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Abstract

The aim our study was to evaluate the levels of zinc in blood serum, hair, and specimens of carotid artery atherosclerotic
plaques (CAAPs) and their relationship to levels of MMP-9 and TIMP-1 in the serum of patients with stable and unstable CAAPs.

Material and Methods: The study included 73 patients (55 men and 18 women) aged from 46 to 88 years (mean age
65.96+1.07 years) with CAAPs. The control group consisted of 10 healthy subjects of similar age and gender. The patients were
divided into two groups depending on their atherosclerotic plaque stability according to prior duplex ultrasonography. Group
1 consisted of 45 patients with stable atherosclerotic plaque, and Group 2 included 28 patients with unstable AP. Patients with
hemodynamically significant carotid stenosis and unstable atherosclerotic plaques underwent carotid endarterectomy. The serum
concentration of MMP-9 and TIMP-1 was determined using the standard test systems for immunoassay. Quantitative determination
of the zinc level in hair and atherosclerotic plaque was carried out by optical emission spectrometry; the serum Zn was determined
colorimetrically.

Results: The serum levels of MMP-9 and TIMP-1 were significantly higher in Group 2 compared to Group! and the control
group. The index of MMP-9/TIMP-1 was 1.6 times higher in Group 2 compared to the control group. The level of Zn in serum and
hair was not significantly different between Groups 1 and 2. However, Zn levels in unstable atherosclerotic plaque were lower than
in the control group. Reducing the concentration of zinc in the hair was accompanied by a decrease in zinc level in atherosclerotic
plaque specimens. With the progression of atherosclerosis and increasing the intima-media thickness of the common carotid artery,
the level of zinc in serum and atherosclerotic plaques decreased. Increasing the serum concentration of MMP-9 was accompanied
by decreasing the zinc level in atherosclerotic plaque. High serum concentration of MMP-9 and TIMP-1, and MMP-9/TIMP-1
imbalance testify to CAAP instability.
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Introduction

The instability of atherosclerotic plaque (AP) is
the main cause of myocardial infarction (MI) and stroke
[1]. Carotid artery AP (CAAP) proneness to rupture is an
independent risk factor of acute coronary syndrome and MI
[2]. The vulnerability of the atherosclerotic plaques depends
on many factors, including endothelial function, presence of
inflammatory cells, cytokine production, smooth muscle cells
contents, and cell death (including necrosis and apoptosis)
[3]. Vulnerable APs have a thin fibrous cap, a large lipid-rich
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necrotic core, and increased plaque inflammation with the
elevated expression of matrix metalloproteinases (MMPs).
The activity of MMPs in various tissues is tightly
regulated by endogenous tissue inhibitors of MMPs (TIMPs).
Alteration of the fine physiological balance between MMPs
and TIMPs may contribute to the pathophysiology of
atherosclerosis [4]. MMPs are zinc-containing enzymes that
are implicated in degradation and remodeling of components
of the extracellular matrix. Increased levels of MMPs, and
in particular of MMP-9 (gelatinase B), have been associated
with several pathological inflammatory conditions, vascular
diseases, and the instability of carotid atherosclerosis [5-
8]. The catalytic domain of all MMPs contains a Zn2+ ion
coordinated by a tris(histidine) motif; the Zn2+ ion is critical
for both substrate binding and cleavage [9-11]. There is
evidence that zinc blocks calcium and its several actions on
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atherogenesis. Increased amounts of cytotoxic cytokines, such
as TNF-alpha, IL-beta and IL-8, often produced in the elderly,
are blocked by high-dose zinc [12]. It has been established
that there is a relationship between zinc deficiency in different
biosubstrates and the development of obesity, type 2 diabetes
mellitus, hypertension, coronary heart disease (CHD), and
atherosclerosis.

We aimed to study the levels of zinc in blood serum,
hair, and specimens of CAAPs and their relationship to levels
of MMP-9 and TIMP-1 in the serum of patients with stable
and unstable CAAPs.

Material and Methods

The study was approved by the Tashkent Institute of
Postgraduate Medical Education Ethics Committee. The study
included 73 patients (55 men and 18 women) aged from 46
to 88 years (mean age 65.96+1.07 years) with CAAPs. The
control group consisted of 10 healthy subjects of similar age
and gender. Written informed consent was obtained from
each patient. All patients were examined by a neurologist,
cardiologist and vascular surgeon. The patients were divided
into two groups depending on their AP stability according to
prior duplex ultrasonography. Group 1 consisted of 45 patients
with stable AP, and Group 2 included 28 patients with unstable
AP.

Exclusion criteria were acute myocardial infarction,
cardiomyopathy, acute myocarditis, pericarditis, acute
ischemic stroke, malignant tumors, diffuse connective tissue
diseases, acute infectious disease, pulmonary fibrosis and
severe chronic obstructive pulmonary disease, left ventricular
ejection fraction less than 45%.

Carotid duplex ultrasonography (CUS)

All participants underwent a color duplex sonography of
the entire extracranial carotid system using a duplex scanner
HD3 (Phillips, The Netherlands) and a linear transducer (5.0-
10.0 MHz). The calculation of the degree of stenosis (DS) was
performed in the zone of maximum narrowing of the artery
lumen. We investigated the common carotid artery (CCA),
internal carotid artery (ICA), and carotid bifurcations for the
presence of AP. The intima-media thickness of CCA (IMT-
CCA) was measured both at a standard point (1cm before the
carotid bifurcation) and in AP (maximum IMT). IMT-CCA
>1.4mm was evaluated as AP, and from 1.0 to 1.3mm was
determined as thickened intima. We also studied the blood
flow velocity, as well as the nature, type, surface, length and
location of the AP. All detected APs were evaluated as stable
(calcified, homogeneous and heterogeneous) or unstable (with
a rough surface, with ulceration and/or bleeding).

Carotid artery specimens

Group 2 patients with hemodynamically significant
carotid stenosis and unstable APs underwent carotid
endarterectomy (CEE) at the Tashkent Medical Academy.
All samples were obtained immediately after CEE for
determination of zinc level. Normal post-mortem carotid
arteries (10 specimens) were used as control tissue.

MMP-9 and TIMP-1 guantification

In all patients, after CUS, blood was taken from the
cubital vein in the morning on an empty stomach after a
12-hour overnight fast. All venous blood samples were
immediately centrifuged and serums were frozen at -20°C. The
serum concentration of MMP-9 and TIMP-1 was determined
using the standard test systems for immunoassay (Bender-
Medsystems GmbH, Austria) on the spectrophotometer Plate
Reader (Hospitex Diagnostics, Italy).

Quantification of zinc in serum, AP._and hair

The serum Zn was determined colorimetrically by using
a computerized, biochemical, automatic analyzer Mindray
BS-200 (China) and kit «Zinc-Vital» (Vital Development
Corporation, Russia). Quantitative determination of the zinc
level in hair and AP was carried out by optical emission
spectrometry with an inductively coupled argon plasma
analyzer Optima 2100 DV (Perkin Elmer, USA).

Serum lipid profile

The total cholesterol (TC), low-density lipoprotein
cholesterol (LDL-C) high-density lipoprotein cholesterol
(HDL-C), and triglyceride (TG) levels were determined in
the venous blood using automatic analyzer Mindray BS-200
(China).

Results were statistically processed. The mean (M) and
standard error of the mean (SEM) were deduced. For data with
normal distribution, inter-group comparisons were performed
using Student’s t-test. The Mann-Whitney (U Test) was used to
compare the differences between the two independent groups
(for nonparametric data). Pearson’s correlation coefficient (r)
was used to determine the strength of the relationship between
the two continuous variables. A probability value of P<0.05
was considered statistically significant.

Results

Both groups were comparable in frequency of
hypertension, hyperlipidemia, obesity, type 2 diabetes,
coronary heart disease, previous MI, and age. In Group 1,
chronic cerebral ischemia (CCI) stage I, II and IV was found
in 35(77.8%), 1(2.2%), and 9(20%) patients, respectively. In
Group 2, we found only the advanced CCI stages III and IV
in 13(46.4%) and 15(53.6%) patients, respectively. In Group
1, the number of men was 1.3 times less than in Group 2. In
Croup 2, the incidence of stroke (57.1%) was 2.6 times higher
than in Group 1(22.2%) (Table 1).

Differences in lipid profile were not significant (Table
2), probably because in Group 2 patients, it was 2.5 times
more likely that statins were prescribed (78.6% vs. 31.1%).

The level of Zn in serum and hair was not significantly
different between Groups 1 and 2. However, Zn levels in
unstable AP were lower than in the control group (Table 3).

The serum level of MMP-9 was 2.7 times higher
in Group 2 compared to Groupl and the control group
(539.03+£57.1 ng/ml vs. 200.9+8.5 and 197.42+10.4 ng/ml,
respectively, P<0.001).
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correlation between DS with the serum levels of MMP-9 and
TIMP-1 (r=0.47 and r=0.53, respectively, P<0.001) (Fig.1,2).
We also found a significant positive correlation between
MMP-9 and TIMP-1(r=0.58, P<0.001) (Fig.3).

Table 1.
Characteristics of the patient groups

Variable Group | (n=45) Group 2 (n=28)
IAge, years 67.9£1.5 62.8+1.2
Male/Female 30/15 (67%/33%) 25/3 (89%/11%)*
Hypertension 42 (93.3%) 26 (92.9%)
Hyperlipidemia 22 (48.9%) 15 (53.6%)
Obesity 19 (42.2%) 7 (25%)
Diabetes 14 (31.1%) 14 (50%)
CHD 36 (80%) 26 (92%)
History of MI 6 (13.3%) 4 (14.3%)
History of stroke 10 (22.2%) 16 (57.1%)*
Body mass index 27.7+0.59 27.2+0.79
IMT CCA, mm 0.99+0.04 1.2+0.05*
IDCAS, % 44.2+3.6 75.4+2.9%

Table 4.

Serum levels of MMP-9 and TIMP-1, and MMP-9/TIMP-1 ratio
ara- Control Group | Group 2 P P P
meters group (c-D| (c-2) | (1-2)
MMP-9 (197.42+10.4| 200.9+8.5 | 539.03+£57.1 |>0.05|<0.001|<0.001

(ng/ml)
TIMP-1[1192.5+£61.5{1181.0+48.0(2410.2+123.8/>0.05/<0.001|<0.001
(ng/ml)
MMP-9/| 0.15£0.02 |0.18£0.009 | 0.24+0.03 [>0.05| <0.02 | >0.05
TIMP-1

P (c-1) — between Group 1 and the control group, P (c-2) — between
Group 2 and the control group; P (1-2) - between Group 1 and Group 2.

120

*<0.05. IMT CCA — intima-media thickness of the common carotid

artery, DCAS - degree of carotid artery stenosis.

Table 2.

Serum lipid profile of patients in the study groups
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Figure 1. The correlation between MMP-9 and DCAS
(n=73, r=0.47; P<0.001)
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Parameters Control group Group 1 Group 2
TC, mmol/l 5+0.5 5.240.16 4.6+0.18
TG, mmol/l 1.7+0.12 1.8+0.12 2.24+0.29
IHDL, mmol/l 1.06+0.13 0.94+0.02 1.04+0.05
ILDL, mmol/l 3.8+0.4 3.7+0.12 3.2+0.15
Table 3.

The levels of Zn in serum, scalp hair, and AP

Biosubstrates Control group Group 1 Group 2
Serum, mmol/l 18.3+4.16 13.7£1.4 15.9+0.62
Scalp hair, mg/g 218.65+84.23 220.5+£17.07 | 212.5£17.01
IAP, mg/g 148.55+15.3 - 82.8+16.8*
*p<0.05.

The serum level of TIMP-1 was twice as high in
Group 2 compared to Group 1 (2,410.2+123.8 ng/ml and
1,180.984+47.98 ng/ml, respectively, p<0.001). A significant
difference was also found between Group 2 and the control
group (P<0.001). In Group 2, we found an increase in serum
TIMP-1 level of about 2 times in comparison with the control
group. However, we did not find statistically significant
differences between Group 1 and the control group (P>0.05).

The index of MMP-9/TIMP-1 was 1.6 times higher
in Group 2 (0.2440.03) compared to the control group
(0.15+0.02) (P<0.02). Significant differences were not found
between Group 1 and 2, or between Group 1 and the control
group (Table 4).

Correlational analysis revealed a moderate positive
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Figure 2. The correlation between TIMP-1 and DCAS
(n=73, r=0.53; P<0.001)
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Figure 3. The correlation between MMP-9 and TIMP-1
(n=73, r=0.58; p<0.001)
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Our results revealed no significant association of
serum MMP-9 and TIMP-1 with age (r=-0.16 and r=-0.11,
respectively, P>0.05).

We found a weak inverse correlation between the
levels of serum zinc and its concentration in hair (r=-0.21;
P=0.07), a positive correlation between serum zinc and its
concentration in the APs (r=0.21; P=0.07), a weak positive
correlation between zinc in the hair and its level in the APs
(r=0.23; P<0.05), and a negative correlation between serum
zinc level and IMT CCA(r=-0.24,; P<0.05).

Concentration of zinc in bio-substrates also correlated
with serum levels of MMP-9 and TIMP-1. We observed a
weak negative correlation between serum MMP-9 and the
levels of zinc in the APs (r=-0.25,; P<(0.05). The relationships
between other parameters were not statistically significant.

Discussion

The results obtained show the increased serum
concentrations of MMP-9 and TIMP-1 in patients with
unstable AP. This result confirms the role MMP-9 and TIMP-
1 play in CAAP destabilization and as predictive markers
of CAAP phenotype. Similar results were obtained by other
authors [5-8, 13-14]. Furthermore, we found a significant
positive correlation between serum levels of MMP-9/TIMP-1
and the degree of carotid stenosis, which is consistent with the
findings of some other researchers [4, 14-17].

TIMP regulates strictly the activity of MMP-9[17].
We noted a significant positive correlation between serum
MMP-9 and TIMP-1. The increased level of serum TIMP-1 in
parallel with the serum level of MMP-9 can be explained as
a compensatory response aimed at containing the activity of
MMP-9 and the progression of atherosclerosis [18]. MMPs and
TIMPs levels in early post-MI period may serve as estimates
of post-MI cardiac damage and remodeling. MMP-9 and
TIMP-1 correlate with echocardiographic parameters of left
ventricular (LV) dysfunction after acute MI and may identify
patients at risk of subsequent LV remodeling and adverse
prognosis [19]. However, some researchers have not found
an association between MMP-9 and TIMP-1 [16]. The index
of MMP-9/TIMP-1 is used to evaluate the balance between
MMP-9 and its inhibitor. According to Cheng et al. [20], in
healthy individuals this ratio was 0.11£0.03. In our study, this
ratio was higher in all patients (0.18+0.009 in Group 1 and
0.24+0.03 in Group 2) than in the control group (0.15+0.02).
In a patient with an embologenic fresh thrombus on the AP
surface, this ratio increased even up to 0.47 (3 times higher
than in the control group). These results indicate an imbalance
towards MMP-9.

We found a significant negative correlation between
IMT CCA and serum zinc, which corresponds to the results
reported by other authors [21]. Existing data are contradictory
regarding the negative or protective effects of zinc in the
development of atherosclerosis [22-24]. In study of Stadler et
al. [25], elevated levels of zinc (about 6-fold) were detected in
advanced lesions compared to healthy tissue or early lesions.
They found the highly-significant positive correlations
between zinc and calcium in samples of carotid endarterectomy

(r=0.895; P=0.0001). The reported protective effect of
zinc accumulation is proposed to be associated with lesion
calcification. It is known that highly fibrotic, calcified AP is
less prone to rupture than lipid-rich, matrix-poor AP. In people
with high levels of zinc, the decreased extent of cardiovascular
complications may be due to calcium accumulation in a fibrous
cap and hence the decreased propensity to AP ruptures.

Although there are many emerging biomarkers of
inflammation and progression of atherosclerosis, their clinical
utility remains unclear. Current evidence still favors the need
for further investigation into the mechanisms through which
these biomarkers may exert prognostic impact in patients with
atherosclerotic lesions [26].

Conclusions

*High serum concentration of MMP-9 and TIMP-1, and
MMP-9/TIMP-1 imbalance testify to CAAP instability.

sIncreasing the serum concentration of MMP-9 is
accompanied by decreasing the zinc level in AP.

*With the progression of atherosclerosis and increasing IMT-
CCA, the level of zinc in serum and APs decreases

*Reducing the concentration of zinc in the hair is accompanied
by a decrease in zinc level in AP specimens.
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