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ABSTRACT

Background and aims: Glutamine synthetase (GLUL), the sole generator of glutamine, is a metabolic nexus
molecule also involved in atherosclerosis. We recently demonstrated a 2.2-fold upregulation of GLUL mRNA in
stroke-causing carotid plaques when compared with plaques from asymptomatic patients. Here we compared in
the same cohort GLUL mRNA expression with plaque gross morphology, and the colocalization of immunode-
tectable GLUL protein with histopathological changes and molecular and mechanical mediators linked to plaque
development.

Methods: Endarterectomy specimens from 19 asymptomatic and 24 stroke patients were sectioned longitudinally
and immunostained for GLUL, CD68, a-smooth muscle actin, iron, heme oxygenase-1 and CD163, and graded
semiquantitatively in every 1 mmZ The amounts of cholesterol clefts and erythrocytes were graded. The fibrous
cap thickness within each 1 mm? area was measured. The association between the local pathological findings was
analyzed by a hierarchical mixed modelling approach.

Results: The previously found correlation between GLUL mRNA and clinical symptomatology was supported by
the increased GLUL mRNA in diseased tissue and increased local GLUL immunoreactivity in areas with multiple
different atherosclerotic changes. A longer symptom-to-operation time correlated with lower GLUL mRNA (Rs =
—0.423, p=0.050) but few outliers had a significantly higher GLUL mRNA levels, which persisted throughout the
post-symptomatic period. Plaque ulceration associated with 1.8-fold higher GLUL mRNA (p=0.006). Macro-
phages were the main GLUL immunoreactive cells. GLUL immunostaining colocalized with erythrocytes, iron,
CD163, and heme oxygenase-1. The correlations between local variables were consistent in both asymptomatic
and stroke-causing plaques. An inverse correlation was found between the fibrous cap thickness and local GLUL
immunoreactivity (p=0.012). Considerable variability in interplaque expression pattern of GLUL was present.
Conclusions: Our results link connect macrophage GLUL expression with carotid plaque features characterizing
plaque vulnerability.

1. Introduction

5]. Local macrophage phenotype might affect the clinically differential
behavior of similar CPs. Metabolically and functionally different

Several mechanical and biochemical factors have been proposed to macrophage subgroups are known to localize in differentially stable
lead the progression of an advanced carotid atherosclerotic plaque (CP) plaque areas [6], linking together the nature of local tissue modification
into a vulnerable symptom-producing lesion [1]. The event-causing and processes, the intraplaque localization of macrophages and their meta-
clinically silent lesions share many histopathological characteristics [2], bolic phenotype. The modification of macrophage metabolism might be
such as intraplaque hemorrhage (IPH) [3,4] and cholesterol crystals [4, one of the means to influence plaque stability [7].
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Table 1
The characteristics of the study population and the carotid plaques.
SCPs® ACPs” P

Patient characteristics 25 19
Age, y 64.5 £ 7.2 65.4 £ 8.5 0.749
Sex = female, n (%) 6 (24.0%) 10 (52.6%) 0.053
Body Mass Index (kg/m?) 27.8+ 4.5 26.9 + 4.5 0.678
Weight/kg 81.9 £16.4 74.5 £ 14.2 0.118
Hypertension = yes, n (%) 18 (72.0%) 11 (57.9%) 0.586
Lower limb atherosclerosis = yes, n (%) 4 (16.0%) 6 (31. %) 0.243
Coronary artery disease, n (%) 8 (32.0%) 9 (47.4%) 0.305
Diabetes, Type 1 or 2, n (%) 8 (32.0%) 5 (26.3%) 0.686
Dyslipidemia (%) 16 (64.0%) 9 (47.4%) 0.177
Smoking = yes, n (%) 5 (20.0%) 4 (21.1%) 0.932
Carotid plaques clinical measurements
Carotid stenosis % in digital subtraction angiography 79.4 +10.1 76.3 (£7.2) 0.126
Days from symptom to operation 51.6 £ 39.2 - -
Carotid plaque size and gross morphology*®
Plaque thickness/pm* 2340 + 1190 2960 + 1620 0.279
Macroscopic ulceration, n (%) 14 (56.0%) 5 (26.3%) 0.017
Atheromatous core (%) 8 (32.0%) 2 (10.5%) 0.082
Intraplaque hemorrhage (%) 15 (60.0%) 9 (47.4%) 0.327
Plaque calcification (%) 14 (56.0%) 13 (68.4%) 0.453
Intraplaque thrombus (%) 8 (32.0%) 1 (5.3%) 0.026

# SCP = symptom-causing carotid plaque.

b ACP = asymptomatic carotid plaque.

¢ Mann Whitney U test.

4 Measured from the microscope slide with GLUL immunostaining.

¢ Recorded by the operating vascular surgeon. The significant differences between the groups are underlined.

Glutamine is the most abundant amino acid in the human body [8].
In macrophages, glutamine supports numerous protective and synthetic
functions [9-11], and both pro-and anti-inflammatory functional pro-
files [11]. Glutamine is generated from glutamate and ammonia solely
by the enzyme glutamine synthetase (GLUL) [12,13] in a two-step re-
action, the rate of which depends on cofactor availability (divalent metal
ions), substrate supply, and the expression and activity of the GLUL gene
[14].

Metabolomic studies have revealed variations in amino acid profiles
between patient groups with different cardiovascular outcomes.
Importantly, systemic higher glutamine-glutamate-ratio associates with
decreased risk of non-fatal stroke, non-fatal myocardial infarction, car-
diovascular death, and also with surrogate variables such as elevated
blood pressure, triglycerides, blood glucose levels, waist circumference,
and risk of diabetes [15-17]. Glutamine transports nitrogen and carbon
between body compartments and acts as a nexus molecule in multiple
biosynthetic pathways in numerous cell types [8,13,18] (Supplementary
Fig. 1). The role of systemic glutamine level alone in the development of
arteriopathy and atherosclerosis is controversial [19-22], potentially
reflecting the dynamic nature of the plasma glutamine pool, which links
metabolic pathways among cells of different organs together, as re-
flected, for example, by a fast drop of plasma glutamine level in patients
with a critical illness [13]. As glutamine supports the macrophage
antioxidant glutathione (GSH) production [23] and erythrophagocytosis
[24], systemic glutamine availability could affect the CP behavior
through modification of macrophage functional phenotype within the
lesion.

Our previous microarray study discovered significant upregulation
of GLUL mRNA in symptom-causing carotid artery plaques (SCPs) when
compared with asymptomatic ones (ACPs) [25]. There are no data about
GLUL protein expression in carotid atherosclerotic lesions. Here we
describe the immunohistochemically detectable GLUL protein expres-
sion pattern in the carotid plaques of the same clinically characterized
cohort, consisting of advanced symptom-causing and asymptomatic
carotid plaques isolated upon surgical endarterectomy [25-27]. We
found GLUL to be expressed by macrophages in areas that are exhibit
either markers of progression of atherosclerosis or markers of tissue
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healing/remodelling, all of which were found in both clinically symp-
tomatic and asymptomatic plaques. We propose a role for GLUL and
glutamine-linked metabolism of macrophages primarily in CP
progression.

2. Patients and methods

Extended methods are described in the Supplementary data.

2.1. Study population and patient selection

Details of patient selection, baseline characteristics (Table 1) and the
carotid endarterectomy (CEA) procedure of the Helsinki Carotid End-
arterectomy Study conducted during 1995-2000 have been published
previously [25-27]. All the CPs used in this study had been removed
during the original CEA procedure, and no CPs were obtained later
during surgery for, e.g., restenosis. A 15-year follow-up of the same
cohort survivors and their risk of future atherothrombotic events has
been published previously [28] and the clinical data were included in
this analysis. In this study, we selected a subgroup of the cases, 19 being
asymptomatic and 25 stroke-causing CPs, all causing a significant
(>70%) stenosis in digital subtraction angiography. All patients un-
derwent brain imaging by computed tomography or magnetic resonance
imaging. The symptom status of the plaque was defined preoperatively
by a stroke neurologist in clinical examination. The operating vascular
surgeon sliced the lesion longitudinally into 5 sections and recorded the
gross morphology of the CP (ulceration, IPH, intraplaque thrombus,
atheroma, calcification). One of the sections was used for microarray
analysis and one was fixed in Carnoy’s fluid and embedded in paraffin.
All CPs represented complicated AHA class IV lesions, as defined in
subsequent microscopic evaluation. Each study patient had given writ-
ten informed consent upon recruitment. The study protocol was
approved by the Ethics Committees of the Departments of Neurology
and Surgery of the Helsinki University Central Hospital and conforms to
the ethical guidelines of the 1975 Declaration of Helsinki. For the details
of the selection of the CP subgroup and its relationship to the previous
DNA microarray analysis subgroup [25], see the Supplementary data.
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Fig. 1. The microscopical evaluation of the carotid
plaques.

Schematic representation illustrating plaque sample
preparation after carotid endarterectomy and immu-
nohistochemical analysis method, with carotid plaque
sections stained for GLUL and CD68 as examples. (A)
The removed CP was dissected longitudinally and
evaluated for the gross morphology. One of the sec-
tions was fixated with Carnoy’s fluid and embedded
in paraffin. (B) The samples varied greatly in size and

EN

shape. The orientation of the plaque was defined by
the medial elastin fibers. The flow direction was not

known. (C) A grid was placed on each photomicro-

graph with computer software and scaled according
to the 1 mm scale bar applied to the photomicrograph

during image acquisition. The distance of the center

of each ROI from either the endothelium or from the
intima-media-border was measured from the photo,

depending on which one was closer (black stars).

Each ROI from the GLUL staining was classified ac-
cording to its dominant histopathological features

CD68

(D-D). (D) A ‘tunica intima’ ROI representing thick-
ened intima outside the plaque lesion, here showing
thrombotic mass of unknown age on endothelium. (E)
A ‘core’ ROI, with acellular atheromatous mass and
cholesterol clefts. (F) A ‘cap’ ROI, containing part of
the fibrous cap overlying the atheromatous mass, and
here a collection of GLUL immunoreactive cells. The
fibrous cap thickness was measured at its thickest and
thinnest part. The mean value of these measurements
was the local cap thickness in the ROIL (G) An ‘edge’
ROI, containing the perinecrotic zone surrounding the
core, here showing a vital intima with more preserved
tissue architecture transitioning to the acellular
amorphous necrotic mass, also with GLUL immuno-
reactive cells with macrophage foam cell
morphology. (H) An ‘inflammation’ ROI with a
collection of GLUL immunoreactive cells with
macrophage appearance, also showing CD68 immu-
noreactivity (J), but not located in the perinecrotic

zone. Only the amount of vital, clearly delineated
cells was taken into account, and the amount of nuclei
visible in the Prussian blue section was used to sup-
port the estimation of the macrophage amount if
needed. The overall cellularity was recorded from the
Prussian blue section. (I) A ‘tunica media’ ROI

showing mainly medial elastin fibers and remnants of a calcified nodule. The semiquantitative GLUL expression level was recorded from each ROI from 0 to 3 (0 = 0,
1=+, 2 = ++, 3 = +++). The amount of erythrocyte remnants (0-3), cholesterol clefts (0-3) and calcification (0,1) were recorded from the GLUL section. (J)
Adjacent sections with matching morphology stained for CD68 (here), smooth muscle cells, iron, heme oxygenase-1 and CD163 were graded in the same ROIs.
Paraffin sections, the brown indicates DAB-labeled anti-GLUL/anti-CD68. Red dashed line = atheromatous core. Black dots: intima-media-border. Black star = the
center of the ROL Black star with an arrow: distance from the center of the ROI either to the endothelium or to the intima-media border.

2.2. Immunohistochemistry

Adjacent 4 pm paraffin sections were immunostained for GLUL,
CD68, or a-smooth muscle actin for smooth muscle cells (SMCs). Iden-
tically processed normal liver tissue was used as positive control tissue
for the CPs. Human dermis served as negative control tissue with only
minor immunoreactivity in the basal cell layer. The control tissues were
mounted on the same slide with the CP sections. Adjacent slices from the
same CPs have been previously immunostained for adipophilin [27],
CD163, heme oxygenase 1 (HO-1), and tissue iron [26], and the slides
with matching morphology, i.e. adjacent sections from the same CPs,
were analyzed in this study. For a detailed description of the immuno-
histochemical protocols, see the Supplementary data.

2.3. Light microscopy

To investigate the relationship between GLUL protein immuno-
staining patterns and the other local cellular and biochemical factors
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within the CP, we applied regional histopathological analysis or the
“ROI” (Region Of Interest) method (Fig. 1) [27,29,30]. One researcher
(P.S.) performed the immunohistochemical grading blinded to the
clinical data. The photographed microscope slices were mapped with a
grid of 1000 x 1000 pm squares and each of these areas was graded for
the following variables: overall GLUL immunoreactivity (0 =0, 1 = +, 2
= ++, 3 = +++), cholesterol clefts (0-3), erythrocytes (0-3), calcifi-
cation (0/1), intra-and extracellular tissue iron (0-3), and the number of
nuclei (0-3). The immunoreactivity for CD68 (0-3), a-actin (0-3), HO-1
(0-3) and CD163 (0-3) were recorded from adjacent slices.

All ROIs were classified according to their dominant histopathology
into ROIs representing atheromatous core, fibrous cap, perinecrotic
zone, inflammatory cell infiltrate, thickened intima, or tunica media
(Fig. 1). The thickness of the fibrous cap in each cap-ROI was measured
with 50 pm resolution steps so that the resulting thickness was the mean
value between the thickest and thinnest measure of the cap within the
ROL. For the details of the plaque measurements, see the Supplementary
data.
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2.4. DNA microarray and quantitative Real-TIME RT-PCR for GLUL
mRNA

The protocols for DNA microarray and quantitative Real-TIME RT-
PCR for GLUL mRNA have been previously published, as well as GLUL
mRNA association with CP morphological features and clinical risk
factors [25]. The mRNA data combined with the novel immunohisto-
chemical data of this study is from the previous study [25]. The rela-
tionship of mRNA expression to the aforementioned variables as well as
to the follow-up-data of the future atherothrombotic events of the same
cohort has been analyzed for the CP subgroup that was the focus of this
study [28].

2.5. ELISA

In the non-diluted (1:1) plaque lysates, the GLUL protein mass pro-
portion was maximally 0,000201% of the total plaque protein (n = 29)
(Human Glutamine Synthetase ELISA kit LF-EK1085, Abfrontier, Seoul,
South Korea). As the quantities were located in the extreme low end of
the standard curve of the used ELISA, we excluded them from final
analyses.

2.6. Statistical analysis
For correlation analyses, either a nonparametric (Spearman rank

correlation) or a parametric (Pearson correlation) correlation coefficient

A Glutamine synthetase (GLUL)
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was used where applicable. For comparisons of two groups, a
nonparametric Mann-Whitney’s U test was used (IBM SPSS Statistics 24;
IBM, Armonk, NY). The ROI statistical analyses were performed with the
assistance of a professional statistician (J.T.). Each CP consists of several
ROIs, which makes ROIs non-independent. Each ROI is “nested” inside
the CP it comes from. This dependency was taken into account by
applying a hierarchical mixed modeling approach. It also allows one to
assess the effects of explanatory variables and to adjust for the effects of
possible confounding factors, just as any other traditionally used
regression modeling approach. Depending on the response variable
type, a suitable mixed modeling technique was used. For continuous
variables, a linear mixed model was applied. For ordinal variables, a
cumulative link mixed model was fitted. Continuous variables were, e.
g., distance from the lumen of the blood vessel. Ordinal variables were
typically results from histological stainings. These models were fitted
using R 3.3 software (R foundation for Statistical Computing, Vienna,
Austria) and its add-on packages named nlme [31], Ime [32], and ordinal
[33].

3. Results
3.1. Glutamine synthetase mRNA expression in the CPs
The foundation of this study is our previous finding showing that

GLUL gene expression in SCPs is significantly higher than in ACPs (a 2.2
-fold difference, p=0.016) [25]. The data have been analyzed in a search

CD68 F CD§38
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Fig. 2. Glutamine synthetase expression in a subgroup of macrophages within a large lesion.

Glutamine synthetase (GLUL) is expressed by CD68" macrophages and macrophage foam cells in specific small locations within a large, complex carotid plaque with
extravasated erythrocytes. (A) The majority of GLUL immunoreactivity is seen only in two small areas: in the macrophages under the fibrous cap (B and C), and in a
small area in the intima-media border (D and E) where atheromatous gruel with cholesterol clefts is surrounded by foamy CD68 cells of different sizes. (C) In
comparison with morphologically distinct and well-defined GLUL+/CD68+ cells located in the fibrous cap, the GLUL+/CD68+ foamy cells with more opaque cell
membrane and decreased morphological integrity are located in the transition zone between the cap and the atheromatous core. (F) Within an area rich in
extravasated erythrocytes multiple macrophages are seen, but GLUL expression is totally absent from them (G). (H) Statistically significant colocalization of GLUL
and macrophages is seen in all ROIs. Paraffin sections, brown indicates DAB-labeled anti-GLUL/anti-CD68. *p < 0.001. Dashed line = intima-media border. Black
dots = the border of the atheromatous core. Stars = intraplaque hemorrhage with erythrocytes and septas. ROI = 1 mm? Region of Interest. Scale bars in

micrometers.
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for correlations between GLUL mRNA expression and the newly inves-
tigated gross morphological, microscopical, and molecular features of
plaques and the clinical risk factors of patients (Supplementary Table 1).
No associations between GLUL mRNA and gender, chronic diseases
(Table 1), recent infectious diseases, smoking, laboratory parameters, or
medications were found. The GLUL mRNA expression level previously
measured from the CPs [25] did not correlate with any thrombotic
events in the 15-year follow-up data obtained from the same cohort
survivors [28]. A longer time delay between the symptom and the
operation was associated with lower plaque GLUL mRNA expression (R
—0.423, p=0.050) (Supplementary Fig. 3). Higher GLUL mRNA was
seen in CPs with IPH (Ry = 0.397, p=0.009) or ulceration (1.8-fold
difference, p=0.006) when compared to CPs without. CP calcification
associated with lower GLUL mRNA (Rg = —0.392, p=0.010).

3.2. Immunodetectable GLUL protein in the CPs

GLUL immunostaining pattern was multiform showing extensive
variation between the plaques. GLUL-expression was only intracellular.
Certain, often small regions showed clear foci of cell-associated GLUL

Atherosclerosis 352 (2022) 18-26

(Figs. 2D and 3E) while large plaque areas with pathological changes
could be almost totally devoid of GLUL (Figs. 2A and 3A). None of the
investigated cell types or molecules associated consistently with local
GLUL immunoreactivity. GLUL was expressed mainly in caps, peri-
necrotic zone and inflammatory infiltrate containing ROIs in both SCPs
and ACPs (Fig. 4D). The acellular atheromatous core, the thickened in-
tima devoid of inflammatory infiltrates and the tunica media showed
almost no GLUL immunoreactive cells (Fig. 4D). Endothelium did not
show GLUL immunoreactivity. For a detailed listing of GLUL immuno-
reactivity associations with other immunohistochemically detected local
plaque features, see Supplementary Tables 2-4.

The most dominant GLUL protein immunoreactivity was shown in
CD68™ cells displaying morphological features typical of macrophages
(Fig. 2). GLUL immunoreactivity in ROIs increased in line with the
amount of CD68-expressing cells (p < 0.001, Fig. 2H) in all CPs. The
appearances of macrophages in the perinecrotic zone showed a gradient
of fading GLUL expression in CD68™ cells which appeared to lose their
cell membrane and clearly visible structures; these shadowy macro-
phage remnants seemed to fuse into the atheromatous gruel (Fig. 2B and
C). One sample showed GLUL expression in few cells surrounding

Fig. 3. Glutamine synthetase expression colocalizes
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reactive macrophages in multiple areas, one of which
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Part of the macrophages colocalizing with free and
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immunoreactive CD68" cell with ingested erythro-
cytes, surrounded by CD68" cells without GLUL
expression. (D) Foamy-appearing macrophages
colocalizing with extracellular iron are GLUL immu-
noreactive. (E) A large atheroma is mostly devoid of
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not colocalize at all with smooth muscle a-actin
expressing cells. In the GLUL expressing area, rem-
nants of erythrocytes were seen. (F and G) Statisti-
cally significant colocalization of GLUL and
erythrocytes, and iron. *p < 0.0001, **p < 0.001.
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Fig. 4. The localization of glutamine synthetase in
the carotid plaques.

Glutamine synthetase (GLUL) expression pattern
varied between the samples. (A) In a subgroup of le-
sions, GLUL was seen only in the fibrous cap siding a
cholesterol crystal rich atheroma. (B) In ROIs with
thinner fibrous cap, the GLUL expression is higher.
(C) GLUL is expressed in a subgroup of cells next to
extravasated pool of erythrocytes, where cholesterol
clefts are also found. This area contains a large
number of macrophages which express adipophilin, a
marker for lipid loading, and a large amount of
smooth muscle cells. (D) The ROIs with inflammatory
cell infiltrates, the ROIs of the perinecrotic zone and
fibrous cap areas show highest GLUL immunoreac-
tivity when compared to other plaque areas with
different histological features. Histogram showing

symptom-causing and asymptomatic plaques com-

Intensity of GLUL
immunoreactivity
in a ROI

bined. See the Supplementary data for the detailed
distribution of the GLUL expression in the plaques.
*p=0.012. Paraffin sections, the brown indicates
DAB-labeled anti-GLUL/anti-CD68. Dashed line =
intima-media border. Black dots = border of the
atheromatous core. ROI = Region of Interest. Scale
bars in micrometers.

EOOO

erythrocyte membranes blending with a pool of cholesterol clefts
(Fig. 4C). Around this area, most of the macrophages, SMCs, and
adipophilin-expressing lipid-loaded cells were not expressing GLUL,
showing GLUL expression as a property of a small subgroup of macro-
phages. Throughout the samples, a significant amount of macrophage
and foam cell collections did not show GLUL immunoreactivity at all
(Fig. 2A, 2F-G, 3E and 4C), revealing heterogeneity in the expression of
GLUL even among the macrophages.

In a subgroup of the samples, the only GLUL immunoreactive cells
were CD68" cells with macrophage morphology located directly under
or within the fibrous cap (Fig. 2A-C and 4A). Higher GLUL immunore-
activity was found in ROIs where the fibrous cap was thinner, and this
correlation was linear throughout the material (p=0.012, Fig. 4B). In the
cap-ROIs of SCPs, the quantity of cholesterol clefts correlated positively
with GLUL immunoreactivity (p=0.004). In SCP ROIs the amount of
SMCs decreased when local GLUL expression increased (p=0.001).
Typical SMC-appearing cells with a-actin immunoreactivity did not
show GLUL expression (Fig. 3E).

GLUL/CD68-expressing cells with erythrophagocyte morphology
colocalized morphologically and statistically with extravasated eryth-
rocytes (p < 0.0001) and with iron deposits (p < 0.0001) (Fig. 3B-D), as
well as with CD163 (p < 0.001) and HO-1 (p < 0.001) (Fig. 3F and G).
Macrophage GLUL expression was not observed in all IPHs (Fig. 2A, F-
G).

Certain multicellular areas in the perinecrotic zone, that appeared to
express both inflammation and tissue remodelling, contained large
amounts of nuclei, and high expression of both CD68 and a-actin. In
these areas, GLUL expression colocalized also with SMCs; however,
differentiation between SMCs and macrophages could not always be
done with certainty.

We compared the GLUL protein expression in different depths inside
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the lesions and assessed its expression in deeper CP domains deemed to
contain hypoxia (intraplaque zones deeper than 300 pm from endothe-
lium or from adventitial vasa vasorum) [34]. If a ROI was located mainly
within 300 pm depth (superficial), the GLUL expression was lower than
in ROIs the surface area of which 50-70% situated beneath 300 pm
(moderately deep). However, the ROIs that were completely beneath
300 pm (deepest) showed almost absent GLUL, akin to the absent GLUL
expression inside the atheromatous core as well (Supplementary Fig. 4).

4. Discussion

This is the first study describing immunohistochemical detection of
glutamine synthetase (GLUL) protein in atherosclerotic lesions. The role
of GLUL in the atherosclerotic process remains uncharacterized. Previ-
ously we recorded the expression of GLUL mRNA to be higher in
symptom-causing plaques (SCPs) when compared to non-symptom-
causing plaques (ACPs) [25]. Here we both re-analyzed the mRNA
expression data and studied the immunohistochemically detected GLUL
protein in the above patient cohort. CD68 immunoreactive cells with
macrophage morphology were the main GLUL expressive cell type. Both
mRNA and protein expression of GLUL associated with pathological CP
features typical of plaque vulnerability.

The expression of GLUL mRNA was elevated in the diseased tissue,
SCPs, ulcerated CPs, and in CPs with IPH, but was lower in lesions with
calcification, which is associated with lesion stability. GLUL mRNA
expression was lower in SCPs with a longer time from symptom to
operation/sampling. Previously, a GLUL lowering variant was discov-
ered and the risk allele was associated with a 36% increase in the odds of
coronary heart disease (CHD) per copy, an effect larger than most of the
CHD loci identified in the general population. Importantly, no associa-
tion was found between this locus and CHD in subjects without diabetes
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[35]. To the best of our knowledge, no additional studies of GLUL in
relation to cardiovascular diseases exist.

Immunodetectable GLUL protein was expressed mainly by CD68™
macrophages and foam cells. As supported by the mRNA expression
data, the areas with the most GLUL immunoreactivity were also
morphologically the most advanced regions of the diseased tissue, i.e.,
areas that are known to contain different proinflammatory/immunos-
timulatory factors such as cholesterol crystals, erythrocytes and iron, or
areas that are deemed to contain hypoxia based on their intraplaque
localization. One of the main histological domains of GLUL expressing
cells was the perinecrotic zone of the atheroma, where CD68+/GLUL +
cells appeared to represent remnants of dying macrophages merging
into the existing necrotic core of the atheroma (Fig. 2B and C). Gluta-
mine deficiency has been found to increase monocyte susceptibility to
apoptosis [36], and the perinecrotic zone of advanced human athero-
sclerotic plaques lacks energy metabolites [37]. As an alternative fuel for
glucose, glutamine can be directed into energy production through
a-ketoglutarate [9,10], to support hypoxic lipogenesis through citrate
[38]. As the perinecrotic zone was associated with high GLUL immu-
noreactivity, this might be linked to the challenges in macrophage en-
ergy production or phagocytosis in this area, and potentially to the
susceptibility of lipid-engorged macrophages to apoptosis or other types
of cellular death [39].

Certain CPs showed GLUL only in their fibrous caps, the cap being
the sole area in a large CP with GLUL immunoreactive cells (Fig. 4A).
The mean fibrous cap thickness did not differ between SCPs and ACPs. A
significant linear correlation was seen between higher GLUL protein
expression and the fibrous cap being thinner within a ROI (p=0.012,
Fig. 4B). The mean thickness of the cap within the extreme groups with
minimum and maximum GLUL in cap ROIs is in line with the Oxford
plaque study material, where in non-ruptured caps the mean represen-
tative cap thickness was 500 pm and in ruptured plaques 300 pm [40].
Increased GLUL expression was associated with the presence of choles-
terol clefts in the fibrous cap ROIs of SCPs (p=0.004), but not in all CP
areas that contained cholesterol clefts (perinecrotic zone in Fig. 4A).
Cholesterol crystals are known not only to mechanically injure the
plaque [5] but also to induce local inflammation by activating the
NLRP3 inflammasome in macrophages [41]. GLUL immunoreactivity
correlated inversely with the amount of SMCs in all SCP ROIs (p=0.001).
Scarcity or total absence of SMCs is a feature associated with CP
vulnerability [42]. Taken together, GLUL immunoreactivity was asso-
ciated with local features indicative of altered cytoarchitecture and
endangered tissue strength, particularly in the areas that are central in
symptom-generation, i.e. a thin fibrous cap. The proinflammatory
(M1-type) macrophages degrade the extracellular matrix [43] and
induce apoptosis of the matrix-producing SMCs [44], and thereby pro-
mote plaque instability. The M1-macrophage effect is balanced by the
activity of the reparatory/inflammation-resolutive macrophages of the
M2 phenotype. Previous observations have shown that extracellular
glutamine supports M2 polarization [45,46], while a decrease in GLUL
activity has been found to lead to polarizing macrophages from the
M2-like to the M1l-like phenotype [47]. The classification of
GLUL-expressing macrophage phenotypes remains a topic for further
studies.

The association of GLUL mRNA with IPH was confirmed by GLUL
immunodetection. GLUL immunoreactive macrophages colocalized with
erythrocytes and ferric iron in the CPs (Fig. 3B-D), which are known to
fuel local oxidative stress [48]. GLUL-expressing erythrophages were
also seen (Fig. 3C). A sample showed a small subgroup of GLUL immu-
noreactive macrophages surrounding a pool extravasated erythrocytes,
potentially converging into cholesterol crystals (Fig. 4C). GLUL colo-
calized strongly with immunoreactivity of CD163 and HO-1, indicating
their co-expression by the same macrophage subgroups. CD163 is one of
the M2-type macrophage markers [49,50], expressed by a
hemoglobin-scavenging phagocyte. CD163 macrophages induce HO-1
for oxidative heme and iron modification [51]. A previous report
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indicated that GLUL protein is more susceptible to degradation in
pro-oxidative conditions [52]. Inhibition of GLUL enzyme has been
found to diminish upregulation of CD163 in macrophages [47]. More-
over, glutamine supplementation can increase the ability of macro-
phages to express both CD163 and HO-1 [53] and accelerate the process
of erythrophagocytosis [24]. A multifaceted role of GLUL in eryth-
rophagocytotic macrophages seems plausible, but needs further studies.

Glutamine protects cells from oxidative stress [54] by supporting
cellular glutathione production [23]. A decreased glutathione produc-
tion has been speculated to lead to the increased CHD risk observed in
diabetics with a GLUL-lowering variant allele [35]. However, the pro-
pensity for systemic GLUL production may not have the same effect as
local macrophage GLUL induction in various micromilieus. As discussed
above the availability of extracellular glutamine is known to support
many of the cellular homeostatic, phagocytosis-related and synthetic
processes as it feeds the intracellular glutamate pool and is abundantly
available [8,13]. The intracellular GLUL activity on the contrary con-
sumes intracellular glutamate as its substrate (Supplementary Fig. 1),
suggesting a more complex role for GLUL in the advanced CP macro-
phages. To clarify the discrepancy, the distribution of intracellular GLUL
activity, a more detailed classification of the GLUL-expressive macro-
phage phenotypes and the micromilieu conditions such as hypoxia
affecting GLUL expression could in the future be studied in differentially
challenged cell culture settings and in experimental models with stain-
ing series tailored for this kind of analysis, as well as studies into the
systemic glutamine dynamics during critical illness and during chronic
cardiovascular disease setting, all of them being, however, beyond the
scope of the present study.

In conclusion, GLUL is an enzyme expressed by macrophages in
atheromatous CP areas with morphological correlates, cell types, and
biomolecules that are linked with increased inflammatory activity (IPH,
iron), areas that are known to suffer from ATP depletion (perinecrotic
zone), oxidative stress (IPH), and compromised tissue integrity and
strength (a thinned fibrous cap with a low number of SMCs and
increased amount of cholesterol crystals). GLUL is evolutionary highly
conserved, being one of the oldest existing enzymes [18,55]. Its product
glutamine has the advantage of supporting the survival and multifaceted
functions as well as phenotypic variations of macrophages, but the role
of intracellular GLUL induction in symptom-causing carotid plaques is
unknown. As the GLUL mRNA expression declines during the
post-symptomatic period, a potential role for GLUL during plaque
destabilization, rupture and/or during the post-symptomatic remodel-
ling period can be envisioned. The biochemical and cellular mechanisms
by which GLUL and glutamine metabolism could influence these pro-
cesses in advanced carotid atherosclerotic plaques with dynamic pro-
gressive and regressive remodelling is a challenging opportunity for
future studies.
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