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Abstract — Objective: Extracellular matrix modification by matrix metalloproteinase-9 (MMP-9), tissue inhibitor of matrix
metalloproteinases-1 (TIMP-1) and a,-macroglobulin may affect the stability of atherosclerotic plaques. Marine n-3
polyunsaturated fatty acids (n-3 PUFA) may protect against plaque rupture. The aim was to investigate the effect of marine
n-3 PUFA supplementation on serum levels of MMP-9, TIMP-1, and a,-macroglobulin. Methods: Healthy volunteers were
randomized to receive capsules contributing either 6.6 g marine n-3 PUFA/day, 2.0 g marine n-3 PUFA/day or 6.6 g of olive
oil (control). Serum MMP-9, TIMP-1 and a,-macroglobulin was measured at baseline and after 12 weeks of
supplementation. One way ANOVA or Kruskal-Wallis test was used to compare groups. Results: 60 healthy volunteers were
enrolled and no subjects dropped out of the 12 week study. There were no statistically significant changes in serum levels of
MMP-9, TIMP-1, and a,-macroglobulin in any of the three treatment groups (P=0.85, P=0.23 and P=0.87, respectively).
Conclusion: Supplementation with marine n-3 PUFA had no effect on serum levels of MMP-9, TIMP-1 and ay-
macroglobulin in healthy subjects. The possible protection offered by marine n-3 PUFA against plaque rupture is therefore
unlikely to be mediated through a change in serum levels of MMP-9, TIMP-1 and a,-macroglobulin.

Key words: n-3 PUFA, n-3 polyunsaturated fatty acid, MMP-9, TIMP-1, a,-macroglobulin, matrix metalloproteinase-9,
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INTRODUCTION inflammatory cells and their production of
MMPs therefore represent a potentially important

Atherogenesis and plaque evolution involve ~ component in atheromatous plaque disruption
inflammation and extra-cellular matrix (ECM) and acute coronary events. Accordingly,
modification by matrix metalloproteinases ~ circulating MMPs, TIMPs, and o-macroglobulin
(MMPs) and their principal inhibitors, tissue are indices of vascular matrix turnover (3).
inhibitors of matrix metalloproteinases (TIMPs) Particularly MMP-9 may have an

and o,-macroglobulin (13,26,29). Recruitment of ~ important role in the degradation of ECM in the
fibrous cap prior to plaque rupture and may
Abbreviations BMI, body mass index; CHD, coronary  predict atherosclerotic progression and future
heart disease; CV, coefficient of variation; DHA,  thrombotic  complications(15,18). Increased
docosahexaenoic acid; ECM, extra-cellular matrix; ELISA, circulating levels of MMP-9 have been reported
enzyme linked immunosorbent assay; EPA, . ; ] .

eicosapentaenoic acid; g, gram; HDL, high density 'N Patients \_’V'th coronary heart disease (CHD)
lipoprotein; hs-CRP, high sensitivity C-reactive protein; and in patients with risk factors for CHD
kDa, kilo Dalton; K-EDTA, potassium  (12,19,21,39,40,47,50). On the other hand MMP-
ethylenediaminetetraacetic acid; LDL, low density g activity may be directly inhibited by TIMP-1

lipoprotein; MMP, matrix metalloproteinase; n-3 PUFA, n- _ . _ .
3 polyunsaturated fatty acid; TIMP, tissue inhibitors of and  non specifically by oy macroQIObu“n*

matrix metalloproteinase; QQ plot, Quantile-Quantile plot. thereby possibly reducing plague instability (3).
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Data suggest that marine n-3 polyunsaturated
fatty acids (n-3 PUFA), in particular
eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), may reduce the
risk of coronary events (9,17,34,48) and may
alter plague composition making them less prone
to rupture (41).

We hypothesized that marine n-3 PUFA
administration would decrease serum MMP-9
levels and increase TIMP-1 and a,-
macroglobulin levels. The objective of the
present study therefore was to investigate the
effect of dietary supplementation with marine n-3
PUFA in two different doses on the serum levels

Table 1. Baseline characteristics

Control group

of MMP-9, TIMP-1, and a,-macroglobulin in
healthy individuals.

MATERIAL AND METHODS

Subjects

Sixty healthy volunteers were recruited among the
medical staff, bank employees and university students in
Aalborg, Denmark. None of the participants took any
medication, fish oil supplements or had any known diseases.
Written informed consent was obtained from each subject
and the protocol was approved by the regional Ethical
Committee. Baseline characteristics of the subjects are given
in Table 1.

Treatment group

2.0 gn-3 PUFA/day 6.6 gn-3 PUFA/day

Characteristics: Mean  SD Mean SD n Mean SD n

Sex: Male(n) / Female(n) 12/8 12/8 11/9
Current smokers (n) 6 5

BMI (kg/m?) 24.0 2.7 25.1 2.9 24.6 3.7

Age (years) 370 110 38.0 10.0 39.0 10.0

Total cholesterol (mmol/l) 5.0 1.1 5.0 0.9 5.1 1.2

IL.DL cholesterol (mmol/1) 3.0 1.0 3.3 0.9 3.2 1.1

HDL cholesterol (mmol/1) 1.4 0.4 1.3 0.2 1.3 0.3
Triacylglycerides (mmol/1) 1.2 0.7 1.2 0.6 1.3 1.2

Study design capsules of olive oil per day. The subjects were randomized

The present work is a sub-study of a dose-response
study regarding marine n-3 PUFA and heart rate variability
(6). The study design was double-blind and placebo-
controlled and the participants were randomized to one of
three supplements by drawing an envelope signed A, B, or
C.

One group received ten capsules of Pikasol® (a
reesterified triacylglycerol from Pronova Biocare, Norway)
delivering 6.6g marine n-3 PUFA/day (3.0 g of EPA and 2.9
g of DHA). The second group received 2.0 g of marine n-3
PUFA/day (0.9 g of EPA and 0.8 g of DHA) as three
capsules of Pikasol® and seven control capsules (each
contained 0.7 g of olive oil). The third group received ten
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in blocks of ten and numbered consecutively. The subjects
took three capsules in the morning and seven with the
evening meal. The capsules were taken from two different
boxes to assure a constant intake in the subjects randomized
to the low dose of marine n-3 PUFA and to maintain
blinding. The supplements were given daily for 12 weeks.

Blood sampling and analyses

Blood was sampled in 1996, before and after 12 weeks
of dietary supplementation after an overnight fast of at least
ten hours. Blood samples were left to coagulate for 30
minutes, centrifuged for 20 minutes at 3000 x g, serum was
collected and the samples were immediately frozen at -80°C
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and analyzed within months, apart from MMP-9, TIMP-1
and a2-macroglobulin serum levels which were analyzed in
2008.

Commercial enzyme linked immunosorbent assay
(ELISA) was used for the measurement of total serum
MMP-9. The Quantikine MMP-9 immunoassay (R&D
Systems Europe, Ltd. Abingdon, UK) measures total MMP-
9 (92 kDa pro- and 82 kDa active forms). The intra assay
CV was 2.8%.

The Quantikine TIMP-1 immunoassay (R&D Systems
Europe, Ltd. Abingdon, UK) was used to measure total
serum TIMP-1. The intra assay CV was 3.2%.

A turbidimetric method, using antibody and calibrator
(measurements were standardized against certified reference
material 470) from DAKO, Glostrup, Denmark was used to
measure serum o2-macroglobulin. Analysis was performed
on Advia 1650 from Bayer Diagnostics, NY, USA. The intra
assay CV was 1%.

Separation of granulocytes was performed by drawing
whole blood into K-EDTA and layering the blood on top of
a solution of Hypaque-Ficoll (Nycomed, Oslo, Norway).
After discontinuous gradient centrifugation at 200 x g for 20
minutes (10), the granulocytes were harvested into RPMI,
red blood cells were haemolysed and the granulocytes
washed in isotonic phosphate buffer and resuspended in 0.5
ml 0.9% sodium chloride, and the vial was filled with
Nitrogen and stored at -80 °C (42).

Lipids from granulocytes were extracted into
dichlormethane/methanol (11), fatty acids were dissolved in
heptane and methylated using sodiummethoxide and acetic
acid and analyzed using a CP-9002 gas-chromatograph
(Chrompack International, Middelburg, the Netherlands)
equipped with autosampler, FID detector, CP-Wax 58
capillary column (25 m, 0.25 mm ID, 0.2 pum film
thickness), helium as carrier gas, temperature programming
from 40 °C - 195 °C and constant flow. Commercially
available standards (Nu-chek-Prep, Inc. Minnesota) were
used to recognize the individual fatty acids. This approach
permits quantification of fatty acid methyl esters with 12 to
24 carbon atoms. The area of fatty acids was calculated into
% of the total fatty acid areas. No internal standard was
used.

A BNII nephelometer (Dade Behring Marburg,
Germany) was used to measure hs-CRP as described
previously (23). Plasma lipids and lipoproteins were
measured by standard methods with LDL cholesterol
calculated by the Friedewald method.

Statistical analysis

Paired t-test was used to evaluate differences between
levels before and after supplementation within the groups.
Bartlett’s test was used to investigate variance homogeneity
and normality was checked by visual inspection of QQ plots
and histograms. Comparison of the three groups (control,
moderate, and high dose n-3 PUFA) was carried out by one-
way ANOVA if the conditions of variance homogeneity and
normality were met. Otherwise, Kruskal-Wallis equality-of-
populations rank test was applied. Between-group
differences before and after supplementation were evaluated
using Student’s t-test. Pearson’s correlation coefficient was
calculated to evaluate the relationships at baseline between
the serum markers, traditional risk factors, and levels of
EPA and DHA. Results are given as mean values and
standard deviations for baseline characteristics or, when
appropriate, as median values and interquartile ranges. The
STATA software package (version 10.1) was employed for
all analyses. P-values < 0.05 (two-tailed) were considered
statistically significant.

RESULTS

Compliance

The dietary supplements were well tolerated
and no subjects dropped out of the study.
Adherence to the allocated supplement regimen
was assured by quantifying the content of EPA
and DHA in granulocytes. Satisfactory group
compliance was documented by the intimate
association between the granulocyte content of
EPA and DHA and the dose of marine n-3 PUFA
given (Table 2).

Before supplementation

The three intervention groups were
comparable with no significant differences prior
to supplementation regarding gender, smoking
status, age (P=0.87), body mass index (BMI)
(P=0.55), HDL cholesterol (P=0.11), LDL
cholesterol (P=0.51), triacylglycerides (P=0.24)
and total cholesterol (P=0.16) (Table 1) and with
respect to granulocyte content of EPA (P=0.30)
and DHA (P=0.71), serum levels of MMP-9
(P=0.07), TIMP-1 (P=0.65), and «a2-
macroglobulin (P=0.32) (Table 2). The groups
also had similar levels of hsCRP (P=0.12).

At baseline, smokers and non-smokers had
similar serum levels of MMP-9, TIMP-1, and a.2-
macroglobulin  (P=0.08, P=0.77 and P=0.34,
respectively). This also applied to men and
women (P=0.19, P=0.33 and P=0.06,
respectively).

An exploratory analysis was performed in
addition to the primary objective of the study.
Correlations between serum levels of MMP-9,
TIMP-1 and a2-macroglobulin and several
traditional risk factors as well as the content of
EPA and DHA in granulocytes were investigated
for baseline values (Table 3). Significant
correlations  were  found  between  a2-
macroglobulin and BMI (P<0.01), HDL
cholesterol (P=0.04) and LDL cholesterol
(P=0.01) and between TIMP-1 and BMI
(P=0.02).

After supplementation

Significant  increases in  granulocyte
concentrations of EPA and DHA occurred in
subjects receiving both 2.0 and 6.6 g marine n-3
PUFA/day with the largest increase in the 6.6 g
group (Table 2).

There were no statistically significant
changes in serum levels of MMP-9, TIMP-1 and
a2-macroglobulin (Table 2) in any of the three
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Table 2. Median values (25; 75 percentiles) for fasting serum EPA, DHA, MMP-9, TIMP-1, and a,-
macroglobulin at baseline and after 12 weeks of control oil and n-3 PUFA supplementation. EPA and DHA are

given as percentage (%) of total fatty acids in granulocytes.

Control Group

Treatment aroup

2.0 g n-3 PUFA/day

6.6 g n-3PUFA/day

Baseline 12 weeks Baseline 12 weeks Baseline 12 weeks
EPA (%) 0.51 0.44 0.49 1.70% 0.58 4.26%
(0.33:0.62) (0.36:0.60) (0.32:0.68) (1.45:2.17) (0.48:0.73) (3.75:4.506)
DHA (%) 1.55 1.42 1.3 1.69% 1.44 2.22%
(1.24:1.83) (1.19:1.71) (1.15:1.58)  (1.48:1.81) (1.24:1.89) (1.83:2.44)
MMP-9 311 394 325 479 233 370
(ng/ml) (201:448) (323:609) (233:511) (323:545) (169:306) (277:445)
TIMP-1 177 17: 171 176 183 176
(ng/ml) (159:192) (152:195) (152:188) (162:188) (165:202) (147:194)
> —INAcro- 1.52 1.50 1.39 1.33 1.48 1.47
globulin (g/1) | (1.31:2.06) (1.31:2.03) (1.29:1.69)  (1.25:1.51) (1.32,1.61) (1.25:1.56)

* Significantly different from before supplementation (P < 0.01).

Table 3. Correlations between MMP-9, TIMP-1, a,-macroglobulin and traditional risk factors, EPA and DHA
content in granulocytes at baseline. Results are given as Pearson’s correlation coefficient.

BMI HDL
U2INAcro- .

globulin | _p.56= 0.27*

MMP-9 0.07 0.00

TIMP-1 0.29% 0.01

*Significant correlations (P<0.05).

LDL

-0.34*

hs-

CRP

-0.23

-0.05

0.24

EPA

-0.21

-0.02

105

DHA

0.12

0.09

0.06

EPA+

DHA

-0.02

0.15

0.03

>macro

globulin ~ MMP-9 TIMP-1

1.00
-0.09 1.00
-0.18 -0.08 1.00
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treatment groups (P=0.85, P=0.23 and P=0.87
respectively).

DISCUSSION

Supplementation with two different doses of
marine n-3 PUFA for 12 weeks did not change
fasting serum levels of MMP-9, TIMP-1 and a2-
macroglobulin in healthy subjects in the present
study. Furthermore, there were no correlations
between the content of EPA and DHA in
granulocytes and serum levels of MMP-9, TIMP-
1 or a2-macroglobulin at baseline.

MMP-9 and TIMP-1 may operate at local
tissue level but most results are consistent with
the  hypothesis that peripheral plasma
measurements may be used as a surrogate
measure and relate to outcome, although some
cases of alterations of serum MMP-9 and TIMP-
1 levels may reflect a systemic inflammatory
state or other biological or pathological processes
(3). Tayebjee et al. (38) studied serum levels of
MMP-9 and TIMP-1 in healthy subjects, and our
baseline values were comparable to their
findings. We therefore propose that our samples
were stable during the long storage period (1996-
2008) although a decrease in activity could have
resulted in smaller concentrations. Regardless, a
hypothetical loss of protein activity presumably
would affect all intervention groups equally and
hence not alter the final conclusion of no effect
of marine n-3 PUFA.

Our results are in line with a recent study,
where 300 patients were randomized following
an acute myocardial infarction to receive either 4
g/day of marine n-3 PUFA or corn oil for at least
one year (1). Both supplements resulted in a non-
significant decrease in serum MMP-9 with no
difference between groups. In another study the
effects on MMP-9 and TIMP-1 levels following
3 years of supplementation with 2.4 g/day of
marine n-3 PUFA compared to corn oil were
evaluated in a population of elderly men at high
risk of CHD (12). MMP-9 levels were
significantly reduced in both the corn oil and the
n-3 PUFA group, but there were no differences
between groups nor did the TIMP-1 levels
change. The above mentioned studies were
undertaken in intensively medicated older
patients with vascular disease which may be
important as several medications (20,22,45) and
disease states may affect MMP-9 levels (37). The
subjects in the present study were healthy,
normal weight, below the age of 50, and took no
medications. A potential drawback concerning
our healthy subjects includes low baseline

concentrations of MMP-9, TIMP-1 and «2-
macroglobulin which may have made a potential
effect of n-3 PUFA very hard to obtain.

The evaluation of the effect of two different
doses of marine n-3 PUFA on the variables

assured that a potential dose response
relationship was revealed. Beneficial effects of a
smaller dose of marine n-3 PUFA of

approximately 1 g daily in epidemiological
studies and in large scale trials have been
reported (9,48) and retrospectively, 1 g of n-3
PUFA might have been a better choice in the low
dose group.

To our knowledge no previous studies have
investigated whether an association between the
content of EPA and DHA in granulocyte
membranes and serum levels of MMP-9, TIMP-1
and a2-macroglobulin exists. No correlation was
found at baseline, supporting the primary result
of no effect of marine n-3 PUFA on the markers.

Further exploratory analyses were carried
out (Table 3) as previous studies have noted
changes of MMP-9 and TIMP-1 levels as a
function of various traditional risk factors for
CHD. Significant correlations have been
described between MMP-9 and LDL cholesterol,
HDL cholesterol and hs-CRP and between
TIMP-1 and LDL cholesterol and between
MMP-9 and TIMP-1 (1,12,38). No significant
correlations were found in the present study
except for a significant positive correlation
between TIMP-1 and BMI. On the contrary,
significant correlations were found between o2-
macroglobulin and BMI, HDL cholesterol, and
LDL cholesterol. To our knowledge, no previous
papers have studied those correlations.

Several compounds of olive oil have been
shown to decrease inflammatory mediator
production in leukocytes (25), but in the control
group given olive oil, no effect was noted on
serum MMP-9, TIMP-1, and o2-macroglobulin
in the present study.

In  conclusion, no effect could be
demonstrated by either a moderate (2 g/day) or a
high (6.6 g/day) dose of marine n-3 PUFA on
serum levels of MMP-9, TIMP-1, and a2-
macroglobulin in healthy subjects. This does not
exclude an effect of marine n-3 PUFA on these
variables in patients with vascular disease, but
lend no support to our hypothesis that the
protection offered by marine n-3 PUFA against
CHD and acute coronary events is mediated
through a reduction of MMP-9 or an increase in
TIMP-1 and a2-macroglobulin levels.
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