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Aims Recent studies have revealed a close connection between cellular metabolism and the chronic inflammatory process of atheroscler-
osis. While the link between systemic metabolism and atherosclerosis is well established, the implications of altered metabolism in 
the artery wall are less understood. Pyruvate dehydrogenase kinase (PDK)-dependent inhibition of pyruvate dehydrogenase (PDH) 
has been identified as a major metabolic step regulating inflammation. Whether the PDK/PDH axis plays a role in vascular inflam-
mation and atherosclerotic cardiovascular disease remains unclear.

Methods 
and results

Gene profiling of human atherosclerotic plaques revealed a strong correlation between PDK1 and PDK4 transcript levels and the 
expression of pro-inflammatory and destabilizing genes. Remarkably, the PDK1 and PDK4 expression correlated with a more vul-
nerable plaque phenotype, and PDK1 expression was found to predict future major adverse cardiovascular events. Using the small- 
molecule PDK inhibitor dichloroacetate (DCA) that restores arterial PDH activity, we demonstrated that the PDK/PDH axis is a 
major immunometabolic pathway, regulating immune cell polarization, plaque development, and fibrous cap formation in Apoe−/− 
mice. Surprisingly, we discovered that DCA regulates succinate release and mitigates its GPR91-dependent signals promoting 
NLRP3 inflammasome activation and IL-1β secretion by macrophages in the plaque.

Conclusions We have demonstrated for the first time that the PDK/PDH axis is associated with vascular inflammation in humans and particularly 
that the PDK1 isozyme is associated with more severe disease and could predict secondary cardiovascular events. Moreover, we 
demonstrate that targeting the PDK/PDH axis with DCA skews the immune system, inhibits vascular inflammation and atherogen-
esis, and promotes plaque stability features in Apoe−/− mice. These results point toward a promising treatment to combat 
atherosclerosis.
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1. Introduction
Myocardial infarction and stroke, largely due to atherosclerosis, remain the 
leading causes of death worldwide, and their incidence is still increasing in de-
veloping countries.1 Atherosclerosis is a chronic inflammatory disease char-
acterized by pathological responses of immune cells that promote atheroma 
formation in large- and medium-sized arteries. Particularly in recent decades, 
compelling data from basic and clinical research indicate that the balance be-
tween pro- and anti-inflammatory responses of the immune system can de-
termine the rate of disease progression, as well as plaque stability.2

Recent studies looking for culprit regulatory mechanisms of inflamma-
tion have revealed a close connection between cellular metabolism and im-
mune cell function. Pro-inflammatory cells, including M1-like macrophages 
and effector T-helper (Th) 1 and Th17 cells, are likely to rely more on aer-
obic glycolysis for energy production—a phenomenon known as the 
Warburg effect, which has been described in tumour cells. Conversely, 
an increased mitochondrial oxidative metabolism has been associated 
with the anti-inflammatory responses of alternatively activated M2-like 
macrophages as well as regulatory T-cells (Tregs).3 Notably, the metabolic 
profile of immune cells is not static, and several studies indicate that the 
manipulation of macrophage and T-cell metabolism can be used to combat 
their most deleterious responses in the context of auto-immune and auto- 
inflammatory diseases.4

While the link between systemic metabolism, e.g. cholesterol and glu-
cose, and atherosclerosis is undoubtedly very strong, the implications of al-
tered metabolism in the artery wall are less understood.5 Recent 
metabolomic analysis of human carotid plaques revealed that in addition 
to increased glycolysis, which has been demonstrated by the positron emis-
sion tomography analysis of 18F-fluorodeoxyglucose uptake,6 unstable pla-
ques present elevated amino acid utilization and decreased fatty acid 
oxidation,7 indicating a quite complex tissue metabolic status associated 
with vascular inflammation. Whether targeting the metabolism of immune 
cells can influence cardiovascular disease (CVD) remains largely unknown.

The mitochondrial pyruvate dehydrogenase complex (PDHc), which is 
composed of pyruvate dehydrogenase (PDH), dihydrolipoamide 
S-acetyltransferase, and dihydrolipoamide dehydrogenase, is a metabolic 
gatekeeping step linking glycolysis and gluconeogenesis with the tricarboxylic 
acid cycle (TCA) and subsequent oxidative phosphorylation.8 PDHc activity 
is inhibited primarily by the phosphorylation of specific serine residues on 
PDH, catalyzed by four pyruvate dehydrogenase kinases (PDK1–4).9 In gen-
eral, it has been indicated that PDK isoforms exhibit a tissue-specific expres-
sion pattern, e.g. PDK1 and PDK4 are highly expressed in the heart, 
pancreatic islets, and skeletal muscles and PDK3 is especially present in the 
testis, kidney, and brain, while PDK2 seemed present at a more widespread 
expression profile.10 As consequence of overexpressing PDK isoenzymes, 
decreased PDH activity has been associated with M1 and Th17 polarization 
and the exacerbation of inflammatory processes in different diseases, includ-
ing Alzheimer’s disease, multiple sclerosis, and different types of cancer.11,12

The role of the PDK/PDH axis in vascular inflammation and CVD risk has 
never been studied.

In the present study, we performed a gene expression profile analysis of 
human carotid endarterectomy specimens to investigate the associations 
between the expression of PDK isoenzymes and vascular inflammation 
and plaque vulnerability, as well as associations with the development of 
cerebrovascular-related symptoms, and future major adverse cardio- and 
cerebrovascular events (MACCE) following up endarterectomy. 
Together with experiments in vitro and the targeting of PDKs in vivo in 
Apoe−/− mice, we demonstrate that the PDK/PDH axis is a master immu-
nometabolic regulator of immune cell polarization, plaque development, 
and fibrous cap formation. Altogether, our results indicate promising 
new strategies to prevent and treat atherosclerotic CVDs.

2. Methods
An extended description of methods is provided in the Supplementary 
Material online.

2.1 Human atherosclerotic plaque material 
and data: biobanks
2.1.1 Carotid Plaque Imaging Project biobank
All patients included in the Carotid Plaque Imaging Project (CPIP) biobank 
(Lund University, Malmö, Sweden) have undergone carotid endarterec-
tomy due to carotid stenosis > 70% (verified by duplex ultrasound) and as-
sociated symptoms (stroke/TIA/amaurosis fugax) or due to carotid 
stenosis > 80% without associated symptoms (Lund University, Malmö, 
Sweden). The CPIP cohort demographics and details regarding sample col-
lection, processing, and large-scale analyses have been previously de-
scribed.13 Briefly, from the Swedish National Patient Register, the 
following ICD codes were used to define the endpoints of cardiovascular 
(CV) events in the survival analyses: G45.3, G45.9, G46, I21-22, I24.8–9, 
I25.1–2, I25.5–6, I25.8, I63.1–2, I63.3–5, I63.8–9, and I64.5; from the 
Swedish cause of death register, the following ICD-10 codes were used 
to define CV deaths: I10, I11.0, I11.9, I13.0, I13.2, I20.9, I25.9, I46.9, I48, 
I48.9, I49.0, I50.1, I50.9, I60.9, I61.9, I64, I69.3–4, I70.0, I70.2, I71.0–6, 
I71.8–9, I70.9, I72, I73.9, I74, I74.9, and I99. E78.5. Events occurring within 
72 h post-surgery (carotid endarterectomy) were excluded as being 
procedure-related. If a patient suffered from multiple events, only the 
date of the first one was used in our survival analysis.

2.1.2 Biobank of Karolinska Endarterectomies
Patients undergoing surgery for high-grade (>50% NASCET) carotid sten-
osis at the Department of Vascular Surgery, Karolinska University Hospital, 
Stockholm, Sweden, were consecutively enrolled in the study, and clinical 
data were recorded on admission. Carotid endarterectomies (carotid pla-
ques) were collected at surgery and retained within the Biobank of 
Karolinska Endarterectomies (BiKE). The BiKE study cohort demographics 
and details regarding sample collection, processing, and large-scale analyses 
have been previously described.14–16

Informed consent was obtained from all subjects included in CPIP and 
BiKE. The investigations performed were approved by the local ethical 
committees and agreed with institutional guidelines and the principles out-
lined in the Declaration of Helsinki.

2.2 Animals and in vivo treatments
Twelve-week-old male Apoe−/− mice (Taconic Europe, Denmark) were 
randomized into three groups and treated with 1 mg/mL or 0.1 mg/mL 
DCA (Sigma-Aldrich, St. Louis, USA) diluted in drinking water (∼170 and 
17 mg/kg/day, respectively) or with control tap water for 8 weeks. 
Treatment was delivered in standard autoclaved water bottles, protected 
from light, and changed twice per week. The DCA treatment was well tol-
erated, with no adverse clinical signs; DCA-treated mice drank approxi-
mately 5.1 ± 0.27 mL/day, similar to the consumption of water without 
drug drank by control mice, 5.4 ± 0.19 mL/day (P = 0.47). DCA doses 
were selected based on previous studies showing effects in the context 
of experimental autoimmune diseases.17,18 Concomitant to treatments, 
the mice were fed a western diet (0.15% cholesterol: R638 Lantmännen, 
Sweden) ad libitum. The mice were euthanized in a CO2 chamber at the 
end of treatments. For mechanistic investigations, only groups receiving 
1 mg/mL (∼170 mg/kg/day) DCA and controls were used for comparisons. 
All animal experiments were conducted according to the guidelines of the 
Directive 2010/63/EU of the European Parliament on the protection of an-
imals used for scientific purposes and approved by the Ethical Committee 
of the Northern Stockholm region board (N28-15).

2.3 Evaluation of the inflammasome 
activation in macrophages in vitro
To prime the NLRP3 inflammasome, 5 × 105 BMDMs were pre-treated 
with 10 ng/mL LPS (Enzo Biochem, Farmingdale, NY, USA) for 4 h, fol-
lowed by the addition of 1 mmol/L ATP (Sigma-Aldrich, St. Louis, IL, 
USA) for 1 h. Additionally, some cells were pre-treated with DCA to in-
activate inflammasome activity for 30 min and then treated with LPS 
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and/or ATP. Similarly, some cells were activated with 10 ng/mL LPS and 
then treated with DCA for 30 min before adding 1 mmol/L ATP for 1 h. 
In addition, some cells were treated with different concentrations (0, 5, 
or 10 mmol/L) of sodium succinate or with dimethyl succinate 
(Sigma-Aldrich, St. Louis, USA) with or without pertussis toxin (200 ng/mL, 
Sigma-Aldrich, St. Louis, USA) and with or without GPR91 antagonist 
validated at the CBMR Metabolic Receptology laboratory [cpmd0441 
(IC50 = 2.63E − 06M); synthesized by SIA Enamine, Latvia] for 2 h prior to 
experiments. IL-1β production in the supernatants of cultures was analysed 
by ELISA (R&D Systems, MN, USA) according to the manufacturer’s 
instructions.

2.3.1 Statistical analysis
A non-parametric Mann–Whitney U test was used for comparisons be-
tween two groups. Comparisons between two or more groups were per-
formed using nonparametric Kruskal–Wallis ANOVA, followed by Dunn’s 
post hoc test. In all analyses, differences were considered significant at 
P-values < 0.05 (two-tailed). All statistical analyses of in vivo and in vitro ex-
periments were performed using GraphPad Prism version 8.0 for Mac OS 
X (GraphPad Software Inc., La Jolla, USA).

For the survival analysis, all CPIP subjects included in the RNA sequen-
cing (RNA-Seq) analysis were divided into tertiles based on PDK1–4 gene 
expression. All CV events were registered during follow-up to explore the 
predictive role of PDK1–4 gene expression. Events included [myocardial in-
farction, unstable angina, stroke, transient ischemic attack, amaurosis fugax, 
vascular interventions (including carotid endarterectomy/stenting and cor-
onary artery bypass grafting/percutaneous coronary artery intervention), 
and CV death] were identified through the Swedish National Inpatient 
Health Register (2005–2013), and detailed ICD-10 codes have been de-
scribed above. Data were analysed using SPSS 24.0 (IBM Corp., NY, 
USA). Spearman’s statistics were used for correlation analyses or other-
wise specified in the figure legend. Kaplan–Meier curves and log-rank 
test were used for the survival analyses.

3. Results
3.1 The expression of PDK1 and PDK4 
isoenzymes is associated with carotid 
atherosclerotic plaque vulnerability and 
PDK1 expression predicts future 
cardiovascular events
We examined the expression profile of PDK isoenzymes in human carotid 
endarterectomy specimens of carotid artery disease patients. RNA-seq 
analysis revealed that PDK1 and PDK4 transcript levels correlate with the 
levels of several signature pro-inflammatory and destabilizing genes, includ-
ing macrophage and T-cell-associated genes. Conversely, PDK2 expression 
and PDK3 expression display an inverse gene expression pattern correlat-
ing with anti-inflammatory and plaque stabilizing genes, in particular 
smooth muscle cell marker genes (Figure.1A). Remarkably, PDK1 and 
PDK4 gene expression positively correlated with the index of plaque vul-
nerability (Figure 1B). Gene set enrichment analysis (GSEA) of RNA-seq 
data revealed that genes positively correlating with PDK1 or PDK4, and 
negatively correlating with PDK2 or PDK3, were enriched in 
immune-related pathways, e.g. ‘inflammatory_response’, ‘allograft_rejec-
tion’, ‘complement’, ‘interferon_gamma_response’, and ‘il6_jak_stat3_-
signaling’ (see Supplementary material online, FigureS1). In contrast, 
genes that negatively correlated with PDK1 or PDK4, and positively corre-
lated with PDK2 and PDK3, were enriched in pathways especially involved 
in muscle differentiation (myogenesis) and ‘epithelial_mesenchymal_transi-
tion’ (see Supplementary material online, Figure S1). Evaluation of PDK iso-
forms’ expression in plaques from patients with asymptomatic and 
symptomatic carotid disease revealed a trend towards higher PDK4 ex-
pression and a significant lower PDK2 expression in plaques from symp-
tomatic patients; no significant differences between groups were seen 

for PDK1 and PDK3 expression (see Supplementary material online, 
Figure S2).

As plaque PDK1 and PDK4 transcript levels were associated with inflam-
mation and vulnerability, we next tested whether the expression of these 
genes could predict future CV events in the same cohort. During the 
follow-up period (up to 85 months), a total of 17 events were registered 
from the 70 patients followed up. When dividing the subjects based on 
PDK mRNA expression for each isoform, CV event-free survival was sub-
stantially lower in patients in the highest PDK1 expression tertile compared 
with the lowest and middle tertiles (P = 0.024; Figure 1C). No significant dif-
ferences were observed for the other PDK isoforms (Figure 1C).

Next, we examined the proteomic data from a second biobank (BiKE 
database) to evaluate whether PDK protein isoforms are differentially ex-
pressed in human atherosclerotic plaques compared with non-diseased tis-
sue. This analysis revealed PDK1 protein as the only upregulated isoform in 
atherosclerotic plaques compared with adjacent, non-diseased, artery tis-
sue (Figure 1D); of note, the PDK4 protein isoform was not identified in this 
specific proteomic analysis (Figure 1D).

It is known that PDK over-expression and activity lead to the phosphor-
ylation of PDH, limiting pyruvate metabolism via the TCA cycle.19 Western 
blot analysis of protein extracts from the carotid plaque of symptomatic 
and asymptomatic patients from BiKE revealed an increase in pSer232- 
PDH, the specific site for PDK1 phosphorylation (Figure 1E). No significant 
difference for PDH’s common PDK phosphorylation site, pSer293, was 
observed (Figure 1E). Interestingly, we found that the pan-PDK inhibitor 
DCA inhibits the secretion of IL-6 and IL-8 by ex vivo-cultured freshly iso-
lated human atheroma cells in a dose-dependent manner (Figure 1F).

In order to identify the expression pattern of PDK isoenzymes within 
cells in human plaques, first, we accessed and analysed four public data 
sets of single-cell RNA-seq of atherosclerotic plaques,20–23 using the online 
tool Plaqview (www.plaqview.com).24 Overall, this analysis suggested a ubi-
quitous expression pattern of the different isoforms among the most 
common immune and vascular cells isolated from human plaque 
(Figure 2A–D) and suggested that in some plaques, PDK4 can be upregulated 
in myeloid and vascular cells (Figure 2B). Although seemingly with less fre-
quency, data suggested that PDK1, PDK2, and PDK3 expression may also be 
high among these cells (Figure 2A–D). Through the immunofluorescence 
staining of carotid plaques from BiKE, we confirm that all PDK isoforms 
can be found in CD3+ T-cells, while PDK1, PDK3, and PDK4 were the 
most frequently found isoforms in CD68+ macrophages (Figure 2E and 
F ). Interestingly, αSMA+ smooth muscle cells quite often expressed 
PDK3, but to a lesser extent PDK1 and PDK2, and seemed almost devoid 
of PDK4 expression in the set of samples analysed (Figure 2G).

3.2 Inhibition of PDK with DCA inhibits 
vascular inflammation and atherosclerosis
The sequences of the four PDK isoenzymes are evolutionary highly con-
served: 91.5, 97.5, 95.2, and 92.5% homology are seen between human 
and mouse PDK1, PDK2, PDK3, and PDK4 protein sequences, respectively 
(data from Uniprot Alignment tool; https://www.uniprot.org/align). Two 
different doses of DCA were orally administered to western diet-fed 
Apoe−/− mice, for 8 weeks, to evaluate the effect of PDK inhibition in ath-
erosclerosis. Treatment with this non-species-specific pan-PDK inhibitor 
substantially impacted plaque formation in a dose-dependent manner, re-
ducing the lesion area by 60% in the aortic arch and by 47% in the aortic 
root at the highest dose (Figure 3A and B). No significant differences in 
body weight were found between groups (see Supplementary material 
online, Table S1). Of note, significantly lower levels of circulating choles-
terol but not triglycerides were observed at the endpoint in the 
high-DCA-dose group; despite trends, no significant difference in lipid le-
vels was observed between groups at earlier timepoints (see 
Supplementary material online, Table S1). A trend towards reduced hepatic 
cholesterol levels was also observed upon DCA treatment (see 
Supplementary material online, Figure S3A). Further analyses of liver sam-
ples from these mice revealed, in general, no pronounced effects of 
DCA on the expression of lipoprotein metabolism-related genes, except 
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for a trend towards increased Ldlr mRNA levels in DCA-treated mice (see 
Supplementary material online, Figure S3B). However, no correlation be-
tween Ldlr mRNA and plasma cholesterol and triglyceride levels was ob-
served in our mice (see Supplementary material online, Fig.3C and D).

Because 1 mg/mL DCA treatment (∼170 mg/kg/day) showed more po-
tent atheroprotective effects, this dose was chosen for further mechanistic 
investigations. Immunohistochemical staining of aortic roots revealed that 
DCA treatment downregulated VCAM-1 expression (Figure 3C) and the 
infiltration of CD68+ macrophages and CD4+ T-cells into the plaque 
(Figure 3D and E). Although more frequent in plaques from 
DCA-treated mice, no significant difference in Foxp3+ Treg numbers 
was observed between groups (Figure 2F). Notably, the reduction in vascu-
lar inflammation was paralleled by the increased content of αSMA+ cells 
(Figure 3G) and total collagen levels (Figure 3H). Calculation of a vulnerabil-
ity index that integrates histopathological readouts showed that 
DCA-treated mice exhibited substantially lower vulnerability indexes 
than control mice (Figure 3I), suggesting that manipulation of the PDK/ 
PDH axis can promote plaque stabilization. Additionally, plaques from 
DCA-treated mice presented significantly smaller necrotic cores com-
pared with controls (Figure 3J).

3.3 Inhibition of PDK shifts the immune 
system in the aorta and spleen
Whether the effects of DCA treatment influence innate and adaptive im-
munity was investigated in the aorta and spleen of DCA-treated and con-
trol mice. Analysis of aortic mRNA indicated a major shift from M1 
towards M2 macrophage polarization in DCA-treated mice (Figure 4A). 
T-cell marker transcripts were less skewed in the aorta, and only Ifng 
mRNA was significantly reduced in the DCA-treated group compared 
with controls (Figure 4B). In line with the plaque immunostaining data, ar-
terial Foxp3 expression was not significantly affected by DCA treatment 
(Figure 4B). Further analysis of transcripts of innate immune cytokines 
showed that the expression of the NLRP3 inflammasome-dependent cyto-
kines Il1b and Il18 was also reduced upon DCA treatment (Figure 4C). 
Thus, western blot analyses of aortic protein extracts showed that 
pro-IL1β was downregulated in samples from DCA-treated mice com-
pared with controls (Figure 4D). Further analysis showing that cleaved cas-
pase 1 was also reduced upon DCA treatment (Figure 4D) indicate that 
PDK inhibition also halted the activation step of NLRP3 inflammasome 
in the vascular wall.

C
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DCA-treated mice presented decreased pro-inflammatory and in-
creased anti-inflammatory responses in the spleen, including reduced 
mRNA levels of M1 markers and increased mRNA levels of M2 markers 
(Figure 4E) and an increased ratio of M2/M1 macrophages (Figure 4F) de-
tected by flow cytometry. We observed significantly reduced levels of 
T-cell pro-inflammatory markers, namely, the Th1 marker Tbx21 and the 
Th17 marker Rorγt, and a trend towards increased levels of T-cell anti- 
inflammatory markers, namely, the Treg marker Foxp3 and the Th2 marker 
Gata3 (Figure 4G). Using flow cytometry, we observed that the Treg/Th17 
ratio was increased in the spleen of DCA-treated mice compared with 
controls (Figure 4H). In vitro, T-cells from DCA-treated mice presented a 
reduced capacity to proliferate in response to anti-CD3/anti-CD28 stimu-
lation (Figure 4I) and showed a skewed anti-inflammatory response with in-
creased production of IL-10 and decreased production of IFNγ and IL-17A 
(Figure 4J). No significant differences in blood cell counts were observed 
between groups (see Supplementary material online, Figure3). In the liver, 
significantly lower levels of Cd4 and Rorc (encoding RORγt) mRNA were ob-
served upon DCA treatment; no significant differences for M1–M2 mar-
kers or other T helper cell markers were observed between groups (see 
Supplementary material online, Figure4).

3.4 DCA-mediated rescue of PDH activity in 
the artery wall influences succinate 
secretion and the release of IL-1β by 
macrophages
DCA inhibits PDK activity, thereby allowing PDH to be in its unpho-
sphorylated active form and promoting pyruvate metabolism via the 
TCA cycle.19 We found that aortic protein extracts from 
DCA-treated mice presented significantly increased PDH activity 
(Figure 5A). This mirrored the immunohistochemistry analyses of aortas 
showing reduced pSer232-PDH upon DCA treatment (Figure 5B). 
NMR-based metabolomics of the mouse aortas revealed that DCA 
treatment reduced vascular levels of lactate, as well as betaine, but 
most significantly succinate (Figure 5C–E; and Supplementary material 
online, Table S2). Significant reductions in the branched-chain amino 
acids leucine and isoleucine were also observed in the aortas of 
DCA-treated mice (see Supplementary material online, Table S2). 
Interestingly, succinate levels in the plaques of DCA-treated mice and 
controls correlated significantly with plaque area in the aortic arch 
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Figure 3 Targeting PDK reduces atherosclerosis and vascular inflammation and increases plaque stability features. (A) Percentage lesion areas of Sudan IV en 
face stained aortas. The right panels are representative samples from the control and DCA-treated groups (0.1 and 1 mg/mL; ∼17 and 170 mg/kg/day). (B) The 
per cent lesion area in oil-red-O-stained cross-sections of the aortic root for each group. Right panels show representative micrographs from each group; (A, B) 
n = 10, 9, and 14 for control, DCA 0.1 mg/mL (∼17 mg/kg/day), and 1.0 mg/mL (∼170 mg/kg/day), respectively; Kruskal–Wallis ANOVA with Dunn’s post-test 
analysis. Immunohistochemical analysis of (C ) VCAM-1 and (D) CD68− staining and (E) CD4− and (F ) Foxp3-positive cells and (G) αSMA immunostaining in 
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Mann–Whitney U test analysis. #P = 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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(Figure 5F), while plasma succinate levels correlated significantly with 
aortic Il1b mRNA levels (Figure 5G) in the same mice. A trend towards 
Pdk1 and Pdk4 mRNA levels correlating with CD68 staining content in 

the plaques was also observed (see Supplementary material online, 
Figure 3); no correlation between plasma succinate levels and PDK iso-
forms’ mRNA expression in the plaque was seen (data not shown).
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Cultured murine macrophages were used to investigate whether PDK 
inhibition and PDHc activity stimulation can directly modulate succinate re-
lease by macrophages in vitro. LPS stimulation increased the production of 
succinate, which could be significantly inhibited by DCA (Figure 5H). These 
data are in line with the finding that DCA significantly rescued the activity of 
the succinate degrading enzyme succinate dehydrogenase (SDH), which is 
inhibited upon LPS stimulation (Figure 5I). Analysis of the expression of 
sirtuin-3 (Sirt3), a known activator of SDH activity, showed that DCA 
can rescue the expression of Sirt3, which is also reduced by LPS in macro-
phages (Figure 5J).

Considering the parallel effects on succinate levels, inflammasome activa-
tion, and IL-1β production in the aorta of DCA-treated mice, we evaluated 
whether the inflammasome is affected by DCA in macrophage cultures. 
Treatment with DCA before LPS stimulation, a condition that reduces suc-
cinate production, significantly reduced IL-1β release (Figure 5K). 
Interestingly, DCA treatment shortly before ATP stimulation showed an 
even more pronounced effect on the inhibition of IL-1β (Figure 5K). 
Corroborating these findings, we observed decreased expression of cleaved 
caspase 1 in protein extracts from macrophages treated with DCA before 
LPS or before ATP (Figure 5L). No effects of ATP were seen in the modu-
lation of succinate secretion (Figure 5K and L), and no differences in pro- 
caspase 1 protein levels were seen induced by DCA treatment (Figure 5L). 
Of note, DCA treatment did not substantially influence mitochondrial 
LPS-induced reactive oxygen species (ROS) production by BMDMs, and 
no signs of toxicity to the macrophage cultures were seen for DCA in 
our experiments (see Supplementary material online, Figure S6A and B).

Because DCA is a pan-inhibitor, in our earlier experiments, it was not 
possible to pinpoint whether any of the PDK isoforms play a hierarchical 
higher role in the regulation of IL-1β secretion by macrophages in vivo. 
Nevertheless, through successfully silencing mRNA encoding the four 
PDK isoforms in THP-1 macrophage cultures (Figure 5M), we found that 
only PDK1 siRNA significantly reduced IL-1β secretion compared with 
control scrambled siRNA (Figure 5N).

3.4.1 DCA impairs succinate-mediated GPR91 
signalling and NLRP3 inflammasome activation in 
macrophages
Although mostly seen as an intermediate metabolite in the TCA cycle, it 
has been shown that succinate regulates IL-1β gene expression through 
the stabilization of hypoxia-inducible factor 1 alpha (HIF-1α).25

Moreover, succinate acting as an extracellular signal through the 
Gi-coupled GPR91 has been demonstrated to synergize with Toll-like re-
ceptors and boost immune responses.26 We found that the exogenous 
addition of sodium succinate significantly increased IL-1β and counteracted 
the DCA-mediated inhibition of IL-1β secretion by macrophages 
(Figure 6A). A similar experimental design using diethyl succinate, a more 
membrane-permeable succinate analogue and inactive to GPR91, failed 
to substantially increase IL-1β production or to rescue the 
DCA-mediated inhibition of IL-1β secretion (see Supplementary material 
online, Figure S7A), suggesting that the extracellular conceivably 
GPR91-mediated effects of succinate could play a major role in our model 
system. Corroborating with the latter, we observed that the pre-treatment 
of macrophages with pertussis toxin, which blocks G-protein-coupled re-
ceptor signalling, and coincubation with a specific GPR91 antagonist both 
prevented succinate-driven effects on IL-1β (Figure 6B and C ). 
Importantly, the effects of sodium succinate on NLRP3 inflammasome 
were eliminated in macrophages from GPR91KO mice, in which DCA 
treatment led to complete inhibition of IL-1β secretion (Figure 6D). 
Notably, IL-1β secretion by macrophages from GPR91KO mice was ap-
proximately half of that observed in macrophages from wild-type litter-
mate controls (Figure 6, and see Supplementary material online, Figure 7).

4. Discussion
By suppressing the activity of PDHc, PDK isoenzymes are at the crossroad 
of glycolysis and glucose oxidation, regulating the balance between pro- 

and anti-inflammatory responses.27 We have demonstrated for the first 
time that the overexpression of PDK1 and PDK4 is associated with vascular 
inflammation in human plaques and that PDK1 expression is associated 
with a more unstable plaque phenotype and could predict secondary CV 
events. Moreover, we demonstrate that targeting PDKs and promoting 
PDHc-dependent metabolism with DCA skews the immune system, inhi-
bits vascular inflammation and atherogenesis, and promotes plaque stability 
features in Apoe−/− mice.

PDK exists in four isoforms that display unique tissue distribution and 
enzymatic activities, suggesting a different role depending on the cell 
type.28 Abnormal PDK activity has been previously associated with dia-
betes, metabolic disorders, cardiomyopathy, and several cancers.8 We 
have found that in human atherosclerosis, PDK1 and PDK4 expression posi-
tively correlates with pro-inflammatory markers related to CD4+ T-cells 
and macrophage activation. This finding goes in line with studies showing 
that PDK1 is overexpressed during chronic inflammation, where highly 
glycolytic and proliferative cells may predominate, e.g. rheumatoid arthritis 
and multiple sclerosis.17,29

Both the innate and adaptive immune responses orchestrate all stages of 
atherosclerosis. Type 1 immune responses, including the secretion of 
pro-inflammatory cytokines such as TNF, IL-1β, and IFNγ by M1 macro-
phages and Th1 cells, have been associated with the acceleration of disease 
and the destabilization of plaques. Conversely, there is strong evidence in-
dicating that promoting the type 2-mediated responses of M2 macro-
phages and Tregs can reduce disease burden. Previous characterization 
of the PDK isoforms in immune cells indicated that PDK1, PDK2, and 
PDK4 would be involved in M1 macrophage polarization and their 
pro-inflammatory responses.27,30,31 PDK1 expression can be upregulated 
upon TCR stimulation in CD4+ T-cells32 and inhibition of PDK1 by DCA 
protects mice from developing experimental autoimmune encephalitis, 
by limiting the response of Th17 cells.18

Among all PDK isoenzymes, the expression of PDK4 has been implicated 
in energy homeostasis and rapidly changes under different metabolic con-
ditions. Hence, it has been proposed that PDK4 plays an important role in 
the metabolic process that contribute to the osteogenic switch in SMCs 
during the development of vascular calcification.33 In our study, PDK1 ex-
pression and PDK4 expression were associated with the upregulation of 
inflammatory pathways in carotid plaques, and a trend towards in-
creased PDK4 was seen in plaques from patients with symptomatic un-
stable atherosclerosis disease. Considering that plaques from these 
patients should mostly present increased inflammation and impaired 
SMC responses,34 we speculate that both immune and vascular cells 
could be affected by the altered expression of these enzymes. In line 
with this thought, we provide data supporting the ubiquitous expression 
of PDK isoenzymes among cells in human plaques. Thus, corroborating 
to the possibility that PDK inhibition can also affect vascular cells, it has 
been shown that DCA influences SMC apoptosis and prevent their de-
differentiation, driving reduced SMC proliferation and neointima formation 
in animal models of restenosis, including a humanized balloon injury model 
with human internal mammary arteries implanted to T-cell-deficient 
Rowett nude rats.35

Whether PDK inhibition can influence human atherosclerosis has never 
been tested. In our preclinical setting, blocking PDKs with DCA led to pro-
found effects on the immune system that reduced atherosclerosis and pro-
moted a fibrous cap-related response of SMCs in the artery wall. DCA is 
known to inhibit all PDK isoforms at the mM range in vitro, with potency 
estimated to be higher against PDK2 < PDK 1 ≃ PDK4 < PDK3,36 and it 
has been shown that DCA treatment diminishes the phosphorylation of 
the three serine phosphorylation sites on PDH (PDHS232, PDHS293, and 
PDHS300) in different cancer cell lines. Interestingly, the latter study has 
shown a higher inhibitory effect of DCA against the phosphorylation of 
PDHS232, which is the specific site of PDK1 phosphorylation, in A375 
and MeWo cells.37 This knowledge corroborates with our human data 
and reinforces the notion that metabolic reprograming of the PDK/PDH 
axis, potentially through inhibition of PDK1, could be a relevant strategy 
to prevent and treat CVD in humans. While isoform-specific PDK inhibi-
tors are not ready for clinical trials, it should be mentioned that DCA 
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Figure 5 Inhibition of PDK reduces the pro-inflammatory response of the metabolite succinate in atherosclerosis. (A) Enzymatic PDH activity from protein 
extract of aortic tissue from controls and DCA-treated mice (n = 4 and 5, respectively); Mann–Whitney U test analysis. (B) Representative immunostainings of 
phosphorylated PDH E1a (serine 232) in aortic roots from control and DCA-treated mice. (C ) 1H-NMR metabolomic analysis of aortic tissue from controls 
and DCA-treated mice (n = 4/group); Mann–Whitney U test analysis. Effect size differences and P-value between groups are shown. Quantification of (D) lac-
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ANOVA with Dunn’s post-test analysis. (J ) Sirt3 mRNA levels (n = differentiated cells from four individual mice, treated in duplicates); Kruskal–Wallis ANOVA 
with Dunn’s post-test analysis. (K ) IL-1β release by BMDMs upon NLRP3 priming and activation, with DCA added before and (&) after LPS stimulation (n =  
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mental timeline for NLRP3 inflammasome activation and DCA treatment. Bottom panels, analysis of the protein expression of pro-caspase 1 and cleaved 
caspase 1 in representative BMDM protein extracts. (M ) Evaluation of transfection efficiency of THP-1 cells incubated with small interfering RNA against 
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wells); the percentage expression after siRNA transfection is shown on the top of the bars. (N ) THP-1 cells transfected with PDK1–4 siRNA or scrambled 
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has shown promising results clinically for the treatment of pulmonary 
hypertension (ClinicalTrials.gov; NCT01083524)38 and is currently under 
investigation for the treatment of endometriosis (ClinicalTrials.gov; 
NCT0404608),39 indicating that its efficacy towards atherosclerotic 
CVDs could potentially be evaluated in the near future. Besides, the fact 
that DCA can influence endothelial function, stabilize haemodynamics, 
and reverse microvascular endotoxin tolerance, in the context of experi-
mental sepsis,40 suggests that other beneficial CV effects may be achieved 
with the restoration of PDHc activity in the context of vascular 
inflammation.41

A major outcome of inhibiting PDK activity, and promoting a healthy 
mitochondrial PDHc metabolism, inhibited especially innate immunity, 
seen by the downregulation of M1-macrophage markers, smaller necrotic 
cores, and decreasing NLRP3 inflammasome and the secretion of IL-1β in 
the aorta. Considering the positive results of the Canakinumab 
Anti-inflammatory Thrombosis Outcome Study (CANTOS) showing 
that IL-1β blockade significantly reduced the number of CV events,42 as 
well as CV mortality in patients that responded with reduced 
hsCRP,43,44 DCA and/or other PDK blockers emerge as an attractive alter-
native to inhibit the deleterious effects of this pathway on CVD. Notably, 
canakinumab treatment significantly increased the risk of fatal infections,42

which has not been evident in clinical trials using the PDK inhibitor DCA.
A major characteristic of M1-polarized macrophages is a truncated TCA 

cycle, which leads to the intracellular accumulation and secretion of succin-
ate.45 Either intracellularly, stabilizing HIF1a, or extracellularly, interacting 
with the metabolite sensing GPR91, succinate has been implicated in the 
regulation of IL-1β production.25,46 Metabolomic analysis of mouse aortas 
revealed that DCA treatment most significantly reduced vascular succinate 
levels, which coincided with the reduced M1 responses and NLRP3 inflam-
masome activation found in the same group. Although to which extent 
intracellular and extracellular succinates influence the overall pool of 
IL-1β produced by activated macrophages remains unclear, our data sug-
gest that succinate/GPR91 signalling in the artery wall is an important feed- 
forward loop promoting vascular inflammation. Importantly, our in vitro 
and in vivo data propose that targeting PDK can be used to disrupt this loop.

Succinate accumulation occurs most often due to impaired SDH activity, 
e.g. patients carrying mutations in the SDH complex genes display elevated 

levels of plasma succinate.47 SIRT3 is a mitochondrial NAD+-dependent 
histone deacetylase pinpointed as a critical regulator of SDH.48

Interestingly, it has been suggested that SIRT3-dependent deacetylation, 
which activates SDH,49 can also regulate GPR91 expression in the context 
of non-alcoholic fatty liver disease (NAFLD).50 The fact that DCA treat-
ment restored Sirt3 expression and SDH activity in LPS-stimulated macro-
phages revealed an unknown link with the PDK/PDH axis. Whether NAD+ 
and niacinamide would be involved in DCA-mediated succinate production 
will require further investigation. Succinate production in activated macro-
phages can be driven in parallel by increased glutamine-dependent ana-
plerosis and the ‘GABA-shunt’ pathway;25 thus, to which extent the 
PDK/PDH axis regulates the GABA-shunt pathway also warrants further 
research.

Because DCA was administered orally, it is likely that PDK inhibition 
could lead to other consequences than just affecting the immune system. 
Many years ago, orally given DCA, at high doses, was considered a potential 
lipid-lowering therapy in humans, which unfortunately induced neurologic-
al side effects that halted further development for this clinical applica-
tion51,52; it is now known that the latter adverse effect of DCA, a 
reversible sensory and motor peripheral neuropathy, is influenced by age 
and is often found in individuals carrying a specific genetic haplotype of 
the gene encoding the enzyme glutathione transferase zeta 1 (GSTZ1), 
which is involved in the biotransformation of DCA and influencing the gen-
eration of toxic molecules.36,53

We show that long-term exposure to a high DCA dose could significant-
ly reduce cholesterol levels within the last two weeks of treatment in 
Apoe-/- mice. Interestingly, we observed a trend towards increased hepatic 
Ldlr expression in DCA-treated mice, which has previously been sug-
gested54 and in a long-term therapeutic perspective could further help de-
celerate atherosclerosis progression. However, the fact that hepatic Ldlr 
mRNA levels did not correlate with plasma lipids, as well as the finding 
that DCA-treated mice presented reduced hepatic cholesterol levels, sug-
gests that increased receptor-mediated clearance may not be the only 
mechanism regulating cholesterol metabolism upon high doses of DCA. 
In part due to the limitations of our study design, which did not take 
into consideration gene regulation at different feeding states, and only 
one timepoint was investigated, the full spectrum of mechanisms triggered 
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by DCA on lipoprotein metabolism remains uncertain. Nevertheless, the 
fact that a 10-fold lower dose of DCA led to similar atheroprotective ef-
fects as the highest dose, without influencing plasma lipids, suggests that 
this mechanism was secondary to influencing atherogenesis. Future inves-
tigations will be needed to fully understand the potential effects of modu-
lating the PDK/PDH axis on lipid metabolism, including synthesis, 
clearance, and excretion, as well as if such effects are target specific consid-
ering lipid changes were seen only upon a high DCA dose.

The present study has of course other limitations. The observational ap-
proach, showing associations between the expression of PDK isoenzymes 
and symptomatic disease, and the association between high PDK1 expres-
sion and future CV events that was performed in a relatively small cohort 
of patients do not allow conclusions of causality. Although the pharmaco-
logical restoration of arterial PDHc activity in our pre-clinical study would 
support causality, clinical studies will be necessary to establish the beneficial 
effects of PDK inhibition in human CVD. In this context, it is interesting that 
we found succinate—a metabolite that we show could promote IL-1β pro-
duction in the arterial wall—as a potential surrogate marker of vascular 
PDHc activity. Although succinate could not be measured in the already 
processed samples from the biobanks used in the study, it will be interest-
ing to evaluate it in the future, as well as to calculate the prognostic value of 
plaque or plasma succinate levels for CVD events. Hence, further studies 
to continue exploring the role of GPR91-mediated signalling in atheroscler-
osis will be needed.

In conclusion, we identified the PDH/PDK axis as a central metabolic regu-
lator of vascular inflammation, linking glycolysis and mitochondrial PDHc with 
succinate/GPR91 signalling that can skew the immune system systemically and 
locally in the artery wall. The observation that PDK inhibition, which restores 
PDHc activity and reduces succinate/GPR91 pro-inflammatory signalling in 
the vessel wall, also inhibits the pro-atherogenic and plaque destabilizing path-
way of the NLRP3 inflammasome activation and IL-1β secretion emphasizes 
the potential of metabolic reprograming to prevent and treat CVDs. The fact 
that PDK1 expression was significantly associated with IL-1β secretion in our 
model, and future CV events in humans, proposes that secondary prevention 
could be a valuable way forward to the use of PDK inhibition clinically. Further 
research should investigate whether DCA and other more specific and more 
potent PDK inhibitors have similar effects on the immune system, as well as 
other disease-modulating factors, such as the response of vascular cells and 
lipid metabolism.
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Translational perspective
Certain alterations of the intracellular metabolism of immune cells have been proposed to exacerbate inflammation and promote different diseases. 
Our work shows that the skewing of the pyruvate dehydrogenase kinase/pyruvate dehydrogenase (PDK/PDH) metabolic axis, a gatekeeping step link-
ing glycolysis to the tricarboxylic acid cycle (TCA), in the human plaque increases the risk of future cardiovascular events. Moreover, our findings in-
dicate that inhibition of PDK activity, particularly on macrophages, could be used as an immunometabolic approach to combat vascular inflammation, 
prevent atherogenesis, and promote plaque stability.
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