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Abstract
Stimulation of monocytes with microbial and non-microbial products, including oxidized low-density lipoprotein (oxLDL), induces
a protracted pro-inflammatory, atherogenic phenotype sustained by metabolic and epigenetic reprogramming via a process called
trained immunity. We investigated the intracellular metabolic mechanisms driving oxLDL-induced trained immunity in human
primary monocytes and observed concomitant upregulation of glycolytic activity and oxygen consumption. In two separate cohorts
of healthy volunteers, we assessed the impact of genetic variation in glycolytic genes on the training capacity of monocytes and
found that variants mapped to glycolytic enzymes PFKFB3 and PFKP influenced trained immunity by oxLDL. Subsequent
functional validation with inhibitors of glycolytic metabolism revealed dose-dependent inhibition of trained immunity in vitro.
Furthermore, in vivo administration of the glucose metabolism modulator metformin abrogated the ability for human monocytes to
mount a trained response to oxLDL. These findings underscore the importance of cellular metabolism for oxLDL-induced trained
immunity and highlight potential immunomodulatory strategies for clinical management of atherosclerosis.
Key messages
& Brief stimulation of monocytes to oxLDL induces a prolonged inflammatory phenotype.
& This is due to upregulation of glycolytic metabolism.
& Genetic variation in glycolytic genes modulates oxLDL-induced trained immunity.
& Pharmacological inhibition of glycolysis prevents trained immunity.
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Introduction

Materials and methods

Atherosclerosis is characterized by chronic low-grade
inflammation of the arterial wall and monocyte-derived
macrophages are the most abundant cells in atherosclerotic plaques [1]. We recently established that monocytes and macrophages can build a long-term pro-inflammatory memory following brief exposure to microbial products (e.g., Bacille Calmette-Guérin (BCG), and
the fungal cell wall component β-glucan), by a process
called trained immunity [2, 3]. Importantly, trained immunity is also induced by sterile, endogenous compounds known to contribute to atherosclerosis, such as
oxidized low-density lipoprotein (oxLDL), lipoprotein
(a), and aldosterone [4–6]. Cells trained with oxLDL
are characterized by an increased cytokine production
capacity and enhanced foam cell formation [4].
Therefore, while trained immunity is beneficial in the
context of host defense against micro-organisms, it
may play a maladaptive role in chronic inflammatory
diseases [7]. To this end, we recently hypothesized that
trained immunity contributes to the persistent inflammation in atherosclerosis [8, 9]. Indeed, circulating monocytes isolated from patients with established atherosclerosis or patients with hypercholesterolemia exhibit a
trained phenotype [10, 11].
Trained immunity induced by β-glucan or BCG is associated with profound intracellular metabolic reprogramming,
characterized by increased glycolytic metabolism and intracellular accumulation of fumarate and mevalonate [2, 12–14]. βGlucan training is furthermore accompanied by the repression
of oxidative phosphorylation (OXPHOS), reminiscent of
Warburg metabolism, whereas BCG-induced trained immunity is supported by concomitant increases in glycolysis and
OXPHOS [15].
At the level of gene regulation, trained immunity is characterized by epigenetic changes that modulate transcriptional programs. Studies of cells trained with β-glucan [16] and
BCG [15] have associated the enrichment of H3 histones
trimethylated at lysine 4 (H3K4me3) at regulatory promoters with increased expression of genes involved in glycolytic metabolism, thus linking immunometabolic and epigenetic reprogramming. On the other hand, there is evidence of a reverse-causal relationship, whereby blocking
the activation of aerobic glycolysis precludes the characteristic chromatin modification pattern and adapted phenotype
of trained immunity [16].
The current study is aimed at unraveling the role of metabolic reprogramming in oxLDL-induced trained immunity.

Cells and reagents
Buffy coats from healthy donors were obtained after written
informed consent (Sanquin Blood Bank, Nijmegen, the
Netherlands). Human peripheral blood mononuclear cells
(PBMCs) were isolated by density-gradient centrifugation over
Ficoll-Paque (GE Healthcare). Percoll isolation of monocytes
was performed as previously described as yielding a level of T
cell contamination, measured by fluorescence-activated cell
sorting of only 5% [13, 17]. Purified monocytes were cultured
in RPMI 1640 Dutch-modified culture medium (RPMI medium, Invitrogen) supplemented with 50 μg/mL gentamicin
(Centraform), 2 mmol/L Glutamax (Invitrogen), 1 mmol/L pyruvate (Invitrogen), and 10% pooled human serum. Stimuli and
inhibitors used were Escherichia coli lipopolysaccharide (LPS;
serotype 055:B5, Sigma-Aldrich, 10 ng/mL), Pam3Cys (EMC
Microcollections, L2000, 10 μg/mL), 3-(3-pyridinyl)-1-(4pyridinyl)-2-propen-1-one (3PO, Sigma-Aldrich), and 2-deoxy-D-glucose (2-DG, Sigma-Aldrich). Low-density lipoprotein was isolated from pooled human serum by ultracentrifugation and oxidized by incubating with 20 μmol CuSO4/L for
16 h at 37 °C followed by dialysis, as previously described [4].

In vitro training and pharmacological inhibition
Adherent monocytes were trained as described previously
[17]. Briefly, cells were incubated with oxLDL (10 μg/mL)
for 24 h, washed with phosphate-buffered saline (PBS), and
incubated in normal culture medium at 37 °C, 5% CO2. For
pharmacological inhibition experiments, cells were coincubated with inhibitors (3PO [10–40 μmol/L], 2-DG
[1 mmol/L], metformin [10 μmol/L]) for the 24 h of oxLDL
stimulation. For glucose experiments, cells were incubated
with oxLDL (10 μg/mL) in culture medium supplemented
with 5 mM glucose (+ 20 mM mannitol) or 25 mM glucose
for 24 h, washed with warm PBS, and incubated with RPMI
supplemented with 6 mM glucose and 10% pooled human
serum (obtained anonymously from the laboratory of our hospital) at 37 °C, 5% CO2. Following 5 days in culture, cells
were restimulated with medium alone, 10 ng/mL LPS.

Cytokine measurement
Cytokine production in supernatants after 24 h or 7 days was
determined using commercial enzyme-linked immunosorbent
assay kits for TNF-α and IL-6 (R&D Systems, MN, USA)
according to the instructions of the manufacturers.
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Quantitative RT-PCR
Total RNA was isolated from macrophages using TRIzol reagent according to the manufacturer’s instructions. 0.5–1 μg
of total RNA was used to synthesize cDNA with the
SuperScript III First-Strand Synthesis System (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
Quantitative RT-PCR was performed using an Applied
Biosciences StepOnePLUS qRT-PCR machine using SYBR
Green (Invitrogen). All reactions were performed for at least 6
biological replicates and the values expressed as log2 fold
increase in mRNA levels relative to those in non-trained cells.
18s was used as a housekeeping gene. RT-PCR primers are
listed in Table S1.

Chromatin immunoprecipitation
Trained monocytes on day 6 were cross-linked in methanolfree 1% formaldehyde, followed by sonication and immunoprecipitation using antibodies against H3K4me3 (Diagenode,
Seraing, Belgium). Immunoprecipitated chromatin was processed further for qRT-PCR analysis using the MinElute DNA
Purification Kit (Qiagen). Primers used in the reaction are
listed in Table S1. Samples were analyzed with a comparative
Ct method on the StepOnePLUS qPCR machine (Applied
Biosystems) using SYBR green (Invitrogen) in accordance
with the manufacturer’s instructions.

Metabolic analysis

821

H u m a n F u n c t i o n a l G e n o m i c s P r o j e c t ( w w w.
humanfunctionalgenomics.org). Genotype information on
approximately 8 million single-nucleotide polymorphisms
(SNPs) was obtained using Illumina
HumanOmniExpressExome SNP chip upon imputation.
Only SNPs with a minor allele frequency of ≥ 5% that passed
standard quality filters were included in the analysis. Raw
cytokine levels were log-transformed and the ratio between
trained and non-trained cytokine levels was used to quantify
the trained immunity response. They were subsequently
mapped to genotype data using a linear regression model with
age and gender as covariates [18].
We also conducted in vitro oxLDL training of adherent
PBMCs in a second cohort of 243 healthy individuals of
Western European ancestry from the 300BCG cohort
(NL58553.091.16). DNA samples of the individuals from
the second cohort were genotyped using the commercially
available SNP chip, Infinium Global Screening Array MD
v1.0 from Illumina. Genotype information on approximately
4 million SNPs was obtained upon imputation (MAF > 5%
and R2 > 0.3 for imputation quality).
After removing genetic outliers, cytokine ratios were
mapped to genotype data as described for the 200FG cohort.
Ethical approval of the cohort studies was granted by the
local Ethics Committee (CMO regio Arnhem-Nijmegen;
numbers 2011/399 and NL58553.091.16). Inclusion of volunteers and experiments were conducted according to the principles expressed in the Declaration of Helsinki. All volunteers
gave written informed consent before any material was taken.

Approximately 1 × 107 monocytes were trained with oxLDL
(10 μg/mL) in 10-cm Petri dishes (Greiner) in 10 mL medium
volumes for 24 h, washed with warm PBS, and incubated in
normal culture medium at 37 °C, 5% CO2. Following 5 days
in culture, cells were detached with Versene solution (Thermo
Fisher Scientific) and 1 × 105 cells were plated in quintuplicate to overnight-calibrated cartridges in assay medium
(RPMI with 0.6 mmol/L glutamine, 5 mmol/L glucose, and
1 mmol/L pyruvate [pH adjusted to 7.4]) and incubated for 1 h
in a non-CO2-corrected incubator at 37 °C. Trained and untrained macrophages for each respective donor were included
in the same assay. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using a
Cell Mito Stress Kit (for OCR) or a glycolysis stress test (for
ECAR) kit in an XFp Analyzer (Seahorse Bioscience), with
final concentrations of 1 μmol/L oligomycin, 1 μmol/L FCCP,
and 0.5 μmol/L rotenone/antimycin A.

Metformin trial

Genetic analysis

Ex vivo and in vitro monocyte experiments were analyzed
using a Wilcoxon signed-rank test. R-package Matrix eQTL
was used for cytokine QTL mapping. A p value < 0.05 (*) was
considered statistically significant, (**) p < 0.01. Data represent mean ± SEM.

We conducted in vitro oxLDL training of adherent PBMCs
from 119 healthy individuals of Western European ancestry
from the 200 Functional Genomics cohort (2011/399) of the

In this prospective study, 11 healthy non-obese volunteers
received increasing doses of metformin for a total of 6 days
(starting at 500 mg once per day and ending with 1000 mg
twice per day). Baseline characteristics of the participants are
described in Table S2. Blood was drawn immediately before
metformin administration (day 0), immediately after administration (day 6), as well as 3 days (day 9) and 2 weeks (day 20)
after the final dose. The study was approved by the local
institutional review committee (Arnhem-Nijmegen Medical
Ethical Committee, NL47793.091.14) and conducted according to the principles of the International Conference on
Harmonization-Good Clinical Practice guidelines. All volunteers gave written informed consent before participation.

Statistical analysis
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Results
oxLDL-induced trained immunity is associated
with increased glycolytic metabolism and oxygen
consumption
To investigate the metabolic phenotype of monocytes trained
with oxLDL, we incubated human primary monocytes with
culture medium or oxLDL (10 μg/mL) for 24 h. On day 6, the
cells were restimulated with culture medium alone or the Tolllike receptor 4 ligand lipopolysaccharide (LPS, 10 ng/mL) for
24 h, after which pro-inflammatory cytokine production was
measured (Fig. 1a). Tumor necrosis factor alpha (TNF-α) and
interleukin 6 (IL-6) were measured as numerous studies of
trained immunity demonstrate that these cytokines are reliable
functional readouts for pro-inflammatory cytokine production
in trained cells [13, 16]. In accordance with previous findings
[4], we observed that cells that had been stimulated with
oxLDL exhibited enhanced TNF-α and IL-6 production following LPS restimulation (Fig. 1b).
To understand the mechanisms supporting this phenotype,
we analyzed the metabolism of trained cells using Seahorse
XF technology. Five days after removal of the oxLDL from
the culture medium, trained macrophages were distinguishable by an increased rate of extracellular acidification
(ECAR) (Fig. 1c), signifying enhanced glycolytic flux. In addition, the rate of oxygen consumption (OCR) was increased
in cells trained with oxLDL (Fig. 1d), indicating concurrent
upregulation of OXPHOS. Previous studies have reported
transcriptional activation of genes related to glycolysis in
trained immunity [10, 15, 16]. To determine if this was also
true for macrophages trained with oxLDL, we analyzed the
mRNA expression of key glycolytic enzymes. Following 4 h
of LPS restimulation (Fig. 1a), we observed a trend toward
upregulation of genes encoding glycolytic pathway enzymes
PFKP, PKM1, and PKM2 in cells incubated with RPMI.
Statistically significant differences were observed for HK2
and PFKFB3 in untrained macrophages stimulated with
LPS. Training with oxLDL exacerbated this effect, particularly for PFKFB3 mRNA expression. In contrast, the
expression of genes encoding pyruvate kinase enzymes
PKM1 and PKM2 was not significantly altered by
oxLDL training (Fig. 1e).

Genetic variation in glycolytic enzymes determine
the individual susceptibility to oxLDL-induced
training
To further understand the role of the metabolic adaptations, we
investigated if genetic variation affects individual susceptibility for trained immunity using a genetic study of 119 healthy
volunteers. PBMCs were incubated with culture medium or
10 μg/mL oxLDL for 24 h. Cells were washed and incubated
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in normal culture conditions for a further 5 days. On day 6, the
cells were restimulated with culture medium alone or LPS
(10 ng/mL) for 24 h. We confirmed that the oxLDLdependent augmented production of TNF-α and IL-6 previously seen in enriched monocyte fractions was also detectable
in PBMCs (Fig. 2a). Furthermore, we observed considerable
inter-individual variation in cytokine production by oxLDLtrained cells (Fig. 2b). To investigate the sources of this
variation, we explored the potential influence of factors
known to affect cytokine production and observed no effect
of age (Fig. 2c) or sex (Fig. 2d).
To understand the impact of genetic variation on cytokine
production, we tested for associations among SNPs and the
magnitude of oxLDL-trained cytokine responses of individual
subjects. Genome-wide significant (p < 5 × 10−8) QTLs were
not observed. However, to increase sensitivity, we studied all
SNPs with a p value < 9.99 × 10−3 Using this approach, we
identified several SNPs suggestively associated with adaptive
changes in cytokine production mapped within 250 kB of
genes encoding key glycolytic enzymes. Specifically, genetic
variation in genes encoding the inducible PFK-2/FBPase isozyme 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3) and phosphofructokinase (PFKP) were associated
with the potentiation of TNF-α and IL-6 production upon
training with oxLDL (Fig. 3a). With regard to TNF-α production by oxLDL-trained cells, the most strongly associated SNP
was rs9423713 (p = 7.5 × 10−5) which is located within an
enhancer region approximately 100 kB downstream of
PFKP (GeneHancer ID: GH10J003171). For IL-6 production,
the SNP most strongly associated with oxLDL training was
rs4747882 (PFKFB3, p = 5.69 × 10−5) (Fig. 3b). We validated
these findings using an independent genetic study of 243
healthy volunteers. Testing for associations among common
SNPs (MAF > 5%) and variation in the magnitude of oxLDLtrained cytokine responses across this cohort, we identified
several SNPs suggestively associated with adaptive changes
in cytokine production mapped within 250 kB of genes associated with glycolysis (p < 9.99 × 10−3) (Fig. 3c). Like the first
cohort, some of the strongest associations were observed for

Fig. 1 Induction of trained immunity by oxidized low-density lipoprotein
is dependent on glycolytic metabolism. a Graphical outline of in vitro
training methods. b Human primary monocytes were incubated for 24 h
with culture medium (RPMI, open bars) or oxLDL (closed bars), allowed
to rest for 5 days and then stimulated for 24 h with LPS (10 ng/mL), and
levels of IL-6 and TNF-α were assessed in supernatants by enzymelinked immunosorbent assay (mean ± SEM, n = 8, **p < 0.01,
Wilcoxon signed-rank test). c Extracellular acidification rate (ECAR)
and d oxygen consumption rate (OCR) of cells incubated with RPMI or
trained with oxLDL determined by Seahorse XF technology at day 6
(prior to restimulation) (mean ± SEM, n = 7, *p < 0.05, Wilcoxon
signed-rank test). e mRNA expression of genes encoding enzymes involved in glycolysis measured by qRT-PCR 4 h after restimulation with
LPS (mean ± SEM, n = 6)
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Fig. 2 Inter-individual variation
in trained immunity mediated by
oxidized low-density lipoprotein.
Human PBMCs isolated from 119
healthy individuals exposed for
24 h to either culture medium
alone or oxidized low-density lipoprotein were maintained in
normal culture conditions for
5 days. On day 6, the cells were
restimulated with culture medium
or lipopolysaccharide (10 ng/mL)
for 24 h and production of TNF-α
and IL-6 was measured by
enzyme-linked immunosorbent
assay. a Ratios of cytokine production in trained vs. non-trained
monocytes isolated from healthy
volunteers (Mean ± SEM, n =
119, *p < 0.05, **p < 0.01,
Student’s t test). b Fold changes
of cytokine levels, with green/red
corresponding to decreased/
increased cytokine production respectively. c, d Impact of age (c)
and gender (d) on trained cytokine responses

variants mapped to genes encoding PFKP and PFKFB3. The
SNPs most strongly associated to TNF-α production were
rs9423688 (intron 16 of PFKP, p = 0.002) and rs55643411
(exon 15 of PFKFB3, p = 0.001), whereas SNPs strongly associated with IL-6 production included rs10762282 (intron 4
of HK1, p = 0.0004) and rs55643411 (PFKFB3, p = 0.001)
(Fig. 3d). Together, these data suggest that glycolysis is a
key metabolic pathway for pro-inflammatory cytokine production in trained immunity induced by oxLDL.

Pharmacological inhibition of glycolysis prevents
oxLDL-induced trained immunity
To determine the physiological significance of changes in glycolytic metabolism, we used two distinct approaches to

pharmacologically target glycolysis. First, we inhibited
PFKFB3, a crucial rate-limiting enzyme in glycolysis, which
is upregulated in oxLDL-trained cells [19]. Co-incubation of
3PO with oxLDL for the first 24 h of the in vitro training
protocol dose-dependently attenuated the oxLDL-augmented
production of TNF-α (Fig. 4a) and IL-6 (Fig. 4b) upon secondary stimulation with LPS. The dependency of oxLDL-mediated
trained immunity on glycolytic metabolism was further validated using the direct inhibitor of glycolysis 2-DG, which also
blunted the enhanced cytokine production (Fig. 4c and d).
Epigenetic enrichment of transcriptionally permissive
H3K4me3 was previously described at the promoters of genes
encoding pro-inflammatory cytokines in macrophages trained
with oxLDL [4], BCG [15], and β-glucan [16]. We were
therefore prompted to investigate the connection between

J Mol Med (2020) 98:819–831

Fig. 3 Genetic variation in glycolytic enzymes modifies the training
response to oxidized low-density lipoprotein. a Single-nucleotide polymorphisms (SNPs) in genes encoding key glycolytic enzymes PFKP and
PFKFB3 suggestively associated (p < 9.99 × 10−3) with trained responses
to oxidized low-density lipoprotein (oxLDL) (cohort 1, n = 119). b
Specific SNPs proximal to PFKP and PFKFB3 associated with TNF-α
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and IL-6 production respectively in cells trained with oxLDL. c SNPs in
genes encoding key glycolytic enzymes suggestively associated with
trained responses to oxidized low-density lipoprotein (oxLDL) (cohort
2, n = 215 for TNF-α, n = 228 for IL-6). d Specific SNPs within PFKP,
PFKFB3, and HK1 associated with differential pro-inflammatory cytokine production in cells trained with oxLDL
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Fig.

4 Pharmacological inhibition of glycolysis prevents trained
immunity induced by oxLDL. a, b Monocytes were incubated for 24 h
with culture medium (RPMI, open bars) or oxLDL (closed bars), alone or
in combination with the specific PFKFB3 inhibitor 3PO. Following
restimulation with LPS, TNF-α (a) and IL-6 (b) production was measured in the supernatants by enzyme-linked immunosorbent assay (mean
± SEM, n = 4 *p < 0.05, **p < 0.01, Wilcoxon signed-rank test). c, d
Monocytes were incubated for 24 h with culture medium (RPMI open
bars) or oxLDL (closed bars), with or without glycolysis inhibitor 2-DG.
At day 6, TNF-α (c) and IL-6 (d) production was measured by enzymelinked immunosorbent assay in supernatants after stimulation with LPS
(mean ± SEM, n = 6 *p < 0.05, **p < 0.01 Wilcoxon signed-rank test). e–
g Soluble chromatin was isolated from cells incubated with RPMI or
oxLDL alone or in combination with 2-DG and immunopurified with
anti-H3K4me3 antibody. Schematic representations of the human TNF
and IL6 genes highlighting the regions (R1–5 for TNF, R1–2 for IL6) of
chromatin specifically analyzed for histone modifications are shown in
the top panel of e and f respectively. Quantitative RT-PCR was used to
measure the level of enrichment (lower panels) following co-incubation
with oxLDL and 2-DG at promoter regions proximal to genes encoding e
TNF-α and f IL-6. g H3K4me3 enrichment was also assessed at the
proximal promoters of glycolytic genes PFKFB3, HK2, and PFKP (mean
± SEM, n = 6 *p < 0.05, Wilcoxon signed-rank test)
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induction of trained immunity, and the interconnectedness
with epigenetic remodeling.

High glucose concentrations exacerbate
oxLDL-induced trained immunity

these chromatin patterns and the metabolic reprogramming.
We replicated previous reports of H3K4me3 enrichment at
regulatory elements immediately upstream of genes encoding
TNF-α and IL-6 induced by oxLDL training [4]. Inhibition of
glycolysis with 2-DG precluded the enrichment of
H3K4me3 at these gene promoters (Fig. 4e and f).
Furthermore, we observed similar enrichment of
H3K4me3 at the promoters of PFKFB3 and HK2 induced
by training with oxLDL, which was also attenuated when
glycolysis was inhibited by 2-DG. On the other hand, we
did not observe H3K4me3 enrichment at the PFKP promoter,
which is in line with the lack of transcriptional upregulation
following LPS exposure (Fig. 4g). Collectively, these data
highlight the necessity of glucose metabolism for the

Atherosclerotic cardiovascular disease (ASCVD) risk is severely elevated in individuals with diabetes [20]. Moreover,
hyperglycemia is an independent risk factor for ASCVD in the
diabetic population [9, 21, 22]. We hypothesized that glucose
availability could modulate the pro-inflammatory, glycolysisdependent properties of trained immunity, thereby amplifying
the already heightened atherogenicity of macrophages trained
with oxLDL. In general, studies of primary monocytes and
macrophages, including investigations of trained immunity,
are conducted using 11 mM glucose in vitro [17]. We confirmed that human primary monocytes could be trained with
oxLDL in cell culture medium supplemented with the more
physiologically relevant glucose concentration of 5 mM, thus
demonstrating that in vitro trained immunity is not an artifact
of specific culture conditions (Fig. 5a). Next, we measured the
capacity of monocytes isolated from the same individuals to
be trained under variable glucose concentrations. Indeed, 24-h
co-incubation with 25 mM glucose exacerbated the training
effect of oxLDL on TNF-α production, compared with cells
trained in the presence of 5 mM glucose (Fig. 5a).
Furthermore, we observed that overnight incubation with a
high concentration glucose alone induced a trained phenotype
(Fig. 5a, compare open bars). While considerable variation in
the magnitude of oxLDL-induced training was observed
at 5 mM glucose, the high glucose medium augmented
the trained TNF-α production in nearly all individuals
tested (Fig. 5b).

Fig. 5 High glucose concentrations exacerbate trained immunity induced
by oxLDL. a Monocytes were incubated for 24 h with culture medium
(open bars) or oxLDL (closed bars) in culture medium supplemented with
25 mM glucose or 5 mM glucose and 20 mM mannitol. Cells were then
washed with warm PBS and incubated in normal culture medium
supplemented with 6 mM glucose. Following 5 days in culture, the

cells were restimulated with medium alone or 10 ng/mL LPS for 24 h
and TNF-α production was measured in the supernatants by enzymelinked immunosorbent assay (mean ± SEM, n = 20, *p < 0.05, Student’s
t test). b TNF-α production by cells isolated from the same individual and
trained with oxLDL in medium supplemented with 5 mM glucose and
25 mM glucose (n = 20, *p < 0.05, Wilcoxon signed-rank test)

J Mol Med (2020) 98:819–831

828

Metformin prevents oxLDL-induced trained immunity
in vitro and in vivo
Metformin is the antihyperglycemic drug of first choice in
patients with type 2 diabetes mellitus. While the mechanism
of action is complex, metformin is known to activate AMPactivated protein kinase and subsequently inhibit mechanistic
target of rapamycin (mTOR) [23]. In addition, metformin also
inhibits complex I of the mitochondria electron transport chain
and thereby inhibits OXPHOS. We previously demonstrated
that inhibition of the mTOR pathway by metformin counteracts the induction of trained immunity by β-glucan in vivo
[13, 16]. To assess whether metformin can similarly modulate
oxLDL-mediated trained immunity, we first investigated the
effects in vitro. Following restimulation with LPS, TNF-α
production was significantly reduced in cells co-incubated
with oxLDL and metformin (Fig. 6a). Next, we conducted a
study in healthy volunteers treated with metformin for 6 days.
Peripheral blood mononuclear cells were isolated before initiation of treatment, during metformin treatment (6-day time
point) and after treatment (9- and 20-day time points), and
trained ex vivo for 24 h with oxLDL (Fig. 6b). We observed
that oxLDL-induced trained immunity was abolished by
Fig. 6 Metformin prevents
oxLDL-induced trained immunity
in vitro and in vivo. a, b TNF-α
production by human monocytes
trained in vitro with oxidized lowdensity lipoprotein (oxLDL,
closed bars) and restimulated with
lipopolysaccharide (10 ng/mL)
(a) in the presence or absence of
10 μM metformin (mean ± SEM,
n = 5 *p < 0.05, Wilcoxon signedrank test). c Graphical outline of
the in vivo metformin study.
Peripheral blood mononuclear
cells were isolated from healthy
volunteers before initiation of
treatment, during treatment, and
after treatment with metformin,
and exposed for 24 h to oxLDL
(10 μg/mL). d At day 6 of the
ex vivo training protocol, the cells
were restimulated with lipopolysaccharide and Pam3Cys and cytokines were measured by
enzyme-linked immunosorbent
assay (mean ± SEM, n = 11,
*p < 0.05, **p < 0.01 compared
with RPMI control, Wilcoxon
signed-rank test)

metformin in vivo (6-day time point), and restored after cessation of treatment (Fig. 6c).

Discussion
The ability of human innate immune cells to build a de facto
immunological memory of infectious challenges has been recently described [2]. In parallel, we recently showed that exposure of monocytes to a low concentration of oxLDL induces
a sustained pro-inflammatory and atherogenic phenotype [4].
This trained immunity phenotype can also be induced by a
Western type diet in Ldlr−/− mice and likely represents an
important novel mechanism in atherogenesis [24]. We now
provide several lines of evidence demonstrating that the development of trained immunity by oxLDL is critically dependent on changes in intracellular metabolism, in particular glycolysis and oxidative phosphorylation. These findings improve our understanding of the mechanism of trained immunity induced by oxLDL and point toward novel targets for
pharmacotherapy.
The importance of changes in cellular glucose metabolism
was previously indicated for the development of
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atherosclerosis [12]. In atherosclerotic plaque macrophages,
glycolytic metabolism is elevated [25]. In accordance with
our findings, mRNA expression of glycolytic rate-limiting
enzymes hexokinase 2 (HK2) and PFKFB3 is significantly
elevated in monocytes isolated from patients with symptomatic atherosclerosis [10]. Furthermore, attenuation of glycolysis by silencing or inhibiting Pfkfb3 in high fat-fed ApoE−/−
mice correlated with a significant reduction in aortic tissue
levels of TNF-α and CCL2 [26]. This association is further
underscored by recent reports describing that glucose overutilization drives the excessive production of IL-6 and IL-1β
by monocytes and macrophages derived from patients with
coronary artery disease, by a process that is dependent on
redox-sensitive STAT3 signaling [27].
Here, we describe the critical importance of glucose metabolism for monocytes to build an immunological memory
after oxLDL stimulation, underwriting their capacity to mount
a subsequently heightened response to TLR stimulation. Our
results closely mirror aspects of the metabolic reprogramming
induced by microbial stimulators of trained immunity. Indeed,
genetic variation in HK2 and PFKP modulates the induction
of trained immunity by BCG [15]. Furthermore, we demonstrate that this activation of glycolysis is at least partly dependent on the epigenetic modification of promoters of genes that
regulate glycolytic metabolism.
By supplying the energy required for different states of activation, metabolic pathways distinguish and support the spectrum of macrophage phenotypes. Though energetically less efficient than OXPHOS, a potential explanation for the dependency on glycolysis is that this metabolic pathway can be rapidly amplified to meet the ATP requirements of trained cells,
and that the ATP producing capacity of the TCA cycle is limited
by anaplerotic repurposing of TCA cycle intermediates, as described for β-glucan-induced training [13]. Indeed, trained
monocytes consume significantly more glucose than naive cells
under resting conditions [15, 16]. On the other hand, the metabolic profiles induced by these stimuli are distinguishable by
OXPHOS: OXPHOS is increased in cells trained with BCG
and oxLDL, whereas cells trained with β-glucan exhibit a
marked reduction in oxygen consumption while increasing
their glucose utilization [16]. Currently, the underlying mechanisms and broader implications of these differences are unclear.
Our study is limited by our focus on the role of glycolysis in
oxLDL-mediated metabolic regulation in trained immunity.
While this is clearly a crucial pathway for the induction of
trained immunity by other stimuli such as BCG [15] and βglucan [16], inhibition of the electronic transport chain by metformin also leads to downregulation of oxLDL-induced trained
immunity, suggesting a role for OXPHOS in the establishment
of the maladaptive phenotype by oxLDL.
Our observation that pharmacological blockade of glycolysis prevents oxLDL-mediated trained immunity suggests that
this pathway represents a potential therapeutic target to
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prevent ASCVD. Similar to findings reported for β-glucaninduced trained immunity [16], inhibiting the glycolytic activity of cells trained with oxLDL precluded the enrichment of
H3K4me3 at pro-inflammatory cytokine promoters.
Combined with our observations of H3K4me3 enrichment at
the promoters of transcriptionally activated glycolytic genes,
these findings further highlight the intimate bi-directional relationship between metabolic and epigenetic programming
and the trained phenotype. While we demonstrate here the
impact of oxLDL training on H3K4me3 at discrete promoters
of immune genes and essential glycolytic genes, further study
is needed to examine this histone modification epigenomewide. In addition, investigation of other histone modifications
such as H3K4 monomethylation, a characteristic feature of
enhancers previously associated with trained immunity [28],
could provide important mechanistic insight into the phenotype induced by oxLDL.
Accelerated atherosclerosis is the principal cause of mortality in patients with diabetes [20]. Our observation that glycolysis is upregulated in oxLDL-trained monocytes raises the
intriguing possibility that increased glucose availability provides substrate for glycolytic metabolism, thereby amplifying
the already heightened atherogenicity of trained macrophages
[7]. In accordance with this hypothesis, GLUT1-mediated glucose metabolism was recently reported to drive a proinflammatory macrophage phenotype supported by glycolytic
metabolism [29]. Our investigation of trained immunity under
variable glucose concentrations demonstrates that high glucose exacerbates cytokine production in oxLDL-induced
trained cells even further. In addition, we observed that glucose by itself can induce a trained phenotype in human primary macrophages. Previous studies have described an epigenetic memory of hyperglycemia in myeloid cells [30]; however, this phenomenon is yet to be explored thoroughly in the
context of pro-inflammatory cytokine production. Therefore,
our findings have broader implications for monocyte/
macrophage function and phenotype in the disturbed metabolic environment of diabetes, which could translate to an increased risk for ASCVD [9]. Furthermore, we showed that
metformin prevents oxLDL-induced trained immunity, suggesting that metformin could prevent atherosclerosis in patients for whom trained immunity is part of the pathophysiological process. Indeed, it has been speculated that metformin
limits atherosclerosis by mechanisms independent of blood
glucose lowering since it reduces cardiovascular disease compared with other antihyperglycemic drugs despite similar glycemic control. Inhibition of trained immunity might contribute
to this beneficial cardiovascular effect of metformin.
In conclusion, we show distinguishable changes in the glucose metabolism of human primary monocytes mediated by
brief exposure to a low concentration of oxLDL. Our cohort
analyses revealed the importance of genetic variation in glycolytic regulators for the induction of trained immunity, and
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by targeting this metabolic pathway, we demonstrate the
critical importance of glycolysis for the induction of a
pro-inflammatory monocyte phenotype in oxLDL-trained
macrophages. We propose that strategies interfering with
glucose utilization specifically in the context of trained
immunity may represent novel approaches to the treatment of vascular inflammation and atherosclerosis.
However, further studies are necessary to strengthen
the connection between our findings and human disease.
For example, the use of recombinant high-density lipoprotein nanoparticles to deliver statins directly to macrophages in atherosclerotic lesions [31] could be similarly deployed to target specific aspects of glycolytic
metabolism or epigenetic pathways implicated in trained
immunity [3]. Further studies should expand on the role
of epigenetic modifications in regulating key genes in
atherogenic models of trained immunity, emphasizing
the crucial connections between metabolites and
chromatin-modifying reactions [3, 13, 32].
Acknowledgments The authors thank all volunteers that participated in
the 200FG and 300BCG cohorts.
Funding information M.G.N. is supported by an ERC Advanced Grant
(No. 833247) and a Spinoza grant of the Netherlands Organization for
Scientific Research. N.P.R., L.A.B.J., and M.G.N. received funding from
the European Union Horizon 2020 research and innovation program under grant agreement No 667837, and the IN-CONTROL grant from the
Heart Foundation Netherlands (CVON2018-27). N.P.R. is supported by a
grant of the ERA-CVD Joint Transnational Call 2018, which is supported
by the Dutch Heart Foundation (JTC2018, project MEMORY);
2018T093). M.O. was supported by a VENI grant (016.176.006) from
the Netherlands Organization for Scientific Research (NWO). R.S. was
supported by a senior fellowship of the Dutch Diabetes Foundation
(2015.82.1824). L.A.B.J was supported by a Competitiveness
Operational Program grant of the Romanian Ministry of European
Funds (P_37_762, MySMIS 103587). S.B. is supported by a Rubicon
grant (No. 452173113) from the Netherlands Organization for Scientific
Research (NWO). E.L. and R.v.C. were supported by the European
Union’s Seventh Framework Programme (EU FP7) project TANDEM
(HEALTH-F3-2012-305, 279).

Compliance with ethical standards

References
1.
2.

3.

4.

5.

6.

7.

8.

9.
10.

11.

12.

13.

Conflict of interest The authors declare that they have no competing
interests
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

14.

15.

16.

Colin S, Chinetti-Gbaguidi G, Staels B (2014) Macrophage phenotypes in atherosclerosis. Immunol Rev 262(1):153–166
Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg
HG, O’Neill LA, Xavier RJ (2016) Trained immunity: a program of
innate immune memory in health and disease. Science 352(6284):
aaf1098
van der Heijden C, Noz MP, Joosten LAB, Netea MG, Riksen NP,
Keating ST (2018) epigenetics and trained immunity. Antioxid
Redox Signal 29(11):1023–1040
Bekkering S, Quintin J, Joosten LA, van der Meer JW, Netea MG,
Riksen NP (2014) Oxidized low-density lipoprotein induces longterm proinflammatory cytokine production and foam cell formation
via epigenetic reprogramming of monocytes. Arterioscler Thromb
Vasc Biol 34(8):1731–1738
van der Valk FM, Bekkering S, Kroon J, Yeang C, Van den Bossche
J, van Buul JD, Ravandi A, Nederveen AJ, Verberne HJ, Scipione C
et al (2016) Oxidized phospholipids on lipoprotein(a) elicit arterial
wall inflammation and an inflammatory monocyte response in
humans. Circulation 134(8):611–624
van der Heijden C, Keating ST, Groh L, Joosten LAB, Netea MG,
Riksen NP (2020) Aldosterone induces trained immunity: the role
of fatty acid synthesis. Cardiovasc Res 116:317–328
van Diepen JA, Thiem K, Stienstra R, Riksen NP, Tack CJ, Netea
MG (2016) Diabetes propels the risk for cardiovascular disease:
sweet monocytes becoming aggressive? Cell Mol Life Sci 73(24):
4675–4684
Christ A, Bekkering S, Latz E, Riksen NP (2016) Long-term activation of the innate immune system in atherosclerosis. Semin
Immunol 28(4):384–393
Keating ST, Plutzky J, El-Osta A (2016) Epigenetic changes in
diabetes and cardiovascular risk. Circ Res 118(11):1706–1722
Bekkering S, van den Munckhof I, Nielen T, Lamfers E, Dinarello
C, Rutten J, de Graaf J, Joosten LA, Netea MG, Gomes ME et al
(2016) Innate immune cell activation and epigenetic remodeling in
symptomatic and asymptomatic atherosclerosis in humans in vivo.
Atherosclerosis 254:228–236
Bekkering S, Stiekema LCA, Bernelot Moens S, Verweij SL,
Novakovic B, Prange K, Versloot M, Roeters van Lennep JE,
Stunnenberg H, de Winther M et al (2019) Treatment with statins
does not revert trained immunity in patients with familial hypercholesterolemia. Cell Metab 30(1):1–2
Stienstra R, Netea-Maier RT, Riksen NP, Joosten LAB, Netea MG
(2017) Specific and complex reprogramming of cellular metabolism in myeloid cells during innate immune responses. Cell Metab
26(1):142–156
Arts RJ, Novakovic B, Ter Horst R, Carvalho A, Bekkering S,
Lachmandas E, Rodrigues F, Silvestre R, Cheng SC, Wang SY
et al (2016) Glutaminolysis and fumarate accumulation integrate
immunometabolic and epigenetic programs in trained immunity.
Cell Metab 24(6):807–819
Bekkering S, Arts RJW, Novakovic B, Kourtzelis I, van der Heijden
C, Li Y, Popa CD, Ter Horst R, van Tuijl J, Netea-Maier RT et al
(2018) Metabolic induction of trained immunity through the
mevalonate pathway. Cell 172(1–2):135–146 e139
Arts RJW, Carvalho A, La Rocca C, Palma C, Rodrigues F,
Silvestre R, Kleinnijenhuis J, Lachmandas E, Goncalves LG,
Belinha A et al (2016) Immunometabolic pathways in BCGinduced trained immunity. Cell Rep 17(10):2562–2571
Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S,
Kumar V, Giamarellos-Bourboulis EJ, Martens JH, Rao NA,
Aghajanirefah A et al (2014) mTOR- and HIF-1alpha-mediated
aerobic glycolysis as metabolic basis for trained immunity.
Science 345(6204):1250684

J Mol Med (2020) 98:819–831
17.

18.

19.

20.

21.

22.

23.

24.

25.

Bekkering S, Blok BA, Joosten LA, Riksen NP, van Crevel R,
Netea MG (2016) In vitro experimental model of trained innate
immunity in human primary monocytes. Clin Vaccine Immunol
23(12):926–933
Li Y, Oosting M, Deelen P, Ricano-Ponce I, Smeekens S, Jaeger M,
Matzaraki V, Swertz MA, Xavier RJ, Franke L et al (2016) Interindividual variability and genetic influences on cytokine responses
to bacteria and fungi. Nat Med 22(8):952–960
Clem B, Telang S, Clem A, Yalcin A, Meier J, Simmons A, Rasku
MA, Arumugam S, Dean WL, Eaton J et al (2008) Small-molecule
inhibition of 6-phosphofructo-2-kinase activity suppresses glycolytic flux and tumor growth. Mol Cancer Ther 7(1):110–120
Low Wang CC, Hess CN, Hiatt WR, Goldfine AB (2016) Clinical
update: cardiovascular disease in diabetes mellitus: atherosclerotic
cardiovascular disease and heart failure in type 2 diabetes mellitus mechanisms, management, and clinical considerations. Circulation
133(24):2459–2502
Stratton IM, Adler AI, Neil HA, Matthews DR, Manley SE, Cull
CA, Hadden D, Turner RC, Holman RR (2000) Association of
glycaemia with macrovascular and microvascular complications
of type 2 diabetes (UKPDS 35): prospective observational study.
BMJ 321(7258):405–412
Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA (2008)
10-year follow-up of intensive glucose control in type 2 diabetes. N
Engl J Med 359(15):1577–1589
Cheng SC, Scicluna BP, Arts RJ, Gresnigt MS, Lachmandas E,
Giamarellos-Bourboulis EJ, Kox M, Manjeri GR, Wagenaars JA,
Cremer OL et al (2016) Broad defects in the energy metabolism of
leukocytes underlie immunoparalysis in sepsis. Nat Immunol 17(4):
406–413
Christ A, Gunther P, Lauterbach MAR, Duewell P, Biswas D, Pelka
K, Scholz CJ, Oosting M, Haendler K, Bassler K et al (2018)
Western diet triggers NLRP3-dependent innate iImmune
reprogramming. Cell 172(1-2):162–175.e114
Rudd JH, Warburton EA, Fryer TD, Jones HA, Clark JC, Antoun
N, Johnstrom P, Davenport AP, Kirkpatrick PJ, Arch BN et al
(2002) Imaging atherosclerotic plaque inflammation with [18F]fluorodeoxyglucose positron emission tomography. Circulation
105(23):2708–2711

831
26.

27.

28.

29.

30.

31.

32.

Tawakol A, Singh P, Mojena M, Pimentel-Santillana M, Emami H,
MacNabb M, Rudd JH, Narula J, Enriquez JA, Traves PG et al
(2015) HIF-1alpha and PFKFB3 mediate a tight relationship between proinflammatory activation and anerobic metabolism in atherosclerotic macrophages. Arterioscler Thromb Vasc Biol 35(6):
1463–1471
Shirai T, Nazarewicz RR, Wallis BB, Yanes RE, Watanabe R,
Hilhorst M, Tian L, Harrison DG, Giacomini JC, Assimes TL,
Goronzy JJ, Weyand CM (2016) The glycolytic enzyme PKM2
bridges metabolic and inflammatory dysfunction in coronary artery
disease. J Exp Med 213(3):337–354
Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A,
Matarese F, Cheng SC, Ratter J, Berentsen K, van der Ent MA
et al (2014) Epigenetic programming of monocyte-to-macrophage
differentiation and trained innate immunity. Science 345(6204):
1251086
Freemerman AJ, Johnson AR, Sacks GN, Milner JJ, Kirk EL,
Troester MA, Macintyre AN, Goraksha-Hicks P, Rathmell JC,
Makowski L (2014) Metabolic reprogramming of macrophages:
glucose transporter 1 (GLUT1)-mediated glucose metabolism
drives a proinflammatory phenotype. J Biol Chem 289(11):7884–
7896
Miao F, Chen Z, Genuth S, Paterson A, Zhang L, Wu X, Li SM,
Cleary P, Riggs A, Harlan DM, Lorenzi G, Kolterman O, Sun W,
Lachin JM, Natarajan R, the DCCT/EDIC Research Group (2014)
Evaluating the role of epigenetic histone modifications in the metabolic memory of type 1 diabetes. Diabetes 63(5):1748–1762
Duivenvoorden R, Tang J, Cormode DP, Mieszawska AJ,
Izquierdo-Garcia D, Ozcan C, Otten MJ, Zaidi N, Lobatto ME,
van Rijs SM, Priem B, Kuan EL, Martel C, Hewing B, Sager H,
Nahrendorf M, Randolph GJ, Stroes ESG, Fuster V, Fisher EA,
Fayad ZA, Mulder WJM (2014) A statin-loaded reconstituted
high-density lipoprotein nanoparticle inhibits atherosclerotic
plaque inflammation. Nat Commun 5:3065
Keating ST, El-Osta A (2015) Epigenetics and metabolism. Circ
Res 116(4):715–736

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

