR in either HNs 

or NNs, suggesting a minimal role of mitochondria in neutro-
phil energetics (Fig. 3E). In contrast, no substantial differences 
were found in the oxygen consumption rate (OCR), an indicator 
of mitochondrial oxidative phosphorylation, between HNs and 
NNs (Fig. 3F and Fig. S3C). However, analysis of mitochondrial 
transmembrane potential using MitoTracker and JC-10 revealed 
the existence of functional mitochondria in neutrophils (Fig. 
3G and Fig. S3D). Moreover, HNs displayed greater MitoTracker 
fluorescence and greater JC-10 red/green fluorescence ratios 
than NNs (Fig. 3G and Fig. S3D). These results suggest that 
although mitochondrial respiration plays a minimal role, func-
tional mitochondria are required for high-glucose-induced NET 
priming.

To trace the metabolic reprogramming of neutrophils under 
diabetic conditions, we examined changes in metabolic inter-
mediates through unbiased metabolic flux analysis using 13C-U-
glucose (Fig. 4A). The HNs exhibited significant enrichment 
of 13C-enriched intermediates in glycolysis, PPP, and pyruvate 
metabolism (Fig. 4B to E and Fig. S4A to C). Mitochondrial TCA 
cycle intermediates (m + 2), such as α-ketoglutarate, succinate, 
fumarate, and malate, were mostly unlabeled (Fig. 4F and Fig. S4D). 
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Fig.  3.  Metabolic modulation mediates NET priming. (A) Schematic depicting the inhibitors of the metabolic pathways. (B to D) The effects of inhibitors on metabolic 
pathways in high-glucose-induced NET priming. Neutrophils were incubated with either 5.5 mM glucose medium (NNs) or 22 mM glucose medium (HNs) in the presence or 
absence of the indicated inhibitors of metabolic pathways and then stimulated with LPS (10 μg/ml). The NET formation was analyzed using SYTOX Green staining. n = 5 to 
7 per group. (E) Quantification of ECARs in NNs and HNs. Oligo, oligomycin. n = 15 per group. (F) Quantification of OCRs in NNs and HNs. Rot, rotenone; Anti, antimycin A. 
n = 12 per group. (G) Representative flow cytometry plots of the membrane potential of neutrophils as measured using JC-10 fluorescence. Red, JC-10 aggregates; green, 
JC-10 monomers. The bar graph shows the ratios of JC-10 aggregate and JC-10 monomer expression in neutrophils. n = 3 per group. All results are expressed as means ± 
SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Intriguingly, the amount of acetyl-CoA was drastically increased 
in HNs (Fig. 4D and Fig. S4E), indicating that glucose is hardly 
incorporated into the TCA cycle and intermediates of the TCA 
cycle are rapidly catalyzed into acetyl-CoA in HNs. Moreover, 
the total amount of unlabeled acetyl-CoA was also increased in 
HNs, supporting the notion that nonglucose sources, such as 
fatty acids, contribute to the accumulation of acetyl-CoA in 
HNs.

Accumulation of acetyl-CoA mediates NET priming 
under high glucose
We further confirmed the accumulation of acetyl-CoA in HNs 
using an endpoint fluorometric assay. HNs showed significantly 
higher intracellular concentrations of acetyl-CoA than NNs (Fig. 
5A), which is consistent with the metabolic flux analysis results. 
We further confirmed the involvement of metabolic modula-
tion in acetyl-CoA accumulation in HNs using inhibitors of key 

metabolic pathways. Inhibition of PDH using CPI-613 com-
pletely inhibited the accumulation of acetyl-CoA in HNs, 
whereas the activation of PDH using DCA further enhanced the 
accumulation of acetyl-CoA in HNs (Fig. 5A). Inhibition of FAO 
using etomoxir also inhibited the accumulation of acetyl-CoA 
in HNs (Fig. 5A).

These results suggested that metabolic reprogramming led 
to acetyl-CoA accumulation in DNs. DNs exhibited no substan-
tial alterations in the expression levels of enzymes involved in 
the TCA cycle (Figs. 1D and 2G), and the expression of CS 
increased (Figs. 1F and 2I and J), suggesting that citrate might 
accumulate in these neutrophils. However, in line with our 
expectation, the concentration of citrate was not highly increased 
in HNs (Fig. 4F), and the acetyl-CoA accumulated in HNs to a 
greater level than anticipated (Figs. 4F and 5A). Therefore, we 
reasoned that an additional metabolic pathway was required for 
acetyl-CoA accumulation in DNs. ACLY is a nuclear-cytosolic 
enzyme that generates acetyl-CoA from citrate, which is produced 
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Fig. 4. Validation of metabolic modulation in HNs through U-13C glucose tracing. Metabolic flux analysis in NNs and HNs. Neutrophils were incubated in a medium supplemented 
with U-13C glucose, and the fates of labeled carbon were traced using LC-mass spectrometry. The relative enrichment with respect to concentration of each metabolite from 
NNs was shown. (A) The schematic diagram for incorporation and distribution patterns of U-13C glucose into downstream metabolites associated with glycolysis, PPP, and 
TCA cycle. (B to F) Distribution of U- 13C (m + 6) and 12C (m + 0) into different metabolites. (B) U-13C (m + 6) in glucose-6-phosphate (glucose-6-P) and fructose-6-phosphate 
(fructose-6-P). (C) U-13C (m + 5) in 6-phosphogluconate (6-PG) and ribose-5-phosphate (ribose-5P). (D) U-13C (m + 4) in erythose-4-phosphate (E4P) and seduheptulose-7-
phosphate (seduheptulose-7-P). (E) U-13C (m + 3) in glyceraldehyde-3-phosphate (glyceraldehyde-3-P), pyruvate, lactate, and alanine. (F) U-13C (m + 2) in citrate, succinate, 
fumarate, malate, aspartate, glutamate, and acetyl-CoA. n = 3 to 5 per group. Data are presented as relative metabolite abundance and expressed as means ± SEM. *P < 
0.05; ***P < 0.001; #P < 0.05; ##P < 0.01; ###P < 0.001.
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Fig. 5. ACLY mediates histone acetylation that primes NET priming in HNs. (A) Accumulation of acetyl-CoA in neutrophils. Neutrophils were incubated in a normal- or high-
glucose medium in the presence or absence of the indicated inhibitors, and the intracellular concentrations of acetyl-CoA were examined using enzyme-linked immunosorbent 
assay. n = 4 to 8 per group. (B) Relative ACLY mRNA levels in NNs and HNs. n = 6 per group. (C) Quantification of ACLY and PDH fluorescence in NNs and HNs. n = 16 per 
group. (D) Western blotting of total ACLY and PDH (α1 and α2 subunits) in NNs and HNs. The bar graph shows the fold changes in the expression levels of total ACLY and PDH 
compared with β-actin. n = 9 to 10 per group. (E and F) Effects of ACLY inhibition on high-glucose-induced (E) acetyl-CoA accumulation and (F) NET priming. n = 8 per group. 
(G) Representative images of the subcellular localization of ACLY in neutrophils. The subcellular localization of reporters was analyzed using an EzColocalization analysis. Left: 
Immunofluorescence images showing reporter 1 (blue, DAPI) and reporter 2 (green, ACLY). Second: Differential interference contrast (DIC) images of cell identification; Third: 
Heatmaps for DAPI. Right: Heatmaps for ACLY. The signal intensities are indicated by the bar on each reporter image. Representative images of 5 independent experiments 
are shown. (H) The probability of the colocalization of ACLY with the nucleus determined using PCC metric in the EzColocalization analysis. Representative images 
of 5 independent experiments are shown. The bar graph denotes the percentages of colocalization between ACLY and the nucleus. n = 5 per group. (I) Representative 
confocal images depicting the levels of acetylation of the indicated histones in neutrophils. The bar graph shows the fold changes in the expression levels of the indicated 
acetylated histones in HNs compared to NNs. n = 4 to 7 per group. (J) Representative western blotting images and bar graphs of histone acetylation in NNs and HNs. n = 
6 per group. (K) Effects of inhibitors on histone acetylation in neutrophils. Neutrophils were incubated under either normal- or high-glucose conditions in the presence or 
absence of the indicated inhibitors. n = 6 to 8 per group. (L) Effects of histone acetylase inhibition on high-glucose-induced NET priming. Neutrophils were incubated under 
either normal- or high-glucose conditions in the presence or absence of anacardic acid. n = 13 per group. (M) Representative Western blotting images and bar graphs of the 
expression levels of HAT1 (RBAP46) and KAT2B (PCAF). n = 9 to 10 per group. CPI-613, an inhibitor of PDH; DCA, an inhibitor of PDH kinase; BMS303141, an inhibitor of ACLY; 
etomoxir, an inhibitor of CPT-1. All results are expressed as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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through the mitochondrial TCA cycle [14]. Therefore, we deter-
mined the expression levels of ACLY in neutrophils. The results 
of qPCR (Fig. 5B) and immunofluorescence microscopic (Fig. 
5C and Fig. S5A) analyses showed increased ACLY expression 
in HNs. Moreover, the results of the immunoblotting analysis 
revealed that ACLY expression was higher in HNs than in NNs 
(Fig. 5D). The expression of PDH, a key enzyme responsible for 
the oxidative decarboxylation of pyruvate into acetyl-CoA, was 
also significantly enhanced in HNs (Fig. 5C and D and Fig. S5B). 
To further demonstrate that ACLY is required for high-glucose-
induced NET priming, we examined the effects of an ACLY 
inhibitor, BMS303141, in HNs. BMS303141 inhibited acetyl-
CoA accumulation in HNs (Fig. 5E) and high-glucose-induced 
NET priming (Fig. 5F). We next hypothesized that acetyl-CoA 
accumulates in the nuclear compartment rather than the mito-
chondria, CS converts acetyl-CoA into citrate in the mitochon-
dria, and ACLY converts citrate into acetyl-CoA again in the 
nucleus. HNs exhibited increased nuclear translocation of ACLY 
(Fig. 5G and H), whereas PDH did not (Fig. S5C).

Acetyl-CoA is a central metabolite for energy production 
through the TCA cycle and an important acetyl source for his-
tone acetylation [14]. Recent studies have suggested that his-
tone acetylation contributes to the NET formation through the 
decondensation of chromatin [15,16]. Furthermore, ACLY 
provides acetyl-CoA in the nucleus and facilitates histone 
acetylation in various cell types [14,17] including macrophages 
[18] and T helper 17 (TH17) cells [19]. Therefore, we hypothe-
sized that the increased accumulation of acetyl-CoA contrib-
utes to histone acetylation in HNs, leading to the priming of 
neutrophils for NET formation. Immunofluorescence micro-
scopic analysis revealed greater acetylation of lysine residues 
9, 14, and 27 on histone 3 (AcH3K9, AcH3K14, and AcH3K27, 
respectively) and of lysine-8 on histone 4 (AcH4K8) in HNs 
than in NNs (Fig. 5I and Fig. S5D to G). Immunoblot analysis 
confirmed increased histone acetylation in HNs (Fig. 5K). To 
further explore correlations between metabolic modulation and 
histone acetylation, we investigated the effects of metabolic path-
way inhibitors on histone acetylation in HNs. We found that 
CPI-613, BMS303141, and etomoxir completely inhibited the 
histone acetylation in HNs (Fig. 5K and Fig. S5D to G).

We next determined whether the increased acetylation of 
histones was responsible for NET priming under high glucose. 
Anacardic acid, a pan-inhibitor of HATs, completely inhibited 
the high-glucose-induced NET priming (Fig. 5L). We further 
determined the expression levels of HATs, HAT1 and K (lysine) 
acetyltransferase 2B (KAT2B), in neutrophils and found that 
expressions levels of HAT1 and KAT2B were increased in HNs 
(Fig. 5M).

Diabetes primes neutrophils for NET formation 
through trained immunity
On the basis of the finding that high-glucose condition primed 
neutrophils for NET formation through trained immunity, we 
further examined the key molecules involved in metabolic 
reprogramming and epigenetic changes in DNs. The expression 
levels of PDH, ACLY, HAT1, and KAT2B were significantly 
increased in the UDNs (Fig. 6A and B). Moreover, UDNs exhib-
ited the increased nuclear translocation of ACLY (Fig. 6C). 
Among the acetylated histones found in HNs, UDNs exhibited 
increased expressions of AcH3K27 and AcH4K8 (Fig. 6D and 
E). UDNs also showed increased accumulation of acetyl-CoA 
(Fig. 6F) and higher glycolysis rates than NNs (Fig. 6G). The 

serum concentrations of tumor necrosis factor-α, IL-8, and 
IL-1β were elevated in patients with uncontrolled levels of 
HbA1c, and UDNs showed increased basal levels of IL-1β 
and robust IL-1β production in response to LPS stimulation 
(Fig. S6A).

To validate whether neutrophils primed through trained 
immunity contribute to delayed wound healing in diabetes, we 
examined the effect of ACLY inhibitors on wound healing using 
a murine model of diabetes. Wound closure in streptozotocin 
(STZ)-induced diabetic mice was substantially delayed com-
pared to that in control mice, and the treatment with an inhibi-
tor of ACLY successfully reversed delayed wound closure (Fig. 
6H and Fig. S6B to D).

Discussion
In this study, we investigated the trained immunity of neutro-
phils under diabetic conditions. DNs exhibit metabolic repro-
gramming characterized by enhanced glycolysis, PPP, and FAO, 
resulting in the accumulation of acetyl-CoA. ACLY mediates 
the accumulation of acetyl-CoA, and HATs further mediate 
epigenetic modification through acetylation of histones, result-
ing in priming for NET formation. Activated neutrophils pref-
erentially utilize glycolysis for effector functions, such as NET 
formation and ROS generation [20,21]. They exhibit increased 
uptake of glucose [13,21], and inhibition of the glycolytic path-
way inhibits most effector functions of neutrophils, such as 
chemotaxis, NET formation, and ROS generation [20,21]. 
Consistent with these findings, HNs exhibited an increased 
GLUT4 expression with enhanced glucose uptake. Most genes 
involved in glycolytic pathways were up-regulated, and ECAR 
was substantially increased in DNs. Furthermore, pharmaco-
logical inhibition of the glycolytic pathway suppressed high-
glucose-induced NET priming, and metabolic intermediates 
of glycolysis were also increased in HNs, suggesting the indis-
pensable role of glycolysis in high-glucose-induced NET prim-
ing. DNs utilized glycolysis by passing through the PPP for 
NET priming. The levels of enzymes involved in the PPP were 
up-regulated in DNs, and the pharmacological inhibition of 
G6PD completely abrogated high-glucose-induced NET prim-
ing. Moreover, the metabolic intermediates of PPP were highly 
increased in HNs, and DPI completely inhibited high-glucose-
induced NET priming. These results suggest that PPP is also 
indispensable for high-glucose-induced NET priming. PPP 
allows the diversion of the glycolytic pathway to generate 
NADPH [22], a key substrate for NADPH oxidase, during ROS 
generation in activated neutrophils. Neutrophils use the meta-
bolic shift to PPP for amyloid- and PMA-induced NET forma-
tion [20]. However, pharmacological inhibition of the later 
phases of the glycolytic pathway, such as UK5099 and CPI-613, 
also completely inhibited high-glucose-induced NET priming, 
suggesting that glucose is redirected to PPP in the early phase 
of glycolysis to replenish NADPH oxidase and is then reincor-
porated into the glycolytic pathway.

We found that DNs utilize FAO for high-glucose-induced 
NET priming. Immature neutrophils utilize lipophagy-mediated 
FAO for energy production [23]. FAO mediates oxidized low-
density-lipoprotein-induced NET formation in mature neutro-
phils [24], and a previous study has proposed a hypothesis 
regarding compensatory FAO utilization in neutrophils dur-
ing hyperglycemia [25]. In the present study, the increased 
expression of FAO enzymes, such as CPT1C, ACACA, and 
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hydroxyacyl-CoA dehydrogenase trifunctional multienzyme 
complex subunit α (HADHA), was detected in DNs. Treatment 
with etomoxir completely inhibited high-glucose-induced NET 
priming, acetyl-CoA accumulation, and histone acetylation. 
Furthermore, carbon flux analysis using U-13C glucose revealed 
increased amounts of unlabeled acetyl-CoA in HNs, suggesting 
that fatty acids are alternative sources of acetyl-CoA in neutro-
phils under hyperglycemia. However, we did not identify the 
mechanism underlying the enhanced FAO in hyperglycemic 
neutrophils. A possible explanation could be fatty-acid-favoring 
metabolic reprogramming of immune cells in diabetes. Insulin 
resistance and hyperglycemia are causally related to meta-
bolic reprogramming in immune cells and vice versa. As the 

metabolic status determines immune responses, most immune 
cells display metabolic reprogramming under hyperglycemic 
conditions. For example, peripheral blood mononuclear cells 
(PBMCs) exhibit distinct lipid metabolism in a hyperglycemic 
environment [26]. Although PBMCs preferentially utilize gly-
colysis for ATP generation, PBMCs isolated from diabetic 
patients utilize fatty acids to generate TH17 cytokines [26]. An 
increase in CPT1 and a decrease in carnitine-acylcarnitine trans-
locase ensured the accumulation of the long-chain fatty carnitine, 
which supports the production of TH17 cytokines. Macrophages 
under high-glucose conditions display impaired glycolysis 
without mitochondrial ATP production [2], and fatty acids 
induce macrophage polarization toward the proinflammatory 

A B
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E F G

H

Fig. 6. Diabetes primes NET formation via trained immunity. (A) Representative Western blotting images and bar graphs of the expression levels of PDH, ACLY, HAT1, and KAT2b 
in NNs and DNs. NNs, n = 4 to 5; CDNs, n = 3; UDNs, n = 4. (B) The expression levels of ACLY in NNs and DNs. NNs, n = 12; CDNs, n = 4; UDNs, n = 6. (C) Representative images 
of the subcellular localization of ACLY in DNs and CDNs using EzColocalization analysis. The bar graph denotes the probability of colocalization of ALCY with the nucleus in DNs 
and NNs using PCC metric. Each dot represents a single cell. Representative images of 3 independent experiments are shown. n = 3 per group. (D) Representative Western 
blotting images and bar graphs of the expression levels of acetylated histones in DNs and NNs. NNs, n = 4 to 6; CDNs, n = 4; UDNs, n = 3. (E) Representative confocal images 
depicting the levels of acetylation of the indicated histones in neutrophils. The bar graph shows the fold changes in the expression levels of the indicated acetylated histones 
in DNs compared to NNs. n = 2 to 3 per group. Each sample was analyzed in duplicates, resulting in 2 data point per sample. (F) The intracellular concentration of acetyl-CoA 
in NNs and DNs. NNs, n = 5; UDNs, n = 8. Each patient sample was analyzed in duplicates, resulting in 2 data point per patient. (G) Quantification of ECARs in DNs and NNs. 
n = 4 per group. (H) The effect of an inhibitor for ACLY on wound healing in a murine model of diabetes. The excisional dorsal full-thickness skin wounds (6 mm in diameter) 
were induced in the center of each dorsal skin of C57BL/6J mice. The wound closure results were quantified on days 1, 2, 4, 6, 8, and 10 after wounding. Inset: Representative 
photographs of wound healing. WT (wild-type control), n = 3; STZ + vehicle (vehicle-treated diabetic mice), n = 4; STZ + ACLYi (ACLY inhibitor-treated diabetic mice), n = 4. 
All results are expressed as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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phenotype [27]. Furthermore, FAO promotes the produc-
tion of proinflammatory cytokines in macrophages through 
the activation of NLRP3 inflammation [28]. Therefore, our 
results suggest that DNs use FAO to provide sufficient amount 
of acetyl-CoA for NET priming.

Although neutrophils possess a complex mitochondrial net-
work, they hardly adapt their mitochondria for energetics [29]. 
Rather, they utilize mitochondria for specialized functions, 
such as differentiation, apoptosis, and chemotaxis [30,31]. We 
found that mitochondrial respiration was not involved in high-
glucose-induced NET priming. Neutrophils exhibited a low 
basal OCR, and diabetic conditions did not induce considerable 
changes in the OCR. In addition, treatment with oligomycin 
did not affect the ECAR in neutrophils. Nevertheless, our find-
ings suggest a pivotal role for mitochondria in fatty acid metab-
olism under high-glucose-induced NET formation. Inhibition 
of CPT1 completely inhibited NET priming, acetyl-CoA accu-
mulation, and histone acetylation. These results suggest that 
the mitochondria play a central role in FAO, glycolysis, and 
histone acetylation in HNs. Of note, the hearts of patients with 
diabetes showed similar metabolic adaptations. Heart homog-
enates of STZ-injected rats exhibited defects in mitochondrial 
complex I, but the mitochondrial defects did not limit the 
increases in FAO in the heart, leading to lysine acetylation of 
mitochondrial proteins [32]. Neutrophils possess very low lev-
els of mitochondrial respiratory complex I [33]; we believe that 
this characteristic could be responsible for metabolic adapta-
tion in HNs.

We found that ACLY mediates the acetylation of histones 
from accumulated acetyl-CoA in HNs. ACLY, a nuclear-
cytosolic enzyme that generates acetyl-CoA from citrate 
produced through the mitochondrial TCA cycle [14], is respon-
sible for histone acetylation in various cell types [14,17,34]. In 
particular, ACLY activation increases nuclear acetyl-CoA accu-
mulation, and the resultant histone acetylation drives the expres-
sion of inflammatory genes in macrophages and TH17 cells 
[18,19]. Moreover, ACLY controls the generation of nucleocy-
tosolic acetyl-CoA, which results in epigenetic regulation of 
cytokine responses through histone acetylation in TH17 cells 
[19]. Under diabetic conditions, neutrophils exhibited increased 
expression of ACLY, and fluorescence microscopic analysis 
revealed an increased nuclear translocation of ACLY. Moreover, 
inhibition of ACLY completely inhibited acetyl-CoA accumula-
tion, histone acetylation, and NET priming. Therefore, we 
hypothesized that acetyl-CoA produced in mitochondria is 
converted into citrate through the TCA cycle and that ACLY 
mediates the nuclear production of acetyl-CoA from citrate. 
In support of this hypothesis, neutrophils under diabetic con-
ditions showed the increased mitochondrial potential and 
increased CS expression levels, whereas the citrate level per se 
remained unaltered. Recent studies have suggested that histone 
acetylation is involved in NET formation. Increased histone 
acetylation caused by the inhibition of histone deacetylase pro-
motes NET formation in resting and activated neutrophils [15]. 
NETs found in the patients with systemic lupus erythematosus 
contain increased amounts of acetylated histones, and histone 
deacetylase inhibitors prime neutrophils for NET formation 
[16]. We also observed that neutrophils under diabetic condi-
tions exhibited acetylation of multiple histone lysine residues 
and that a pan-inhibitor of HATs completely inhibited the high-
glucose-induced NET priming. Moreover, the pharmacological 
inhibition of ACLY successfully reversed delayed wound healing 

in a murine model of diabetes. These results suggest a close 
relationship between metabolic reprogramming and effector 
functions in neutrophils in the context of diabetes.

Interestingly, UDNs and HNs exhibited robust IL-1β pro-
duction in response to LPS stimulation. They showed that 
increased basal levels of IL-1β and LPS stimulation further 
enhanced the production of IL-1β than NNs, whereas CDNs 
did not show any significant changes in IL-1β production in 
response to LPS stimulation. As the inflammasome is respon-
sible for IL-1β production in neutrophils [35], these results 
suggest that metabolic reprogramming might affect the inflam-
masome activation in neutrophils. Moreover, a recent study 
shows that inflammasome activation is required for NET for-
mation [36], suggesting that metabolic reprogramming might 
mediate inflammasome activation in DNs.

Our study demonstrates that trained immunity mediates 
NET priming of neutrophils in the diabetic environment. 
Metabolic reprogramming and epigenetic modifications enable 
neutrophils to exert proinflammatory responses, contributing 
to compromised wound healing in diabetes. However, our 
study has several limitations. Although FAO is an additional 
metabolic pathway for NET priming in DNs, no tracing of lipid 
metabolism was performed in this study to assess lipid-related 
metabolites. In addition, the master regulator of trained immu-
nity in DNs remains unclear. Nevertheless, we propose that 
trained immunity in DNs could be a potential therapeutic tar-
get for attenuating inflammatory complications of diabetes.

Materials and Methods

Neutrophil isolation
This study included patients diagnosed with diabetes at 
Kyungpook National University Hospital between December 
2019 and January 2023. Patients and healthy men (aged > 
18 years) were enrolled in this study, and all study partici-
pants provided informed consent in accordance with the 
Declaration of Helsinki. Neutrophils were isolated as described 
previously [37]. Neutrophil purity was determined using Wright–
Giemsa staining. The purity was found to be consistently >95%. 
Neutrophils (5 × 106 cells) were incubated in 1 ml of glucose-
free RPMI medium (Gibco) supplemented with either normal 
glucose (5.5 mM; BioBasic Inc.) or high glucose (22 mM) for 
4 h. The HbA1c levels in patients with diabetes were adjusted 
according to the blood glucose levels [12]. Briefly, the mean 
plasma glucose levels were assumed to be a simple linear func-
tion of HbA1c levels, represented by the equation: Expected 
glucose levels (mg/dl) = 28.7 × HbA1c − 46.7. The patients’ 
glucose concentrations were measured and then classified as 
either controlled or uncontrolled on the basis of a comparison 
with the expected glucose level.

Quantification of NET formation and ROS generation
Neutrophils were incubated under either normal- or high-
glucose conditions for 4 h and then stimulated with either 
vehicle (double-distilled water), LPS (10 μg/ml; Sigma-
Aldrich), or PMA (1 μg/ml; Sigma-Aldrich) for 1 h. The NET 
formation was quantified using SYTOX Green (Thermo Fisher 
Scientific) as previously described [38]. The fluorescence inten-
sity was measured using a fluorescence microplate reader 
(SpectraMax M2/e, Molecular Devices Corporation) at excita-
tion and emission wavelengths of 503 and 523 nm, respectively. 
ROS generation was measured using a fluorescence probe, 

https://doi.org/10.34133/research.0365


Shrestha et al. 2024 | https://doi.org/10.34133/research.0365 11

2′7′-dichlorodihydrofluorescein diacetate (DCF-DA; Thermo 
Fisher Scientific). Neutrophils were stained with DCF-DA for 
30 min, and fluorescence intensity was measured using a fluo-
rescence microplate reader at excitation and emission wave-
lengths of 490 and 520 nm, respectively. To determine the 
effects of metabolic pathway inhibitors, neutrophils were 
treated with the indicated inhibitors for 1 h before stimulation as 
follows: 50 μM ritonavir (Tocris Bioscience), 100 μM fasentin 
(Tocris Bioscience); 100 μM 2-DG (Sigma-Aldrich), 100 μM 
DMF (Sigma-Aldrich); 10 mM 6-AN (Sigma-Aldrich), 100 μM 
UK5099 (Tocris Bioscience), 300 nM CPI-613 (Cayman 
Chemical Company), 10 μM DCA (Sigma-Aldrich), 10 μM 
FX11 (Merck Millipore), 60 μM etomoxir (Sigma-Aldrich), 
10 μM BMS303141 (Tocris Bioscience), and 10 μM DPI 
(Sigma-Aldrich).

Seahorse XF analysis
The mitochondrial respiration and glycolytic functions were 
measured using an XF-96e extracellular flux analyzer (Seahorse 
Bioscience) according to the manufacturer’s protocol. Briefly, 
neutrophils (2 × 105 cells) were seeded in the XF assay medium 
and plated on XF-96e tissue culture plates precoated with Cell-
Tak (Corning Inc.). The ECAR of neutrophils was measured 
using an XF medium containing RPMI medium supplemented 
with 1 mM Seahorse XF glutamine solution (Agilent Technologies), 
followed by sequentially injection of glucose (10 mM), oligo-
mycin (2 μM; Sigma-Aldrich), and 2-DG (10 mM). The OCR of 
neutrophils was measured using an XF medium containing RPMI 
medium supplemented with 10 mM Seahorse XF glucose solu-
tion (Agilent Technologies), 1 mM Seahorse XF pyruvate solu-
tion (Agilent Technologies), and 1 mM Seahorse XF glutamine 
solution (Agilent Technologies), followed by the sequentially injec-
tion of oligomycin (1 μM), carbonyl cyanide-4-(trifluoromethoxy) 
phenylhydrazone (2 μM; Sigma-Aldrich), rotenone (1 μM; Sigma-
Aldrich), and antimycin A (1 μM; Sigma-Aldrich). XF analysis 
was performed at intervals of 6 min over a 90-min cycle at 37 °C.

Mitochondrial membrane potential assay
A mitochondrial membrane potential assay with neutrophils was 
conducted using a JC-10 mitochondrial membrane potential 
assay kit (Abcam). Neutrophils (1 × 106 cells) were incubated in 
1× JC-10 dye-loading solution for 30 min at room temperature, 
and the mitochondrial membrane potential was analyzed using 
a BD FACSCalibur flow cytometer (BD Biosciences) in the FL1 
(JC-10 green fluorescence) and FL2 (JC-10 red fluorescence) 
channels.

Western blotting
Neutrophils (5 × 107 cells/ml) were suspended in 500 μl of 1× 
radioimmunoprecipitation assay lysis buffer (Bio Basics) sup-
plemented with 0.2% Triton X-100 (Sigma-Aldrich), a protease 
inhibitor cocktail (Sigma-Aldrich), and a phosphate inhibitor 
cocktail (Sigma-Aldrich), 20 μM phenylmethylsulfonyl fluoride 
(Sigma-Aldrich), leupeptin (10 mg/ml; Sigma-Aldrich), and 
aprotinin (Sigma-Aldrich) for 30 min. The proteins were 
extracted via centrifugation at 18,000g for 30 min at 4 °C. Total 
proteins (60 μg) were resolved using SDS-polyacrylamide gel 
electrophoresis, transferred to polyvinylidene difluoride mem-
branes, blocked with 5% skim milk, and probed with primary 
antibodies against GLUT1 (Cell Signaling Technology), GLUT3 
(Abcam), GLUT4 (Cell Signaling Technology), ACLY (Lifespan 

Biosciences), PDH (Cell Signaling Technology), histone H3 (Cell 
Signaling Technology), histone H4 (Cell Signaling Technology), 
AcH3K9 (Cell Signaling Technology), AcH3K14 (Cell Signaling 
Technology), AcH3K27 (Cell Signaling Tech nology), AcH4K8 
(Cell Signaling Technology), P300/CBP-associated factor 
(PCAF) (KAT2B; Cell Signaling Technology), retinoblastoma 
binding protein (RBAP) (HAT1; Cell Signaling Tech nology), 
and β-actin (Santa Cruz Biotechnology).

Immunofluorescence
Neutrophils were seeded on an eight-well chamber slide (Lab-
Tek) precoated with 0.01% poly-l-lysine (Sigma-Aldrich) and 
fixed with 4% paraformaldehyde (Biosesang). Cells were per-
meabilized with 0.1% Triton X-100 and blocked with 5% don-
key serum (Sigma-Aldrich) for 30 min at 37 °C. Neutrophils 
were incubated with primary antibodies against citrullinated 
H3 (CitH3; Abcam) and myeloperoxidase (MPO; Abcam), fol-
lowed by fluorescence-conjugated secondary antibodies. To 
evaluate the mitochondrial membrane potential, neutrophils 
were stained with MitoTracker Red CMXRos (Thermo Fisher 
Scientific). To evaluate acetylated histones, neutrophils were 
incubated with primary antibodies against AcH3K9, AcH3K14, 
AcH3K27, and AcH4K8, and to evaluate ACLY and PDH, 
neutrophils were incubated with primary antibodies against 
ACLY and PDH1 (α1 and α2 subunits), further incubated with 
fluorescence-conjugated secondary antibodies. Cells were counter -
stained with 4′,6-diamidino-2-phenylindole (DAPI; Thermo 
Fisher Scientific) and visualized by either immunofluorescence 
microscopy (IX83, Olympus Optical Co. Ltd.) or confocal mi  -
croscopy (LMS800, Carl Zeiss Meditec AG).

RNA sequencing analysis
Total RNA was extracted from neutrophils (108 cells) using 
TRIzol reagent (Ambion). Samples were prepared using the 
TruSeq Stranded Total RNA Sample Preparation Kit (Illumina). 
Paired-end cDNA libraries were prepared for each sample, and 
sequencing was performed using a NovaSeq 6000 system 
(Illumina). Library construction and RNA sequencing were 
conducted at Macrogen Korea. Bulk RNA sequencing data were 
analyzed using available packages in R. Adapter sequences from 
sequenced short reads were trimmed using the flexbar. These 
short reads were aligned with the human genome with align 
function (Rsubread v2.8.1) using a reference index built from 
GRCh38. The expression level of transcripts as read counts 
was estimated using featureCounts function (Rsubread v2.8.1; 
GRCh38.gtf annotation with default parameters). Differential 
expression analysis was performed using edgeR (3.36.0) using 
log transformation and the trimmed mean of M value method 
for normalization. The transcripts were annotated using org.
Hs.eg.db database (v3.14.0). Pathway enrichment analysis was 
conducted with enrichGO and enrichKEGG functions from the 
clusterProfiler package (v.4.2.2.) with “Biological Process” as GO 
annotation term as pathways for GO enrichment analysis. Gene 
set enrichment analysis with clusterProfiler was performed for 
KEGG pathway enrichment using gseKEGG. The gene set enrich-
ment analysis results and enriched KEGG pathways were visual-
ized using a gseasPlot (clusterProfiler) and pathview (v1.34.0).

Validation of differentially expressed metabolic 
genes by quantitative reverse transcription PCR
Total RNA was reverse-transcribed using a QuantiNova cDNA 
synthesis kit (QIAGEN). Real-time reverse transcription PCR 

https://doi.org/10.34133/research.0365


Shrestha et al. 2024 | https://doi.org/10.34133/research.0365 12

was performed using SYBR Green reagent (QIAGEN) on a 
StepOnePlus system (Applied Biosystems). Gene-specific ampli-
fication was confirmed by comparative cycle threshold (Ct) analy-
sis using the StepOne software. The average Ct values of the genes 
were normalized to the average Ct values of β-actin, and the relative 
ΔCt was used to calculate fold change values be tween the groups. 
Real-time PCR primers (QIAGEN) used in this study are the fol-
lowing: PGLS (PPH10822A-200), ACACA (PPH02316A-200), 
acetyl-CoA acetyltransferase 1 (ACAT1; PPH01600A-200), ACLY 
(PPH00021A-200), CPT1C (PPH11204A-200), CS (PPH2005F- 
200), FASN (PPH01012B-200), GPI (PPH00897C-200), HK1 
(PPH02045A-200), HK2 (PPH00983B-200), HK3 (PPH19558A- 
200), H6PD (PPH14128A-200), HADHA (PPH10000B-200), 
LDHA (PPH02047H-200), PFKL (PPH02048A-200), PDHA1 
(PPH07040A-200), PKM1/M2 (PPH02050C-200), ribose-5- 
phosphate isomerase A (RPIA; PPH10180A-200), and trans-
ketolase (TKT; PPH10428A-200).

Metabolic flux analysis
Neutrophils were plated in RPMI medium supplemented with 
either 5.5 or 22 mM 13C-U-glucose (Sigma-Aldrich) for 4 h. Cells 
were lyophilized, dissolved in 0.1% formic acid, and subjected 
to high-performance liquid chromatography (LC) using a Nexera 
system (Shimadzu Co.). The gradient solvent system consisted 
of 0.1% formic acid with water and 0.1% formic acid with ace-
tonitrile. The LC system was coupled to an LC-mass spectrom-
etry- 8060 triple-quadrupole mass spectrometer (Shimadzu). As 
internal standards, 2-morpholino ethanesulfonic acid and methi-
onine sulfone were used. The metabolites (focusing on glycolysis, 
PPP, and TCA cycle) were quantified, and 13C mass isotopic 
distributions were determined. The changes of metabolites were 
presented as relative enrichment with respect to the concentra-
tion using metabolites from NNs as control.

Acetyl-CoA accumulation assay
The concentration of acetyl-CoA in neutrophils was deter-
mined using the PicoProbe Acetyl-CoA Assay Kit (Abcam). 
The CoASH Quencher and Quencher Remover were added to 
the sample, and the background fluorescence generated by free 
CoASH and succinyl-CoA was corrected. The acetyl-CoA fluo-
rescence was measured using a microplate reader (SpectraMax 
iX3, Molecular Devices) at excitation and emission wavelengths 
of 535 and 587 nm, respectively. The background fluorescence 
generated by free CoASH and other CoA conjugates was reduced 
from the overall fluorescence, and relative concentration of 
acetyl-CoA was calculated.

Colocalization analysis
The colocalization of ACLY with the nucleus was detected using 
EzColocalization. The single cells were identified as regions of 
interest (ROIs) based on the differential interference contrast 
images. Reporter 1 was assigned to DNA labeled with DAPI 
(blue), and reporter 2 was assigned to ACLY (green). Alignments 
were performed using the default threshold algorithm, and heat-
maps were generated to visualize the relative magnitudes of the 
reporter signals. The colocalization coefficient was determined 
by calculating Pearson’s correlation coefficient (PCC).

Animal experiments
Animal experiments were approved by the Institutional Animal 
Care and Use Committee of Kyungpook National University. 

C57BL/6J (male, 8- to 9-week-old) mice were obtained from 
Central Lab Animal Inc. Mice were injected intraperitoneally 
with STZ (50 mg/kg; Sigma-Aldrich, dissolved in 0.1 M citrate 
buffer, pH 4.5). Fasting blood glucose levels were monitored 
on day 6 after STZ injection, and mice with fasting blood glu-
cose levels of >300 mg/dl were included in this study. Excisional 
dorsal full-thickness skin wounds (6 mm in diameter) were 
induced in the center of each dorsal skin on day 7 after STZ 
injection, and mice were administered either vehicle or bem-
pedoic acid (10 mg/kg; MedChemExpress, dissolved in corn 
oil) on every 2 d. The wound area ratio was quantified by cal-
culating the percentage of wound area compared to initial 
wound area.

Statistical analysis
Data are presented as means ± SEM for continuous variables 
and as the number (%) for categorical variables. Statistical data 
were analyzed using GraphPad Prism (version 7.0e; GraphPad 
Software). Comparisons between 2 groups were performed 
using either a 2-tailed Student’s t test (parametric) or Mann–
Whitney test (nonparametric test). Statistical significance was 
set at P < 0.05.
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