J. Fd Hyg. Safety 16(4), 342-348 (2001

Inhibition of Chitin Sulfate on Human Low
Density Lipoprotein(LDL) Oxidation by Macrophages
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ABSTRACT — Growing evidence indicates that oxidized low density lipoprotein (LDL) may promote
atherogenesis. Therefore, inhibition of LDL oxidation may impede this process. The effect of chitin sulfate on the
susceptibility of human low density lipoprotein (LDL) to macrophages-induced oxidation was investigated by
monitoring a thiobarbituric acid reactive substance (TBARS). Chitin sulfate inhibited LDL oxidation by macro -
phages in a dose dependent manner, with a 50~100 uM, as assessed by TBARS assay. Chitin sulfate, at 100 uM,
almost completely inhibited the macrophage-induced increase in electrophoretic mobility of LDL. Also, chitin
sulfate almost completely inhibit O, at concentration of 100 uM. These observations suggest that chitin sulfate
might be an effective in prevention of atherosclerosis.
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An increased concentration of plasma low density lipo-
protein(I.LDL) cholesterol is considered as a key event in
the early development of atherosclerosis. According to
the oxidative modification hypothesis, LDL initially accu-
mulates in the extracellular subendothelial space of artery
and through the action of resident vascular cells, is accu-
mulated in macrophages that express abundant scav-
enger receptors for modified LDL". The accumulating
monocytes and macrophages stimulate further peroxi-
dation of LDL?. This completely oxidized LDL is rec-
ognized by scavenger receptors on macrophages and inter-
nalized to foam so-called foam cells”. Oxidized LDL is
also cytotoxic to vascular cells”. Thus promote the release
of lipids and lysosomal enzymes into the intimal extra-
cellular space and enhancing the progression of ath-
erosclerosis lesions™™®.

Evidence in support of the oxidized LDL hypothesis
also comes from studies using antioxidants™?. If oxi-
dized LDL is crucial to atherogenesis, the potential role
of antioxidants in the prevention of the oxidative mod-
ification of LDL assumes great importance. Therefore,
inhibition of LDL oxidation has been suggested as a
approach to impede atherogenesis. LDL carries several
antioxidants, such as o-tocopherols and carotenoids, which
protect them from oxidation. Dietary supplying of vita-
min E inhibits LDL oxidation, and prevents oxidized
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LDL mediated vascular injury'"'?.

In this compartment, LDL may interact also with pro-
teoglycans (PGs), forming complexes that are taken up
avidly by macrophages”.

A class of compounds has recently been identified that
appears to work by either mimicking or reducing LDL
oxidation which was found decrease lipid free radical
peroxidation'?.

As experimental model, the present study was designed
to assess the effect of chitin sulfate on the oxidation of
human LDL by mouse macrophages, as estimated by
measuring the formation of thiobarbituric acid reactive
substances (TBARS) and electrophoretic mobility

Materials and Methods

Cell culture

Mouse resident peritoneal macorphages were obtained
from male CD mice (20-30 g) (The University of Geor-
gia, Altens, Georgia, USA). Ca**, Mg* -free phosphate-
buffered saline (pH 7.4) was injected into the peritoneal
cavity, then macrophages were collected by peritoneal
lavage and pelleted by centrifugation (1000 rpm for 5
min). The cells were resuspended in Ham's F-10 cell
medium containing 100 pg/ml of gentamicin, plated into
35-mm dishes at 4 x 10° cells/dish and allowed to adhere
for 2h in a 37°C humidified 5% CO, incubator. Non-
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adherent cells were removed with 2 washes of Ham's F-
10 medium oxidation of LDL.

Lipoproteins

Human LDL was isolated through ultracentrifugation
and dialyzed extensively against 0.9% (w/v) NaCl and
0.004% (w/v) EDTA, pH 7.4. Prior to oxidation, LDL
was dialyzed against phosphate-buffered saline, pH 7.4,
to remove the EDTA.

14)

Oxidation of LDL

LDL (100 ug protein/mL) was incubated with mac-
rophges in Ham's F-10 culture medium for 24 h at 37°C.
To examine the effect of antioxidant on LDL oxidation,
sample was added to the LDL containing solutions at the
beginning of the incubation period. The oxidation of
LDL was stopped by adding EDTA (final concentration
of 10 uM) and placing the lipoproteins on ice'.

Detection of conjugated dienes

The formation of conjugated dienes associated with
oxidized LDL was measured by monitoring the absorp-
tion at 234nm using a UV-VIS spectrophotometer'.
Briefly, 1 mL LDL solution (100 ug LDL, protein/mL)
in phosphate-buffered saline, pH 7.4, was incubated with
5 uM CuSQO, at 37°C in both the presence and absence
of samples, and the absorbance at 234 was measured
every 30 min. The formation of conjugated dienes in
control solutions containing antioxidant in the absence

of LDL and 5uM CuSO, was also determined.

Assay of thiobarbituric acid-reactive substances
(TBARS)

TBARS levels were determined spectrophotometri-
cally'®. To 0.1 mL aliquots of post-incubation mixture
and tetramethoxypropane standards were added 1 mL of
20% trichloroacetic acid and 1 mL of 1% thiobarbituric
acid containing EDTA. Tubes were placed in a boiling
water bath for 30 min. After cooling, tubes were cen-
trifuged at 1,500 % g for 15 min. Absorbance of the super-
natant was measured at 532 nm.

LDL gel electrophoresis

Electrophresis of oxidized and native LDL was carried
out on agarose gel in barbital buffer, pH 8.6. The agarose
plates were then stained with Nile red. Result are expre-

ssed as relative electrophoretic mobilities compared with
the migration of native LDL'”.

Measurement of superoxide (0O,) released from
mouse macrophages

Superoxide (O,") was measured as Yue, et al'®. Briefy,
macrophages (1 x 10° cells) were seeded in 96-well
microtiter plate (Nunc, high affinity) and solutions con-
taining PMA (107 M) and Cyto ¢ (0.32 mM) were
applied to each of three wells. Three wells received Cyto
¢ and HEPES buffer to measure basal, unstimulated
release of O,. One well served as an assay blank which
contained Cyto ¢, buffer and 700 unit SOD to confirm
that Cyto ¢ reduction was inhibitable by SOD. Changes
in the optical density were measured intermittently on a
MAX microplate reader at 550 nm. O, release was cal-
culated using the following conversion: nmol O, =
[(mean O.D. of three test wells) - (mean O.D. of three
regent blank)] x 15.9.

Determination of cellular protein
Cell protein was measured using bovine serum albu-
min as a standard'®.

Statistics

Data in text and figures are mean + S.E.M. values™.
Statistical analysis was performed as indicated in the figure
legends; significant difference was accepted at P<0.05.

Results and Discussion

Antioxidative activity on the human LDL
Human LDL was oxidized by mouse macrophages in
a time-dependent manner and the production of TBARS
reached a plateau after 24 h of incubation (Fig. 1). There-
fore, all data relation to macrophages presented here
were obtained following 12~48 h incubation. The pro-
duction of TBARS for 24 h in the presence (LDL+cells)
or absence (LDL alone) of the macrophages were 4.8 +
0.3 nmol and 0.8 + 0.2 nmol MDA equivalent/mg pro-
tein (n=14), respectively. Increasing the number of mac-
rophages per dish increased the production of TBARS.
As shown in Fig. 2, chitin sulfate in dose-dependently
inhibited LDL oxidation by the macrophages with con-
centrations of 25, 50, 75, 100 uM. Chitin sulfate at the
maximal concentration tested have an apparent effect on
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Time courses of LDL oxidation by mouse macro-
phages

LDL(100 pg protein/dish) was incubated in Ham's F-10
medium at 37°C in the presence (3.8 x 10° cells, @—@) or
absence(LDL alone, @——@) of macrophages for various
time intervals. The LDL oxidation was estimated by the
formation of TBARS and expressed in nmol equivalent
MDA as described in Methods. The data are means of
duplicate derminations from a representative experiment.

Fig. 2.
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Concentration-dependent inhibition of macrophage
induced LDL oxidation.

LDL(100 pg protein/dishO was incubated for 24 hr with
macrophages in Ham's F-10 medium in the presence or
absence(control) of the test agent. The LDL oxidation
was estimated by the formation of TBARS and expressed
in nmol equivalent MDA as described in Methods.
TBARS produced in cell-free conditions(medium+LDL)
was subtracted from dose of the dishes containing
macrophages. Each point is the mean+ S.EM. of 3-5
experiments done duplicate, while the data for o-
tocopherol are the average of two experiments done
duplicate.

the cells as determined by TBARS. a-Tocopherol inhib-
ited LDL oxidation by the macrophages, but was similar
with chitin sulfate. Increasing concentration of o-toco-
pherol (over 100 uM) resulted in an apparent effect on
macrophages viability. Under the same condition of 100
UM concentration, the TBARS of chitin sulfate and o-
tocopherol were 6.54 +0.12 and 5.26 £ 0.11 MDA
nmole/dish, respectively.

Effects of chitin sulfate on the LDL oxidation by
electrophoretic mobility

The effect of a 24 h preincubation with chitin sulfate
on the ability of macrophages to oxidize LDL was also
investigated. On the other hand, pretreatment of mac-
rophages with chitin sulfate significantly reduced the
ability of the cells to oxidize LDL in a dose-dependent
fashion with concentration of 10~100 pM.

The effect of chitin sulfate on the electophoretic mobil-
ity of LDL submitted to oxidative modification by the macro-
phages is shown in Table 1. A marked increase from
1.86 *+ 0.12 mm in the electophoretic mobility of control
LDL and incubated with macrophages for 24 h indicated
lipid peroxidation of LDL increased negative charge in the
LDL molecule. Chitin sulfate reduces the relative electo-
phoretic mobility in dose indepenetly, while a-tocopherol
had no significant effect at the concentration indicated.

The oxidation of LDL by macrophages was inhibited
in the presence of 10, 25, 50 or 100 uM per dish in the

Table 1. Effects of chitin sulfate on LDL oxidation as assessed
by electrophoretic mobility

Relative
Incubation conditions eletrophoretic P
mobility
Native LDL 1.0
LDL + cells (control) 1.86£0.12
LDL + cells + CS 10 puM 1.79 £ 0.03
LDL + cells + CS 25 pM 1.57£0.02 <0.05
LDL + cells + CS 50 pM 1.18£0.03 <0.01
LDL + cells + CS 100 uM 1.08 £ 0.04 <0.01
LDL + cells + tocoperol 100 uM  1.20+0.03 <0.01

LDL(100 ptg/mL) was incubation for 24 h in Ham's F-10 medium
in 35 mm dishes containing macrophages in the presence or deter-
mined in agarose gels as described in Methods. Result are mean
+ S.EM of 4-6 independent experiments. The data are means of
2~3 experiments.
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culture medium. Although the mechanism of oxidation
is not known, LDL oxidation may involve cellular lipoxy-
genase®”. Macrophages endocytose and degrade oxida-
tively modified LDL via scavenger receptors at a much
greater than native LDL, and this property was used to
assess the protection afforded LDL by coincubation with
chitin sulfate during incubation period. Many other cell
types have since been shown to oxidize LDL in vitro,
e.g., mouce peritoneal macrophages™. It was observed
that inhibition by chitin sulfate on cells-induced LDL
oxidation may be, in part, through its capacity to scav-
enger O, radicals.

The result of the present study clearly demonstrate that
chitin sulfate can markedly prevent macrophage-induced
LDL oxidation. Although proteoglycans have been reportd
to inhibit iron-catalyzed lipid peroxidation”, the present
study is, to our knowledge, the first demonstration of a
protective effect of a chitin sulfate against LDL peroxi-
dation, by both a cell-mediated mechanism. The effec-
tive concentration of chitin sulfate for inhibition of LDL
oxidation by macrophages was about 50~100 uM.

Effects of chitin sulfate on conjugated diene for-
mation

Macrophages induced oxidation of human LDL were
determined by the curves of diene, of a measurement of
the LDL oxidative process.

In the absense of chitin sulfate, the increase of time in
the reaction mixture coupled with a increase of the value
of lag time, determined graphically by the intercept of
the tangents to the slow and fast increase of the diene
absorption. As shown in Fig. 3, chitin sulfate did not
modify the maximum formation of conjugated dienes,
but decrease significantly. When higher amounts of
chitin sulfate were employed, the conjugated dienes
formed were significantly lower in the presence of chitin
sulfate than that of control. The Cu®** concentration was
coupled with decrease of conjugated diene formation,
which an index of a propagation phase and depends only
on the lipid composition of LDL. The presence of 50~
100 uM chitin sulfate in the incubation mixture delay the
reaching of high absorbance and this delay was higher at
concentration of 100 uM.

Effects of chitin sulfate on superoxide released
from macrophages
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Fig. 3. Antioxidative effect of chitin sulfate on the formation
of conjugated diene observed during the oxidation of
LDL.

LDL(100 pig protein/mL) was incubated in the presence
or abscence of 50 or 100 UM chitin sulfate. Oxidation was
initiated by the addition of 5 uM CuSO,. The formation
of conjugated dienes was measured by LDL oxidation.
V¥ —¥ : Control (LDL + 5puM CuSO,)

O-C: LDL + 5uM CuSO, + 75 UM chitin sulfate
©®-®: LDL + 5uM CuSO, + 100 UM chitin sulfate
Results are presented as means + S.E.M. of 3-5 indepen-
dent experiments.

Phorbol myristate acetate (PMA, 0.1 um) induced a
time-dependent increase in O, production by mouse
macrophages and the production of O, reached a plateau
at 60 min (inset in Fig. 4). As such, all data were
obtained at 60min incubation following stimulation. As
a shown in Fig. 4, the production of O, increased from
a basal value of 0 to 1.78 = 0.12 nmol. Chitin sulfate
protected PMA-induced O, production in a dose inde-
pendent manner at concentration of 25 to 100 uM. It has
been reported that O, is an important oxygen radical in
mediating LDL oxidation by smooth muscle cells®® and
human monocytes™*” and that O, dismutase(SOD)
inhibits oxidation by smooth muscle cells(17). Our pre-
vious study demostrated that flavonoids scavenges O, in
human endothelium cells®. In order to examine whether
chitin sulfate inhibits LDL oxidation by inhibiting O,
this studies, the effect of chitin sulfate on O, released
from macrophages. The results shows that chitin sulfate
almost completely inhibits O, at concentration of 100
uM. Chitin sulfate is likely to effect also the amount of
macrophages available for the oxidation, as suggested by
the marked increase of the constant in the presence of
chitin sulfate. Under our experimental conditions, chitin
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Fig. 4, Effect of chitin sulfate on PMA-induced O, release
from mouse macrophages.
Cells were treated with chitin sulfate for 20 min at 37°C
and then activated by addition of PMA (0.1 uM). Oy
formation was monitored at 550nm by measurement of
ferricytochrome reduction and the incubation time was
60 min as described in Methods. Each point represents
the mean = S.EM. (n=3-5). The inset is the time course
of PMA (0.1 pM)-stimulated prodution of O, from mouse
macrophages. Each point is the average of duplicate
samples.

sulfate could be inhibited on LDL oxidation which
employed at a low concentration. This phenomenon could
be explained on the basis of two different mechanisms:
(1) a partial sequestration of free radical by the poly-
anion chain of chitin sulfate; (2) the possible changes in
the ability of LDL to bind free radical, due to the struc-
tural modification of the particle following the inter-
action with chitin sulfate. Our study emphasizes that the

antioxidant effect of chitin sulfate protects not only a
free fatty acid, but also a biological at structure, such as
human LDL against, cells induced oxidation.

This model of oxidation was demonstrated to produce
LDL sharing many structural and functional properties
with LDL oxidized by cells™.

Moreover, it should be reminded that oxidized LDL
are contained in aortic wall and increase in athero-
sclerotic plaques™, where they may contribute to the
development of the lession by oxidative stress. On the
basis, the results suggest that chitin sulfate(and probably
other glycoaminoglycans oceurring in natural sources).
might play a inhibitory a role in the process of LDL oxi-
dation in vivo, which may change the metabolic fate of
the particle, increasing its atherogenic potential®*®.

The present results that macrophages pretreated with
chitin sulfate at 100 uM for 72 h showed a lower capa-
bility to oxidize LDL, suggest that chitin sulfate might
enter and accumulate in the cells or the LDL particles, it
is conceivable that an effective level of chitin sulfate for
inhibition of LDL oxidation may be attainable in vivo.
The observation that chitin sulfate markedly inhibits
human LDL oxidation by macrophages suggest that
chitin sulfate may have antiathrogenic effects. This novel
action of chitin sulfate would increase in its therapeutic
value as an LDL oxidation, since lipid peroxidation.
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