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Aims The functional capacity of the immune cells is strongly dependent on their metabolic state and inflammatory responses are char
acterized by a greater use of glucose in immune cells. This study is aimed to establish the role of glucose metabolism and its players 
[glucose transporter 1 (GLUT-1) and pyruvate kinase isozyme M2 (PKM2)] in the dysregulation of adaptive immunity and inflam
mation observed in patients with non-ST-segment elevation myocardial infarction (NSTEMI).

Methods 
and results

We enrolled 248 patients allocated to three groups: NSTEMI patients, chronic coronary syndromes (CCS) patients, healthy sub
jects (HSs). NSTEMI patients showed higher expression of GLUT-1 and an enhanced glucose uptake in T cells when compared with 
CCS patients (P < 0.0001; P = 0.0101, respectively) and HSs (P = 0.0071; P = 0.0122, respectively). PKM2 had a prevalent nuclear 
localization in T lymphocytes in NSTEMI (P = 0.0005 for nuclear vs. cytoplasm localization), while in CCS and HS, it was equally 
distributed in both compartments. In addition, the nuclear fraction of PKM2 was significantly higher in NSTEMI compared with 
HS (P = 0.0023). In NSTEMI patients, treatment with Shikonin and Fasentin, which inhibits PKM2 enzyme activity and GLUT-1- 
mediated glucose internalization, respectively, led to a significant reduction in GLUT-1 expression along with the down-regulation 
of pro-inflammatory cytokine expression.

Conclusion NSTEMI patients exhibit dysregulation of the GLUT-1/PKM2 metabolic loop characterized by nuclear translocation of PKM2, 
where it acts as a transcription regulator of pro-inflammatory genes. This detrimental loop might represent a new therapeutic tar
get for personalized medicine.
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Graphical Abstract

GLUT-1/PKM2 metabolic loop and inflammatory pathways. PKM2 plays a central role in the modulation of the metabolic and inflammatory state. Our data 
showed aberrant localization of PKM2, in patients with NSTEMI, promoting enhanced GLUT-1 expression and glucose metabolism that shifts adaptive 
immunity towards a pro-inflammatory profile. The functional effects of the disruption of the metabolic loop GLUT-1/PKM2, through treatment with 
SKN and FSN in NSTEMI patients, led to a reduction of the pro-inflammatory profile and a modulation of the factors involved in lipid metabolism, con
tributing to the re-establishment of a physiological phenotype. Conversely, the treatment of HS with OLI, an inhibitor of oxidative phosphorylation, pro
motes GLUT-1 enhancement and a PKM2 dependent pro-inflammatory profile (not shown). Therefore, the evaluation of the immuno-metabolic profile 
could help to stratify NSTEMI patients and allow the identification of new therapeutic targets in the perspective of a personalized medicine approach 
[Created with BioRender.com]. ApoA1, apolipoprotein A1; CHI3L1, chitinase-3 like-1; FSN, fasentin; GLUT-1, glucose transporter 1; IL-6, interleukin 
6; MPO, myeloperoxidase; PDGF, platelet-derived growth factor; PKM2, pyruvate kinase isozyme M2; RBP4, retinol-binding protein 4; SKN, shikonin.

Keywords Acute coronary syndromes • Immuno-metabolism • Meta-inflammation • GLUT-1 • PKM2 • Adaptive immunity • 
Precision medicine

1. Introduction
Substantial evidence supports a pivotal role for local and systemic inflam
mation in the pathogenesis of coronary artery disease (CAD). In particular, 
in the past few years, our and other research laboratories have demon
strated that dysregulation of adaptive immunity plays a key role in acute 
coronary syndrome (ACS).1–4 Indeed, patients with ACS are characterized 
by an immune imbalance towards pro-inflammatory Th-lymphocyte re
sponse and a reduced frequency of regulatory T cells (Treg) with compro
mised functional suppressive properties, which might be involved in specific 
plaque instability mechanisms.5

Emerging data indicate that cellular metabolism regulates immune cell 
functions and differentiation in response to local changes of microenviron
ment. The molecular signalling linking cell metabolism to the immune re
sponse is not yet been fully understood.6–8 During a physiological 
immune response, T cells rapidly shift from resting (naïve and memory T 
cells) to activated states (effector T cells), with a dramatic increase of glu
cose metabolism. Enhanced glycolysis in CD4+ T cells is associated with 

post-transcriptional regulation of specific cellular functions and with abnor
mal immune responses. Recent developments in the immune-metabolism 
field focused on its role in cancer and in different inflammatory conditions 
such as autoimmune disorders, diabetes, obesity, as well as atherosclerosis. 
However, the potential impact of an altered immune cell metabolism as a 
clinical marker and therapeutic target in cardiovascular disease remains 
unclear.9,10

Glucose transporters (GLUTs) are potentially the key metabolic targets 
with relevance to regulation of immune responses. GLUT-1 is the main fa
cilitative trans-membrane GLUT which plays a role in T-cell activation and 
differentiation.11 It is expressed at low levels on the surface of resting T 
cells and it is up-regulated upon T-cell activation. T cells have a cytoplasmic 
pool of GLUT-1 whose translocation to the cell surface is responsible for 
increased glucose uptake after activation. The release of glucose into the 
cytoplasm occurs after the conformational changes of GLUT-1 promoted 
by substrate binding.11

The development of drugs that limit cellular glucose uptake, with a con
sequent decrease in glycolysis, is of growing interest, and several classes of 
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compounds that inhibit GLUTs and glucose absorption might be consid
ered to this end.12–14 Another potential metabolic target is the pyruvate 
kinase isozyme M2 (PKM2), the final rate-limiting enzyme in glycolysis 
that catalyses the conversion of phosphoenolpyruvate to pyruvate. 
Recently, a role has emerged for PKM2 that goes beyond glycolysis regu
lation, bridging metabolism, and differentiation both in cells of innate and 
adaptive immunity, and PKM2 intracellular localization strongly influences 
this function. Indeed, the nuclear dimeric form acts as a transcription regu
lator of pro-inflammatory genes, while, in the cytoplasmic tetrameric form, 
PKM2 exploits its well-known enzymatic functions in glycolysis. PKM2 ac
tivity can be influenced by many allosteric effectors and post-translational 
modifications that change its conformation.15 A recent study highlighted 
the GLUT-1/PKM2 linkage in the glycolytic metabolic cycle; in particular, 
the intra-nuclear dimeric form of PKM2 promotes the protein expression 
of GLUT-1, consequently affecting glucose uptake and energetic cell me
tabolism.16 Shikonin (SKN) selectively inhibits PKM2 and the glycolytic 
rate in cancer cell lines, highlighting its potential in future clinical applica
tions.17–20 Another PKM2 potential regulator is jumonji C (jmjC) domain- 
containing isotype 8 protein (JMJD8), a member of the jmjC domain-only 
subgroup in jumonji family. JmjC domain-containing proteins operate as 
histone demethylases, which modify chromatin accessibility and, according
ly, regulate gene transcription.21 Members of this family are involved in cell 
proliferation and differentiation through the regulation of various signalling 
pathways. Recently, a role for JMJD8 has emerged as a positive regulator of 
tumour necrosis factor–induced nuclear factor kappa-light-chain-enhancer 
of activated B cells signalling. Although JMJD8 usually presents a nuclear lo
calization, the latest studies have shown that JMJD8 controls angiogenesis 
and cellular metabolism by interacting with PKM2 in the cytoplasm of 
endothelial cells.22

The aim of the present study was to investigate the modulation of glu
cose metabolism in T-cell dysregulation of patients with non-ST-elevation 
myocardial infarction (NSTEMI). To achieve this, we focused on GLUT-1 
expression, glucose uptake, PKM2, and JMJD8 function in T lymphocytes 
in CAD patients with NSTEMI.

2. Methods
2.1 Study population
In the present study, the total study population size consisted of 248 sub
jects (see Supplementary material online, Table S1). We enrolled: 

• 107 patients admitted to our coronary care unit with a diagnosis of 
NSTEMI. NSTEMI patients were defined with the detection of the 
rise and fall of cardiac Troponin I together with symptoms and/or signs 
of myocardial ischaemia (angina, ischaemic ST changes), and angiogra
phically confirmed CAD at coronary angiography.23

• 105 chronic coronary syndrome (CCS) patients, with angiographically 
confirmed CAD, no previous ACS, and no overt ischaemic episodes 
during the previous 48 h.24

• 36 healthy subjects (HSs) as healthy control group.

No patient selection was made based on blood glucose values. The study 
has been approved by the Ethics Committee of the Fondazione Policlinico 
Universitario A. Gemelli-IRCCS, Catholic University of Rome (Approval 
No. 36077/19-ID 2747).

The authors declare that their study complies with the Declaration of 
Helsinki, that the locally appointed ethics committee has approved the re
search protocol, and that informed consent has been obtained from the 
subjects (or their legally authorized representative).

2.2 Study population of coronary artery 
samples
The total size of the study population consisted of 10 patients with (n = 4; 
CAD) and without (n = 6; no-CAD) previous myocardial infarction. 
Written informed consent was obtained from all patients. The study was 

approved by the local ethics committee of the Jagiellonian University 
(Approval No. 1072.6120.162.2019). Clinical data including major risk fac
tors for cardiovascular diseases were recorded before surgery. The base
line patient characteristics are presented in Supplementary material online, 
Table S2.

2.3 Peripheral blood mononuclear cell 
stimulations
Peripheral blood mononuclear cells (PBMCs) were isolated from whole- 
blood samples by standard gradient centrifugation over Ficoll–Hypaque 
(GE Healthcare Bio-Sciences, Piscataway, NJ, USA). PBMC stimulation 
was performed for 48 h with anti-CD3 monoclonal antibody (mAb) and 
CD28 mAb; goat anti-mouse IgG (BD Bioscience, Mountain View, CA, 
USA) was added for induction of cross-linking.25

For glucose uptake, cells were transferred in glucose-free medium 
and 2-NBDG {2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D- 
glucose}, and a fluorescently labelled 2-deoxyglucose, was added. 
Analysis was performed using a 2-NBDG glucose uptake kit from 
Cayman Chemical (Ann Arbor, MI, USA).

Inhibition of PKM2 and GLUT-1 was obtained by adding, respectively, 
50 μM SKN (Tocris Bioscience, Bio-techne, Minneapolis, MN, USA) for 
6 h26 and 25 μM Fasentin (FSN)27 (Santa Cruz Biotechnology, Dallas, 
TX, USA) for 6 h, in CD3/CD28-treated PBMCs.

To mimic a condition of mitochondrial stress by inhibition of ATP syn
thase, CD3/CD28-stimulated PBMCs of HS were treated with 1 μM 
Oligomycin (OLI)28,29 for 1 h (Santa Cruz Biotechnology).

2.4 Flow-cytometry analysis
For surface cell markers characterization, PBMCs were incubated with 
fluorochrome-conjugated mAbs anti-CD4 PE-Cy5 (Beckman Coulter, 
Brea, CA, USA), and GLUT-1 PE (R&D, Minneapolis, MN, USA). For glu
cose internalization analysis, PBMCs were stained with anti-CD4 PE-Cy5 
and 2-NBDG glucose uptake kit from Cayman Chemical was used.

For intracellular protein staining, cells were fixed and permeabilized with 
Fix/Perm buffer (Thermo Fisher Scientific, Waltham, MA, USA) and incu
bated with anti-PKM2 PE (Abcam, Cambridge, UK) and anti-JMJD8 FITC 
(Aviva Systems Biology, San Diego, CA, USA). Unstained cells were used 
as negative control. The gating strategies used for the flow-cytometry eva
luations of PKM2, glucose uptake, and GLUT-1 in CD4+ T cells are sum
marized in Supplementary material online, Figure S1.

No cell viability assays using fluorescent methods were performed. As 
previously reported, the combination of forward scatter (FSC) and side
ward scatter (SSC) provides a tool, which although not as precise as the 
fluorescence methods, still give valuable results in many assays. 
Therefore, we identified apoptotic or dying cells without any staining by 
FSC and SSC parameters only considering the morphology.

Flow-cytometry analysis was conducted with FC 500 (Beckman 
Coulter) and data were analysed with Kaluza software (Beckman 
Coulter) considering the median fluorescence intensity (MFI). At least 
50 000 events were acquired.

2.5 RNA extraction and real-time 
polymerase chain reaction analysis
Total RNA was extracted from PBMCs, using RNeasy Plus Mini Kit 
(Qiagen, Hilden, Germany) according to the instructions provided by the 
company and then reverse transcribed into cDNA using iScript RT 
(Bio-Rad, Hercules, CA, USA). To assess PKM2 levels, we set up a duplex 
Taqman assay including PrimePCR™ Probe (Hex) Assay: PKM2 and 
PrimePCR™ Probe (Cy5) Assay: β2 microglobulin (B2M; Bio-Rad). To 
evaluate the inflammatory gene expression, interleukin (IL)-1β and IL-6 pri
mer sequences were used as described,15 while, interferon gamma (IFNγ) 
primer sequences were used as follows:

IFNγ forward primer: 5′-GCTCTGCATCGTTTTGGGTTC-3′
IFNγ reverse primer: 5′-TTTTCTGTCACTCTCCTCTTTCC-3′
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Real-time polymerase chain reaction was conducted in the CFX96 
Touch (Bio-Rad). The expression level of PKM2 was normalized with 
B2M and the relative gene expression was obtained using the 2-ΔΔCT 
method.

2.6 Pyruvate kinase enzyme activity
Lysate of unstimulated PBMCs was used for the pyruvate kinase enzyme 
activity test (Abcam) following the manufacturer’s instructions. Zero 
standard readings were subtracted from the standards. The pyruvate 
standard curve was plotted. A1 reading was measured at fluorescence 
Ex/Em = 535/587 nm at T1. A2 reading was measured at T2 after incubat
ing the reaction at 25°C for 10 min, protected from light. The ΔA (A2 − 
A1) to the standard curve was applied to get nmol of pyruvate generated 
between T1 and T2 by PK in the reaction wells. Fluorescent measurement 
was obtained using a Varioskan™ LUX multimode microplate reader 
(Thermo Fisher Scientific).

2.7 Immunofluorescence and confocal 
microscopy
PBMCs stimulated with anti-CD3/CD28, treated with or without SKN, 
FSN, and OLI, were fixed with 10% formalin. After 24 h, cells were per
meabilized with 0.3% Triton X and 0.3% bovine serum albumin and stained 
with primary antibodies anti-PKM2 (Abcam) and anti-JMJD8 (Santa Cruz 
Biotechnology) overnight at 4°C, followed by the application of the sec
ondary antibody: Alexa Fluor 488 (anti-mouse; Abcam) and Alexa Fluor 
546 (anti-rabbit), respectively; 4′,6-diaminophenyl-indole (DAPI) was 
used for nucleus staining. Finally, cells were washed and mounted with 
ProLong® Gold Antifade Mountant (Thermo Fisher Scientific) and stored 
in dark at 4°C until imaging. Confocal images were obtained with a Nikon 
A1 MP confocal scanning system connected to an Eclipse T-i microscope 
with a 60× objective plus further 3× magnification.

For confocal microscopy analysis, 5–7 images were collected for each 
treatment, containing n ≥ 10 cells and analysed by mean fluorescence or 
Manders’ test,30 whose coefficient is the co-localization fraction directly 
proportional to the amount of fluorescence, in the co-localized objects, 
in each colour channel of the dual-channel image. Confocal microscopy 
analyses were performed with ImageJ Fiji (National Institute of Health, 
Bethesda, MD, USA).

2.8 Proteome profile
Proteome profile of the supernatants resulting from PBMC stimulation of 
NSTEMI patients, with SKN (n = 7) and FSN (n = 7) was evaluated using 
the Proteome Profiler Assay Human XL Cytokine Array Kit (R&D 
Systems, Minneapolis, MN, USA) as suggested by the manufacturer’s in
structions. Densitometry analysis was performed with Image Lab 6.2 
(Bio-Rad).

2.9 Human coronary arteries sampling
Tissue samples of coronary arteries were obtained from the Department 
of Cardiovascular Surgery and Transplantology of the John Paul II Hospital 
in Krakow (Poland) during heart transplantation. The coronary arteries 
were immediately transferred to ice-cold Hank’s Balanced Salt Solution 
(Gibco; Thermo Fisher Scientific) buffer and were maintained at 4°C. 
Surrounding tissues were delicately separated using microsurgical instru
ments and a microscope. Samples used in the present study included left 
anterior descending or circumflex human coronary arteries (HCAs).

2.10 HCA immunohistochemistry
Cleared HCA samples were immediately snap frozen and embedded in 
Tissue-Tek OCT, and stored at −80°C. Samples were then cut into a series 
of consecutive 8 μm sections. For histological analysis, sections were fixed 
in paraformaldehyde for 5 min, then haematoxylin and eosin staining was 
performed. For immunohistochemistry, consecutive sections were fixed 
in paraformaldehyde for 5 min, then washed in phosphate-buffered saline. 

Phosphate-buffered saline was used for all the subsequent washes and for 
antibody dilutions. Antibodies anti-CD4 (Abcam), anti-PKM2 (Abcam), and 
anti-GLUT-1 (Abcam) were incubated for 1 h at room temperature at a 
dilution of 1:100, then with diluted anti-polyvalent Ultratek horseradish per
oxidase antibody conjugated with streptavidin for 1 h. All the slides were fi
nally processed by the avidin–biotin complex method for 30 min at room 
temperature. 3,3′-Diaminobenzidine (Histo-Line Laboratories, Milan, Italy) 
was used as the final chromogen and haematoxylin was used as the nuclear 
counterstain. All samples were processed under the same conditions. The 
presence of lymphocytes was determined by analysis of both haematoxylin 
and eosin stainings.

2.11 Statistical analysis
Data were described as mean ± standard deviation (SD) or median with 
interquartile range (IQR), based on their distribution. For comparisons be
tween groups, we used the Mann–Whitney test, if the results did not pass 
the test for a normal distribution; otherwise, we used a parametric test; for 
categorical variables, a χ2 test or a Fisher’s exact test was used, as appro
priate. For intragroup analysis, we used one-way analysis of variance 
(ANOVA) nonparametric test, Kruskal–Wallis test with Dunn’s multiple 
comparison test or two-way ANOVA with Sidak’s multiple comparisons 
test, as appropriate. A P-value <0.05 was considered statistically significant. 
Statistical analysis was performed with GraphPad Prism version 8.0.2 
(GraphPad Software, San Diego, CA, USA).

Multivariate regression analysis, with glucose uptake, GLUT-1, and 
PKM2 as dependent variables, was run on data of the study population 
after adjusting for pharmacological treatments.

3. Results
Demographic and clinical characteristics of the study population are pre
sented in Supplementary material online, Table S1.

3.1 GLUT-1 expression and glucose uptake
In a quiescent state, CD4+ T cells express the surface glucose transporter 
GLUT-1 at very low levels. We therefore evaluated GLUT-1 expression 
and glucose uptake after 48 h lymphocyte stimulation with anti-CD3 and 
anti-CD28 cross-link. In these conditions, T cells from NSTEMI patients 
(n = 28) showed a significantly higher GLUT-1 expression and glucose in
ternalization, when compared with CCS (n = 31) and with HS (n = 8) 
[(GLUT-1 MFI, mean ± SD): NSTEMI 4.44 ± 1.46 vs. CCS 2.98 ± 1.10; 
P < 0.0001; NSTEMI vs. HS 2.92 ± 0.07; P = 0.0071] [Glucose uptake (in
tended as the MFI of the 2-NBDG probe, median and IQR): NSTEMI 
4.72 (3.17–5.70) vs. CCS 3.31 (2.37–3.51); P = 0.0101; NSTEMI 4.72 
(3.17–5.70) vs. HS 2.77 (2.70–3.20); P = 0.0122] (Figure 1A and B).

3.2 PKM2 expression
To better understand the underlying mechanism of the dysregulation of 
GLUT-1 in NSTEMI patients, we evaluated PKM2 expression, since it is 
an activator of GLUT-1 with an emerging role in metabolism-inflammation 
cross-talk. PKM2 mRNA levels in PBMCs showed no difference between 
NSTEMI (n = 33) and CCS (n = 30) patients. At flow-cytometry, PKM2 
protein expression in CD4+ T cells was higher in CCS patients (n = 30) 
compared with NSTEMI (n = 33) patients [PKM2 MFI, median and IQR: 
1.13 (0.97–1.50) vs. 0.92 (0.70–1.28); P = 0.0406] (Figure 1C and D).

A further analysis, stratifying patients by fasting blood glucose values 
(>110 mg/dL, the cut-off to define fasting hyperglycaemia31 or <110 mg/ 
dL), revealed that PKM2 mRNA and protein expression was related to blood 
glucose levels only in CCS and not in NSTEMI patients, as shown in 
Supplementary material online, Supplementary material and Figures S2 and S3.

On the other hand, we found an increased enzymatic activity of PKM2 in 
PBMCs of NSTEMI (n = 13) patients compared with CCS patients (n = 14), 
suggesting an enhanced glycolytic rate [PKM2 activity (mU/mL), mean ± 
SD: NSTEMI 309.9 ± 167.2 vs. CCS 168.9 ± 122.7, P = 0.0189] (see 
Supplementary material online, Figure S4).
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3.3 Aberrant PKM2 intra-nuclear 
localization in NSTEMI patients
Since PKM2 intracellular localization strongly influences its function, we eval
uated its nuclear and cytoplasmic fraction in PBMCs. Confocal fluorescence 
microscopy revealed that PKM2 was localized mainly in the nucleus in 
NSTEMI (n = 12) [MFI, median and IQR: intra (i)NSTEMI 3.7 × 104 (2.3 × 
104–9.1 × 104) vs. extra (e)NSTEMI 0.7 × 104 (0.5 × 104–2.8 × 104); P = 
0.0005], while CCS (n = 5) patients and HS (n = 8) showed a homogeneous 
distribution of PKM2 between the two compartments. Interestingly, the nu
clear fraction of PKM2 was significantly higher in NSTEMI compared with HS 
(Kruskal–Wallis test P = 0.0035; Dunn’s multiple comparison (i)NSTEMI vs. 
iHS P = 0.0023; Figure 2A). A representative staining is showed in Figure 2B.

A putative regulator of PKM2, JMJD8 was also evaluated in the same pa
tients. JMJD8 expression in CD4+ T cells of NSTEMI patients (n = 12) was 
higher than in CCS patients (n = 22; MFI, mean ± SD: 4.01 ± 0.71 vs. 3.33 
± 0.67; P = 0.0138; see Supplementary material online, Figure S5A). 
However, as depicted in the Supplementary material online, Figure S5B–E, 
NSTEMI patients showed a lower nuclear localization of JMJD8 in PBMCs 
[two-way ANOVA P = 0.0069; Manders’ tM2, iNSTEMI vs. eNSTEMI 

median and IQR: 1.0 × 104 (0.8 × 104–2.5 × 104) vs. 5.3 × 104 (2.6 × 104– 
10.1 × 104); P = 0.0036], a lower PKM2/JMJD8 intra-nuclear co-localization 
[Manders’ tM2, median and IQR: 0.59 (0.47–0.62) vs. 0.70 (0.69–0.78); P = 
0.0079], and a higher PKM2/JMJD8 extra-nuclear co-localization [Manders’ 
tM2, median and IQR: 0.45 (0.36–0.53) vs. 0.30 (0.23–0.32); P = 0.0079] 
when compared with CCS patients.

Overall these findings suggested a potential role of JMJD8 in the nuclear 
translocation of PKM2 in the NSTEMI patients.

3.4 Shikonin and Fasentin treatment reduces 
the intra-nuclear translocation of PKM2, 
GLUT-1 protein expression,  
and transcription of pro-inflammatory genes 
in NSTEMI patients
To confirm the role of PKM2 on GLUT-1 expression, we treated PBMCs 
of NSTEMI patients with SKN and FSN that inhibit PKM2 enzyme activity 
and GLUT-1-mediated glucose internalization, respectively.

Figure 1 GLUT-1 and PKM2 dependent glucose metabolism in CD4+ T cells and PBMCs. (A) GLUT-1 protein level and (B) glucose uptake in NSTEMI, CCS, 
and HS; (C ) PKM2 mRNA expression and (D) PKM2 protein expression in NSTEMI and CCS patients. In (A), the data were described as mean ± standard 
deviation, based on their distribution. For intragroup analysis, we used one-way ANOVA with Tukey’s multiple comparison test. In (B), the data were described 
as median with interquartile range, based on their distribution. For intragroup analysis, we used one-way ANOVA nonparametric test, Kruskal–Wallis test with 
Dunn’s multiple comparison test. In (C ) and (D), the data were described as median with interquartile range, based on their distribution. For comparisons 
between groups, we used the Mann–Whitney test. 2-NDG, 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose; GLUT-1, glucose transporter 
1; MFI, median fluorescence intensity; PKM2, pyruvate kinase isozyme M2; PBMC, peripheral blood mononuclear cell.
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We found that both treatments reduced the intra-nuclear translocation 
of PKM2 [Manders’ tM2, mean ± SD: untreated vs. SKN (n = 8) 0.65 ± 0.12 
vs. 0.44 ± 0.14, P < 0.0001; untreated vs. FSN (n = 8) 0.65 ± 0.12 vs. 0.37 ± 
0.19, P = 0.0005; Figure 3A–C] and the expression of GLUT-1 on the cell 
surface [MFI, mean ± SD: untreated vs. SKN (n = 12) 4.439 ± 0.86 vs. 
4.136 ± 0.82, P < 0.0001; untreated vs. FSN (n = 12) 4.439 ± 0.86 vs. 
4.210 ± 0.88; P = 0.0117] breaking the PKM2 dependent metabolic loop 
(Figure 3D and E).

Moreover, both treatments led to a decrease of the mRNA levels of 
inflammatory genes directly related to T-cell activation such as IL-1β 
[untreated vs. SKN, median and IQR: 1.006 (0.91–1.55) vs. 0.472 
(0.25–1.16), P = 0.0313; untreated vs. FSN 0.2337 (0.06–0.33); P = 
0.0313]; IL-6 [untreated vs. SKN, mean ± SD: 0.9740 ± 0.63 vs. 0.5708 
± 0.42; P = 0.0300; untreated vs. FSN 0.4050 ± 0.29; P = 0.0214]; and 
IFNγ [untreated vs. SKN, median and IQR: 1.006 (0.83–1.70) vs. 
0.7918 (0.47–1.20); P = 0.0625; untreated vs. FSN 0.2362 (0.18–0.47); 
P = 0.0313] (Figure 3F).

The proteome profile of stimulated PBMC supernatants following in
hibition of PKM2 nuclear translocation and of GLUT-1-related glucose 
uptake revealed a significant reduction of pro-inflammatory mediators 
such as IL-6 (untreated vs. SKN P < 0.0001; untreated vs. FSN P < 
0.0001), chitinase-3 like 1 (CHI3L1; untreated vs. FSN P = 0.024), myelo
peroxydase (MPO; untreated vs. FSN P = 0.050), IL-1 receptor antagonist 
(IL-1RA; untreated vs. FSN P = 0.046) with the latter three decreasing sig
nificantly only after treatment with FSN. In addition, we found an 
increased level of apolipoprotein A1 (ApoA1; untreated vs. SKN 
P = 0.022) and of retinol-binding protein 4 (RBP4; untreated vs. SKN 
P = 0.037) and a reduction of platelet-derived growth factor (PDGF) 
(untreated vs. SKN P = 0.021; see Supplementary material online, 
Figure S6). Although not directly related to T-cell activation or metabol
ism, these data confirm the overall anti-inflammatory effects of the treat
ments used.

3.5 Oligomycin treatment increases the 
intra-nuclear translocation of PKM2 and the 
protein expression of GLUT-1 in HS
To further support the hypothesis of the metabolic loop triggered by 
PKM2 in NSTEMI patients, we generated a mitochondrial stress condition 
using OLI32 in the PBMC culture medium of HS. OLI induced an increase in 
the nuclear fraction of PKM2 [Manders’ tM2, mean ± SD: untreated vs. OLI 
(n = 7) 0.27 ± 0.21 vs. 0.50 ± 0.36; P = 0.0074; see Supplementary material 
online, Figure S7A and B] and a resulting enhancement of GLUT-1 [MFI, 
mean ± SD: Untreated vs. OLI (n = 8) 2.686 ± 0.71 vs. 2.821 ± 0.60; P = 
0.0318] mimicking the PKM2 behaviour in NSTEMI patients (see 
Supplementary material online, Figure S7C).

3.6 Expressions of CD4, GLUT-1, and PKM2 
in HCAs and atherosclerotic plaques
In order to better understand the local dysregulation of 
meta-inflammatory loop, we evaluated the expression of PKM2 and 
GLUT-1 in HCAs in relation to atherosclerotic plaque presence as well 
as previous history of CAD (see Supplementary material online, 
Table S2). The results shown in Supplementary material online, Figure S8
show the haematoxylin and eosin staining and indicate the expressions 
of CD4, GLUT-1, and PKM2 within the coronary artery sections. As ex
pected, a lymphocyte CD4+ infiltrate in coronary section of CAD patients 
was more evident. Both GLUT-1 and PKM2 were clearly expressed in the 
coronary artery sections. The expression was particularly evident in the in
tima of CAD vessels with atherosclerosis, as well as in the core of athero
sclerotic plaque itself, providing proof of concept for the local expression 
of these factors in human atherosclerosis. However, our study was not 
powered sufficiently to compare quantitative differences between the 
two studied groups.

Figure 2 Intracellular localization of PKM2 in NSTEMI, CCS, and HS. (A) Intra- and extra-nuclear PKM2 fluorescence (MFI) in NSTEMI, CCS, and H; (B) 
Representative immunofluorescence confocal images of PKM2 in PBMCs; PKM2 = red fluorescence, nuclei = DAPI; scale bar: 10 μm for all images. In (A), 
the data were described as median with interquartile range, based on their distribution. For intragroup analysis, we used one-way ANOVA nonparametric 
test, Kruskal–Wallis test with Dunn’s multiple comparison test. CCS, chronic coronary syndromes; (e), extra-nuclear; HS, healthy subject; (i), intra-nuclear; 
MFI, median fluorescence intensity; NSTEMI, non-ST-elevation myocardial infarction; PKM2, pyruvate kinase isozyme M2; PBMC, peripheral blood mono
nuclear cell.
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4. Discussion
4.1 Mechanisms underlying 
immune-metabolism alteration in NSTEMI
Atherosclerosis is characterized by changes in intracellular metabolic path
ways in the arterial wall, including increased glucose uptake, reflecting the 
degree of vascular inflammation. In an inflammatory setting, immune cells 
deal with different immune demands dynamically by adapting to various en
vironmental signals and biosynthetic requirements.33

As largely demonstrated in previous studies, patients with ACS show an 
enhanced pro-inflammatory function of effector T cells compared with 
CCS indicating that the sudden changes, leading to coronary instability, might 
be related to mechanisms involving dysregulation of adaptive immunity. In 
the present study, we investigated the role of the two key factors of glucose 
metabolism, GLUT-1 and PKM2, as potential enhancers of pro-inflammatory 
response in NSTEMI T cells. Our findings demonstrate that GLUT-1 expres
sion and glucose uptake are increased in stimulated CD4+ T cells in NSTEMI 
compared with CCS patients and HS, resulting in an increased availability of 
intracellular glucose which is likely to enhance PKM2 glycolytic activity and 
the downstream glucose-related pathways. In addition, by dividing patients 

according to basal glycaemia, hyperglycaemic (HG) CCS patients displayed 
a higher level of both PKM2 mRNA and protein in comparison with normo
glycaemic (NG) CCS, while no significant difference was observed between 
HG and NG condition in NSTEMI patients. This uncoupling between gly
caemia on the one hand and PKM2 mRNA and protein expression on the 
other suggests that this system is dysregulated in NSTEMI.

More importantly, since PKM2 function depends on its localization, in 
our study the predominant nuclear localization in NSTEMI probably con
tributes to increased expression of genes related to glucose metabolism 
and inflammation and to the enhancement of its transcription level by a 
mechanism of positive feedback. Accordingly, the functional effects of 
the disruption of GLUT-1/PKM2 metabolic loop, through SKN and FSN 
treatment in NSTEMI patients, led to a reduction of PKM2 nuclear trans
location accompanied by a decrease of GLUT-1 and the down-regulation 
of the pro-inflammatory IL-1β, IL-6, and IFNγ gene expression, directly re
lated to T-cell activation. Of note, our data show a deeper down-regulation 
of pro-inflammatory cytokine genes in samples treated with FSN, a select
ive inhibitor of GLUT-1, when compared with samples treated with the 
PKM2 inhibitor SKN. This suggests that other molecular pathways down
stream of GLUT-1 other than PKM2 might be involved in the detrimental 
effect induced by increased glucose levels in NSTEMI patients.

Figure 3 Inhibition of GLUT-1/PKM2 metabolic loop by SKN and FSN in NSTEMI patients. (A) Representative immunofluorescence confocal images of 
PKM2 in the untreated PBMCs and treated with SKN or FSN PBMCs; PKM2 = red fluorescence, nuclei = DAPI; Scale bar: 10 μm for all images; (B) intra-nuclear 
PKM2 level in untreated and SKN-treated PBMCs (n = 8); (C ) intra-nuclear PKM2 level in the untreated and FSN-treated PBMCs (n = 8); (D) GLUT-1 protein 
level in the untreated and SKN-treated PBMCs (n = 12); (E) GLUT-1 protein level in the untreated and FSN-treated PBMCs (n = 12); (F ) inflammatory gene 
levels in UT-, SKN-, and FSN-treated PBMCs (n = 5). In B, C, D, E, and F (IL-6), for comparisons between groups, we used a paired t-test. In F (IL-1β and IFNγ), 
for comparisons between groups, we used a paired samples Wilcoxon test. FSN, fasentin; GLUT-1, glucose transporter 1; IFNγ, interferon gamma; IL-1β, 
interleukin 1 beta; IL-6, interleukin 6; NSTEMI, non-ST-elevation myocardial infarction; PKM2, pyruvate kinase isozyme M2; SKN, shikonin; UT, untreated.
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Results from the protein profile on supernatants of treated PBMCs 
showed the reduction of IL-6 (confirming the down-regulation of IL-6 
gene expression), IL-1Ra, MPO, and CHI3L1. While the role of IL-6, IL-1, 
and MPO in the pathophysiology of ACS has been well elucidated,34,35

the function of CHI3L1 is poorly understood.36 Among factors modulated 
by the GLUT-1/PKM2 pathway, we found an increased level of ApoA137–39

and RBP440 and a reduction of PDGF after SKN treatment.41 Although 
ApoA1 is primarily expressed by the liver and small intestine, it can be 
also expressed by PBMCs.38 ApoA1 is the major component of high- 
density lipoprotein cholesterol, such as, a SKN-mediated increase of 
ApoA1 could favour the reverse transport of cholesterol.37,39 In our spe
cific case, the increased levels of ApoA1 protein could be related to the re
covery of anti-inflammatory properties following treatments. Although not 
directly related to T-cell activation or metabolism, these data confirm the 
overall anti-inflammatory effects of the treatments used.

On the other hand, a mitochondrial stress condition triggered by OLI 
stimulation, induced a nuclear translocation of PKM2 and a resulting en
hancement of GLUT-1 expression in PBMCs of HS.

Although we have not fully elucidated the exact mechanism of PKM2 nu
clear translocation in NSTEMI, we suppose that JMJD8, a potential PKM2 
negative regulator, is involved in its functional control. In fact, our data 
show that PKM2 and JMJD8 are mainly co-localized in the T-cell nuclei 
of CCS compared with NSTEMI patients, suggesting that JMJD8 could 
act as a limiting factor of the nuclear functions of PKM2.42

Taken together, these results highlight the central role of GLUT-1/PKM2 
metabolic loop in the meta-inflammation of the NSTEMI patients.

4.2 Study limitations
Our study is exploratory by nature and includes a limited sample size, 
which is not sufficient to draw a generalizable conclusion about independ
ent clinical predictors; therefore, our findings are to be interpreted as hy
pothesis generating. We found a higher number of subjects treated with 
aspirin, beta-blockers, and statins among CCS patients when compared 
with NSTEMI. Since pharmacological therapy might directly affect T-cell 
metabolism and activation, we performed a multiple regression analysis, 
demonstrating that treatment with aspirin, beta-blockers, and statins did 
not predict glucose uptake [F(3.52) = 2.13; P = 0.11], GLUT-1 levels 
[F(3.62) = 0.62; P = 0.61], and PKM2 levels [F(3.76) = 0.70; P = 0.56]. Our 
study lacks of experiments regarding mitochondrial activity and oxidative 
phosphorylation (OxPHOS); nevertheless, OLI treatments indirectly ex
plore this field. Another limitation of the study is represented by the 
lack of cell viability assays using specific dyes; however, the combination 
of FSC and SSC provides a tool, which although not as precise as the fluor
escence methods, still gives valuable results in many assays. Indeed, the 
apoptotic or dying cells can therefore be identified without any staining 
by FSC and SSC parameters, only by considering the morphology.43,44

Finally, an ApoE−/− mice model could have the potential to demonstrate 
the effects of the inhibition of PKM2 nuclear translocation and 
GLUT-1-related glucose uptake, as mimicked by both SKN and FSN treat
ments in our mechanistic experiments, on the reduction of atherosclerotic 
burden and, eventually, infarct size.

4.3 Implications of immune-metabolic 
dysregulation
Despite the surge in studies on immune metabolism and metabolic repro
gramming, only few studies have addressed the role of immune metabolism 
in atherosclerosis and CAD14 and, to the best of our knowledge, no study 
has hitherto investigated immune-metabolic dysregulation in ACS.

New data are emerging on the link between metabolism and epigenetic 
reprogramming not only in cancer but also in cardiovascular diseases. 
PKM2 appears to be one of the regulators of metabolism-driven epigenetic 
modulation and our findings suggest an important role for this molecule in 
the mechanisms underlying the immune unbalance in NSTEMI patients. 
Cancer cells express high levels of the monomer and dimeric nuclear forms 
of PKM2, who stimulate the transcription of various glycolytic genes, 

including GLUT-1 and PKM2 itself, with consequent enhancement of gly
colysis.16,27,42 PKM2 plays a central role also in the modulation of the in
flammatory state, through the involvement of a pathway related to the 
signal transducer and activator of transcription 3, stimulating the produc
tion of pro-inflammatory cytokines, and regulating the balance between 
Treg and Th17.42,45

Conclusion
Our data propose that aberrant nuclear localization of PKM2 in patients 
with NSTEMI promotes both the dysregulation of the inflammatory path
ways and the increased activation of GLUT-1 and glucose metabolism 
(Graphical abstract). Therefore, the assessment of the immuno-metabolic 
profile could help to stratify patients with ACS allowing to identify new 
therapeutic targets in the perspective of a personalized medicine 
approach.46
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective
This study investigates the role of glucose metabolism and the key glycolytic enzyme PKM2 on adaptive immunity dysregulation in patients with the 
acute coronary syndrome, leading to a better understanding of the role of meta-inflammation in coronary plaque instability. Our study paves the way to 
a more accurate patient’s stratification, based on immune-metabolic features, and to the detection of novel molecular biomarkers that could become, 
with further validating studies, promising pharmacological targets, in the perspective of a personalized medicine approach.
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