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Abstract

Background and purpose: Serum vy-glutamyltransferase (GGT) activity has been identified as a predictor of complications of atherosclerosis,
with a prognostic value for cardiovascular diseases and stroke. Human atherosclerotic lesions contain active GGT, which can give rise to
pro-oxidant molecular species; thus a direct contribution of GGT to atherosclerosis progression is conceivable. The relationship between
plaque and serum GGT is however unclear.

Methods and results: Human carotid plaques obtained from 18 consecutive patients undergoing carotid endoarteriectomy were analyzed,
of which 6 were used for anion exchange and gel filtration chromatography/western blot studies, 7 for (3-lipoprotein precipitation, and 5
for RNA extraction and determination of low molecular weight thiols. Mean GGT activity in crude plaque homogenates was 60.9 +21.5
(S.D.) mU/g tissue. The characteristics of GGT activity were compared in plaque homogenates and in serum obtained from controls (healthy
blood donors). The methods employed (anion exchange and gel chromatography, western blot) showed the presence in plaque homogenates
of two distinct complexes containing GGT activity, one of which comparable with plasma LDL/GGT complexes. Accordingly, precipitation
of B-lipoproteins from plaque homogenates resulted in removal of GGT activity. RT-PCR indicated in plaques the presence of GGT mRNA
transcribed from GGT-I gene. Analysis of plaque extracts also revealed the presence of enzyme product cysteinyl-glycine both as free and
protein-bound form, confirming that GGT-dependent pro-oxidant reactions may occur within the plaque environment.

Conclusions: The results obtained suggest the presence in plaques of a serum-like GGT protein, indicating that a direct contribution of serum
GGT to enzyme activity found within atherosclerotic lesions is possible. Data also indicate the occurrence of GGT-mediated redox reactions
within plaque environment, which might influence plaque progression.

© 2008 Elsevier Ireland Ltd. All rights reserved.
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GGQT is associated with overall mortality and cardiovascular
events, either in unselected populations [4—7] or in patients
with ascertained coronary artery disease, independently from
potential confounders including liver disease and alcohol
abuse [8,9]. Interestingly, although conditions associated
with increased atherosclerosis such as obesity, elevated serum
cholesterol, high blood pressure and myocardial infarction
are positive determinants of serum GGT activity, all stud-
ies mentioned above found that GGT predictive value for
cardiovascular disease is independent from that of these deter-
minants [4-9]. These findings were finally confirmed by a
recent prospective study in a population of over 160,000 sub-
jects [10]: serum GGT, with a dose-response relationship,
was shown to predict the occurrence of incident fatal events
during coronary heart disease, congestive heart failure and
stroke [10].

In the presence of its substrate glutathione, GGT enzyme
activity is able to trigger the production of reactive oxygen
species [11], thus promoting LDL oxidation [12] and other
pro-oxidant reactions potentially involved during progression
of atherosclerosis [13]. Cardiovascular morbidity and mor-
tality are in strict correlation with underlying atherosclerotic
disease. Thus, the possibility exists that circulating GGT may
participate in the pathogenesis of cardiovascular atheroscle-
rotic disease and its complications (plaque progression and
rupture). Due to the antioxidant properties of plasma, it is
highly unlikely that pro-oxidant reactions may be catalyzed
by GGT in plasma. On the other hand, the fact that GGT has
been found within cerebral, carotid, and coronary plaques,
co-localizing with oxidized lipids and CD68* foam cells
[3,12,14] suggests that the pathogenetic action of GGT may
involve its localization inside the arterial wall. The present
paper was aimed to compare the biochemical/molecular char-
acteristics of serum and plaque GGT, in order to verify the
hypothesis that serum GGT may contribute to the accumula-
tion of active GGT within atheromas.

2. Methods
2.1. Chemicals

Unless otherwise indicated, all reagents were from
Sigma-Aldrich and BioRad.

2.2. Patients

We prospectively evaluated a total of 18 consecutive
adult patients, with documented atherosclerotic carotid
artery lesions undergoing carotid endoarteriectomy, who
gave informed consent in all instances. Clinical and
laboratory data of patients are reported in Table 1.
Serum control samples were obtained from healthy young
adult male blood donors, periodically undergoing gen-
eral check-ups (age range: 29-42; N=3). The study was
approved by Institutional Ethics Committees, and con-

Table 1

Clinical and laboratory data (means & S.D.) of the patients studied

Age 64 £ 10 (range 57-75)
Sex (M/F) 14/4

Serum GGT activity (U/L) 23.6 £ 26.0 (range 6-181)
Smokers 10/18 (53%)
Drinkers?® 11/18 (56%)

Diabetes 7/18 (39%)
Hypertension 18/18 (100%)
Medication

Calcium-channel blockers 12/18 (67%)

Nitrates 2/18 (11%)

Beta-blockers 4/18 (22%)
ACE-inhibitors 12/18 (67%)
Statins 10/18 (56%)

4 Average daily alcohol intake: 32 + 17 g.

formed to the principles outlined in the Declaration of
Helsinki.

2.3. Homogenates of arterial tissues and atherosclerotic
lesions

Surgically excised carotid plaques were collected on
ice and immediately placed in liquid nitrogen until
analysis. Plaques were used as follows: 6 for GGT
activity determination/anion exchange and gel (filtra-
tion chromatography/western blot; 7 for GGT activity
determination/B-lipoprotein precipitation; 5 for RNA extrac-
tion/low molecular weight thiols determination. In fact, the
variable amount of tissue in each plaque did not allow the
execution of all determinations on all plaques.

For GGT analysis, 13 plaques were rinsed in cold Dul-
becco’s phosphate buffer (PBS), cut into fragments and
disrupted in 5vol. of cold hypotonic lysis buffer (0.05M
sodium phosphate buffer pH 7.5, 0.15M NaCl) using an
Ultraturrax homogenizer (T25, IKA-Labortechnik). Crude
homogenates were centrifuged at 500 x g for 10 min, and
the supernatant was used for characterization of plaque
GGT. Aliquots of crude homogenates were centrifuged
at 100,000 x g (1h, 4°C) in order to separate a soluble
fraction from insoluble (membranous) pellet. As controls,
normal arterial wall samples were processed in the same
way (mammary artery tissue, N. 5 specimens obtained
from 5 distinct patients undergoing cardiac by-pass surgery;
informed consent was obtained in these cases as well). The
use as controls of plaque-free carotid segments from the
patients undergoing endoarteriectomy was not ethically jus-
tifiable. On the other hand, mammary arteries are generally
atherosclerosis-resistant, probably due to their lower sensitiv-
ity to leukotrienes and/or increased secretion of prostacyclin,
and they were thus considered as ideal controls for our study.

2.4. Enzyme assays

GGT activity was determined using gamma-glutamyl-
p-nitroanilide as substrate and glycyl-glycine as transpep-
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tidation acceptor [15]. The amounts of p-nitroaniline
were detected at 405nm (molar extinction coefficient
9200 L/molcm). 1 Unit of GGT activity was defined as
1 wmol of substrate transformed/mL/min. GGT activity
of chromatographic fractions was measured in 96-wells
microtiter plates mixing 100 wL of sample with 200 pL of
substrate solution including glycyl-glycine. Plates were incu-
bated at 37 °C and read in a multilabel plate reader (Wallac
1420-Victor3, PerkinElmer).

2.5. Anion exchange chromatography

In pellets and soluble fractions of plaque homogenates,
GGT extraction and subsequent anion exchange chro-
matography were performed after sample solubilization,
as described by Pettersen et al. [16]. Solubilization/papain
digestion of samples was required in order to isolate
GGT protein from macro-molecular complexes with-
out altering its electric features. Samples were then
centrifuged at 100,000 x g (1h, 4°C) and the buffer
of supernatants was replaced with 50 mmol/L. Tris—HCl
pH 7.5 using desalting columns (PD10, Amersham-
Biosciences).

Samples were analyzed by anion exchange chromatog-
raphy using a MonoQ column (GE-Healthcare) equilibrated
in 50 mmol/L Tris—HCI, pH 7.5, and run at a flow rate of
0.5 mL/min. The column was eluted with 7.5 mL, followed
by a linear gradient up to 0.5 mol/L NaCl in 20 mL; fractions
of 1 mL were collected.

The same procedures were employed for analysis of serum
GGT.

2.6. Western blot analysis

Aliquots from plaque homogenates (approx. 1 mU GGT,
150 wg protein) and serum (0.4mU GGT, 150pug pro-
tein) were separated by 7.5% SDS-PAGE [17], and
gels were blotted onto nitrocellulose membranes. Blots
were incubated overnight with an anti-GGT antiserum
(1:5000 in PBS, containing 0.01% Tween-20) direct
against the C-terminal 20 aminoacids of human GGT
heavy chain [18]. Visualization of protein bands was
obtained using a peroxidase conjugated anti-rabbit IgG anti-
body and an enhanced chemiluminescence detection kit
(Roche).

2.7. Molecular exclusion chromatography

Aliquots (ImL) of soluble fractions of plaque
homogenates were used. Gel chromatography was performed
using a 16/60 Sephacryl S300 column (GE-Healthcare),
and 0.05mol/L Na-phosphate buffer, pH 7.5, containing
0.15mol/L. NaCl as eluant (flow rate: 12mL/h, 1 mL
fractions). The same procedure was employed for analysis
of serum GGT and of GGT solubilized from U937 cell
membranes (proteolysis) as described above. The column

was calibrated for molecular mass determination using a
mixture of standard proteins.

2.8. B-Lipoprotein precipitation

B-Lipoproteins were precipitated from soluble fraction of
plaque homogenates (100,000 x g supernatant) by sodium
phosphotungstate and MgCl,, according to the procedure
described [19]. GGT activity and cholesterol content were
determined before and after precipitation of B-lipoprotein
fractions of plaque homogenates.

2.9. Reverse transcription and polymerase chain
reactions

Total RNA was extracted from plaques using the GenE-
Iute Mammalian Total RNA Kit. 2 g of total RNA
were treated with DNase I (1unit, 15min room temper-
ature followed by 10min at 70°C) then submitted to
reverse transcription. Reaction mixture contained 200 U
reverse transcriptase M-MLV (Promega) and 0.5 p.g anchored
oligo(dT)23 in 31 pL containing 50 mmol/L Tris—HCI, pH
8.3, 7S mmol/L KCl, 3 mol/L MgCl,, 10 mmol/L DTT and
1 mmol/L of each dNTP. Reverse transcription reaction went
on 120 min at 37 °C, and was stopped by 2 min incubation at
90°C.

GGT specific mRNA was detected using the Amp1/Amp2
primer couple, which amplifies a 217bp cDNA fragment
[20]. PCR was performed using 2wl of cDNA solu-
tion mixed with Taq polymerase (1.25 U, Takara), dNTPs
(0.2 mmol/L) and primers (1 wM) in a total volume of 50 L.
After initial denaturation (2 min, 94 °C), samples were sub-
mitted to 30 cycles as follows: 94 °C (30s), 56°C (305s),
72°C (455).

RNA extracted from GGT-expressing U937 histiocytic
lymphoma cells was used as positive sample.

2.10. HPLC analysis of thiol compounds in plaque
extracts

Plaque specimens were disrupted in 3vol. of cold
trichloroacetic acid (TCA; 10%, w/v). After 30min on
ice, homogenates were centrifuged (10,000 x g, 10 min,
4°C) and supernatants diluted twice in 20 mmol/L EDTA,
0.2mol/L Tris—HCl buffer, pH 8.2. Pellets were washed
twice with 10% TCA and resuspended in 1 mL of 20 mol/L.
EDTA, 0.2mol/L Tris—HCI buffer, pH 8.2 containing 1%
SDS. Samples were then reduced and derivatized by the
fluorogenic reagent SBD-F, as described by Pfeiffer et al.
[21].

SBD-derivatized thiols were separated by reverse phase
HPLC analysis using a System Gold apparatus (Beck-
man) equipped with a spectrofluorimetric detector (RF 551,
Shimadzu; ex. 385nm, em. 515nm) and a Resolve C18
column (Waters). 5% methanol in 0.2 mol/L. KH,PO4, pH
2.7 (1 mL/min) was used as mobile phase. Results were
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Fig. 1. GGT activity in carotid plaque tissue and its correlation with serum GGT levels in atherosclerotic patients. (A) GGT levels (means = S.D.) in atheroscle-
rotic plaques (N=13), and in internal mammary artery tissue taken for control (N=5); (*) P<0.01 (Student’s r-test). (B) Mean GGT activities detected in
plaques obtained from subjects with increasing serum GGT levels: <20 U/L (patients I, N=5), >20 <40 U/L (patients II, N=3) and >40 U/L (patients III,

N=3). (1) P<0.03 (one-way ANOVA with post-test for linear trend).

compared with cysteine, cysteinyl-glycine and glutathione
standards.

2.11. Other materials and determinations

Total cholesterol content was determined by the enzymatic
method [22] (reagent from Giesse Diagnostic, Italy). Protein
content was determined by the method of Bradford [23] using
the Bio-Rad protein assay reagent and bovine serum albumin
as standard.

Statistical analysis of data was performed by parametric or
paired Student’s 7-test, or one-way ANOVA with post-test for
linear trend, as indicated in the corresponding figure legends.

3. Results

3.1. GGT activity in atherosclerotic plaques and its
correlation with serum GGT levels

GGT activity of crude plaque homogenates was found to
range between 30.0 and 103.5mU/g tissue (mean =+ S.D.:
60.9 £21.5mU/g tissue). A substantial portion of plaque
GGT was recovered in 100,000 x g ultracentrifugation pel-
let [31.8 £24.5mU/g tissue (86.3% of total) as compared
to 5.5+£7.2 (13.7%) in the supernatant]. Enzyme activ-
ity determined for comparison in normal arterial tissue
(internal mammary arteries, sampled during coronary artery
by-pass grafting) was significantly lower (Fig. 1A). When
patients were divided in classes according to their serum
GGT levels, mean plaque GGT concentrations were sig-
nificantly correlated with increasing serum GGT values
(Fig. 1B).

3.2. Anion exchange chromatography

In order to obtain additional insight with respect to the
possible origin of plaque GGT, the electric properties of
the enzyme extracted from plaques and serum were com-
pared. When analyzed by anion exchange chromatography

(Fig. 2), GGT of serum (panel I) eluted as a single peak
“b”. GGT present in the supernatant of plaque homogenates
(panel II) showed two peaks, one with the same elution as
in serum (peak “b”’), while the other (peak “a”) eluted ear-
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Fig. 2. Anion exchange chromatography of GGT activity recovered from
different sources. Soluble GGT, obtained by papain digestion of samples,
was subjected to anion exchange chromatography using a MonoQ column.
The column was equilibrated in 50 mM Tris—HCI (pH 7.5) and was eluted
with a linear gradient up to 0.5M NaCl. GGT activity was measured in
1 mL fractions. Elution profiles of enzyme activity in serum (I) and plaque
homogenate fractions (II; (M) supernatant; (A) pellet).
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Fig. 3. Western blot analysis of GGT heavy chain. Proteins were separated
by 7.5% SDS-PAGE and gels were blotted onto nitrocellulose membranes.
Anti-GGT antiserum was directed against the C-terminal 20 aminoacids of
human GGT heavy chain. Lane A: serum; lanes B and C: total homogenates
obtained from two distinct plaques.

lier (corresponding to a less electronegative protein species).
GGT extracted from pellet fractions of plaque homogenates
showed only the earlier eluting peak “a”. Thus, plaque tis-
sue appeared to contain a form of GGT protein having
the electric characteristics of serum GGT, suggesting that
at least part of plaque GGT may originate from blood-
stream.

3.3. Western blot analysis

Molecular weights and antigenic properties of GGT pro-
tein (unproteolysed) present in plaques and serum were
analyzed and compared by means of western blot. Using
the antibody against GGT heavy chain, two immunoreactive
bands were found in total plaque homogenates, presenting
with an apparent MW of about 75 and 60 kDa, respectively
(Fig. 3). These two bands were present in variable propor-
tions in plaques deriving from different patients (lanes B and
C); in particular, the lighter band corresponded to the 60 kDa
GGT found in serum (lane A).

3.4. Molecular exclusion chromatography

The comparison of serum and plaque GGT was extended
then to include analysis of molecular sizes. In agreement
with previous studies [24], molecular exclusion chromatog-
raphy of human serum (Fig. 4, panel I) showed three peaks of
GGT activity, corresponding to GGT associated with plasma
lipoproteins (peak “a”: VLDL/LDL; peak “b”: HDL), as well
as to free GGT (peak “c”), with molecular weights ranging
700,000 to 55,000. Interestingly, plaque homogenate super-
natants (Fig. 4, panels III-VI) again showed two peaks of
GGT activity, suggesting the presence of two distinct forms
of the enzyme protein: the one eluting first corresponded
to VLDL/LDL-associated GGT (peak “a”) found in serum,
while the second one corresponded to control cellular GGT
obtained from U937 membranes (by papain proteolytic sol-
ubilization; panel II, peak “c’”). HDL-associated GGT of
serum (peak “b”) did not have any correspondence in the
plaque GGT elution profile.

3.5. B-Lipoprotein precipitation

In order to verify the association of plaque GGT with
B-lipoproteins accumulated in the vessel wall, the soluble
fractions of plaque homogenates were precipitated by sodium
phosphotungstate and MgCl,. Total content of cholesterol
was measured before and after 3-lipoprotein depletion, in
order to evaluate the extent of precipitation. As shown
in Fig. 5 (panel A) total cholesterol was approx. fivefold
decreased after precipitation of (3-lipoprotein. At the same
time, a significant decrease of GGT activity was also observed
(approx. fourfold; Fig. 5, panel B).

3.6. Reverse transcription and polymerase chain
reactions

To investigate the possibility that plaque GGT may derive
from local enzyme synthesis, rather than from accumulation
of blood-borne enzyme, RT-PCR was conducted on RNA
extracted from plaques. The results showed the presence,
in all lesions examined, of GGT mRNA transcribed from
GGT-I gene (Fig. 6); transcripts of the latter are known to be
translated into a functional enzyme [20].

3.7. Free and protein-bound low molecular weight thiols
in plaque extracts

A crucial question is whether plaque GGT retains its
enzyme activity, once it is accumulated within lesions. The
metabolism of glutathione by GGT activity would yield the
dipeptide cysteinyl-glycine, which in turn is able to oxidize
protein —SH groups forming disulfide bonds [25] (protein S-
cysteyl-glycylation). Indeed, HPLC analysis of plaque acid
extracts showed the presence of both free and protein-bound
cysteinyl-glycine, as well as of cysteine and GSH, indicating
the occurrence of GGT-mediated redox reactions within the
plaque environment (Table 2).

4. Discussion

Our previous studies have documented that active GGT
enzyme is present in atherosclerotic lesions as well. Histo-
chemical evidence of GGT activity was detected in the intimal
layers of human atherosclerotic plaques, where it is appar-
ently expressed in CD68" macrophage-derived foam cells
[3,13,14]. GGT-positive foam cells were found to co-localize
with immunoreactive oxidized LDL [3], and catalytically
active GGT could also be detected in microthrombi adhering
to the surface of atheromas [13]. Against this background, the
question arises whether GGT is involved in the pathogenic
process during progression of atherosclerosis and related dis-
eases.

The present study shows that significantly higher levels
of GGT activity are present in atheromas as compared to
normal arterial tissue (mammary arteries) (Fig. 1A). GGT
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Fig. 4. Molecular exclusion chromatography of GGT activity recovered from different sources. High resolution gel chromatography was performed on a
Sephacryl S-300 column eluted with 0.05 M Na-phosphate buffer (pH 7.5) containing 0.15M NaCl. GGT activity was measured in 1 mL fractions. Elution
profiles of GGT activity in one representative serum (I), of GGT solubilized by proteolysis from cell membranes (GGT-positive U937 cells, II), and in four
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M. Franzini et al. / Atherosclerosis 202 (2009) 119-127 125

Z

16 4

14

122 =
1.0 1

0.8 1
06

0.4

02 1

Total cholesterol (mg/ml)

0.0

C:

14 4

12

10

GGT activity (mU/ml)
[e4]
1

-

Fig. 5. B-Lipoprotein precipitation from plaque homogenates. Precipitation was performed on soluble homogenate fractions using sodium phosphotungstate
0.4% (w/v) and MgCl, (0.04 M). Total content of cholesterol (A) and GGT activity (B) was measured before precipitation (grey bars) and after, in the
B-lipoprotein-depleted sample (white bars). Data are means & S.D. of 7 separate determinations. (*) P=0.02; () P=0.002 (paired Student’s ¢-test).

activity was found in plaque tissue as gross intimal deposits,
while intima was negative in mammary arteries (data not
shown). In the latter, sparse positivity was only detectable
in adventitia, likely due to the presence of blood cells in
those areas. On the basis of the epidemiological data men-
tioned above the question thus arises, whether relationships
exist between circulating GGT and the enzyme found in
atherosclerotic lesions. Indeed, the data reported suggest the
existence of a relationship between the two. A significant cor-
relation was in fact observed between plaque GGT deposits
and corresponding serum GGT levels (Fig. 1B). Moreover,
the serum/plaque relationship was confirmed by molecular
characterization studies. When the charge characteristics of
plaque GGT protein were analyzed, one isoform detected in
supernatant of plaque homogenates (peak “b” in Fig. 2) was
comparable with serum GGT. On the other hand, GGT from
plaque pellet fraction (eluting as peak “a”) represents a less
electronegative form of protein, possibly originating from
protein desialylation due to action of inflammatory cells. Peak
“a” is actually present in the supernatant fraction as well, pos-
sibly suggesting that desialylation may be accompanied by
an increased trend towards protein aggregation. This inter-
pretation is further supported by the observation that GGT
detectable in plaque supernatants accounts for a minor por-
tion of total, while approx. 80% of activity was recovered in
plaque pellets (data not shown).

Immunoblot studies indicated the substantial antigenic
identity of plaque GGT and the serum protein (Fig. 3). The
two distinct bands observed in plaque homogenates (lanes

1 2 3 4 S5 6 7

Fig. 6. Detection of GGT mRNA in plaques. After reverse transcription of
RNA extracted from five plaques, GGT mRNA of type I was amplified in
PCR with the specific Amp1/Amp2 primer couple, which amplifies a 217 bp
cDNA fragment. Lane 1: DNA molecular weight marker; lanes 2—6: plaques;
lane 7: U937 cells (positive control).

B and C) can be interpreted as the concurrence of protein
species with different glycosylation status. Indeed, while
GGT enzyme protein is transcribed from a single gene,
several distinct glycosylation forms have been described,
resulting in different molecular weights [1]. The different pat-
terns observed in different patients suggest that additional,
subject-specific aspects exist; future studies are needed in
order to elucidate this point.

Importantly, the envisaged serum/plaque GGT relation-
ship is further supported by size exclusion chromatography
data, suggesting the presence in plaques of a GGT/lipoprotein
complex with a molecular weight comparable to the
GGT/LDL complex detectable in serum [24] (compare peaks
“a” in the various panels of Fig. 4). In addition, the finding that
plaques contain no forms comparable with serum GGT/HDL
complexes (peak “b” in Fig. 4, panel I) points to the possible
involvement of specific serum GGT-complexes.

Collectively, the three approaches employed to date sug-
gest the possibility that GGT may accumulate in the arterial
wall as the result of serum GGT entry, and that this may
occur in the form of complexes of GGT with LDL lipopro-
tein. This interpretation is further supported by the finding
that soluble GGT in plaque homogenates is indeed largely
associated with B-lipoprotein; the precipitation of the latter
in fact resulted in the removal of both cholesterol and GGT
activity from samples (Fig. 5). In plasma, most of circulating
GGT is indeed associated with lipoproteins, and in particu-
lar with the B-fraction (density gradient ultracentrifugation
as well as agarose gel electrophoresis) [26]. The same was
observed by us in atherosclerotic patients presenting with
varying levels of plasma GGT: increases in total serum GGT
were accompanied by increases in plasma lipoprotein-bound
enzyme levels (density gradient ultracentrifugation) [27]. An
alternative interpretation of data would point to a possi-
ble diffusion (secretion?) of accumulated 3-lipoprotein-GGT
complexes or of free enzyme protein from atherosclerotic
plaques into the bloodstream, where it would become associ-
ated with serum -lipoprotein. This seems however unlikely,
since it was observed that incubation of detergent-solubilized
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GGT with isolated lipoprotein in vitro failed to produce GGT-
lipoprotein complexes [28].

The fact that 80-90% of total of plaque GGT was recov-
ered in ultracentrifugation pellets of crude homogenates
probably indicates its association with gross membranous
structures or large macromolecular complexes. However,
microscopic analysis showed that a substantial part of plaque
GGT activity is not associated with cellular elements [14]. It
has been recently reported that large aggregates are formed
in the vessel wall following aggregation and fusion of mod-
ified LDL [29]. In particular, it has been proposed that
during LDL oxidation the supramolecular structure of apoB
may become destabilized due to alterations of the water-
lipid interface, leading to protein misfolding, aggregation
and accumulation [30]. Conceivably, the composition of such
macromolecular aggregates might include GGT protein, thus
explaining the precipitation of part of plaque GGT with ultra-
centrifugation pellets. More details could be obtained from
a direct comparison of molecular features of GGT isolated
from complexes circulating in serum with those of enzyme
isolated from aggregates recovered from plaque material; cur-
rent studies in our laboratory are addressing this important
issue.

Additional insights were provided by RT-PCR analysis,
which revealed in plaque extracts the presence of GGT
mRNA transcribed from GGT-I gene (Fig. 6). This data indi-
cates that plaque GGT may at least in part also derive from
local synthesis of the protein. A likely endogenous source
of GGT could be represented by cells of macrophagic lin-
eage [31-33]. This could explain the presence of two distinct
molecular forms of GGT in anion exchange as well as western
blot analysis of plaques (Figs. 2II and 3). Inflammatory cells
present in the vessel wall may also induce modifications in
protein sialylation status [34]; interestingly, it was observed
that modifications of this kind can facilitate the aggregation
of apoB-containing lipoproteins [35,36].

In conclusion, the present study provides important clues
in order to elucidate the origins of GGT activity detectable
in human atherosclerotic plaques. In particular, the data
presented suggest that plaque GGT may derive both from
insudation of specific GGT-rich circulating B-lipoprotein
fractions, as well as from endogenous synthesis by cellular
elements of likely inflammatory nature. Once accumulated in
the plaque environment, GGT retains its enzymatic activity,
as shown by previous histochemical studies [3,14], and can
promote pro-oxidant effects. As shown in Table 2, signifi-

Table 2

Free and protein-bound low molecular weight thiols in plaque extracts
Free Protein-bound

GSH 161.1 £ 74.1 13.6 + 8.2

Cys-Gly 6.0+ 1.3 33+ 04

Cys 152.4 £+ 85.8 61.4 +£24

Low molecular weight thiols were determined through HPLC analysis
of plaque acid extracts. Data are expressed as nmol/g tissue, and are
means £ S.D. of separate determinations on 3 distinct representative plaques.

cant levels of protein-bound cysteinyl-glycine were detected
in plaque material; such a biochemical marker in fact docu-
ments that GGT-mediated redox reactions have taken place
[25]. Redox events can play relevant roles in several processes
favouring the evolution of atherosclerotic plaques towards
instabilization and rupture [37,38], which could at least
partly explain the reported association of increased serum
GGT with unfavourable prognosis of cardiovascular diseases.
Increasing evidence — in unselected populations or patients
with atherosclerotic disease — is documenting an indepen-
dent association of serum GGT (upper reference range,
25-40U/L) with stroke, non-fatal infarction and cardiac
death [39]. The identification of molecular GGT-containing
complexes in serum specifically related with enzyme forms
accumulating in plaques could provide a means for a bet-
ter evaluation of risk in atherosclerotic patients, through
a stratification based on the serum levels of specific GGT
forms.
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