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Hypochlorite produced in vivo by activated neutrophils, monocytes, and macrophages modi-
fies blood lipoproteins and intensifies free radical lipid peroxidation, which probably plays a
key role in the early stages of atherosclerotic vascular damages.
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Studies performed in the late 1980s [37,48,55,90] in-
dicated that oxidatively modified blood lipoproteins
(LP) are involved in the early stages of atherosclero-
tic vascular damages [22,30,54,59,76]. However, the
cause of formation of oxidized blood LP was unclear.
It was hypothesized that native LP interact with reac-
tive oxygen species (ROS) O,, H,0,, OH", and hypo-
chlorite ion HOCL/OCI~ produced by vascular wall
and blood cells [55,89,90]. O, was suggested to play
a key role in LP modification [55,90].

At the same time, O, and H,0, formed after O,
dismutation are weak oxidizers not initiating lipid per-
oxidation (LPO) [5,7]. Therefore, OH* and HOCL/
OCI~ can act as oxidizers. OH" is produced in the re-
action of O, or H,0, with metals of alternating va-
lence (Fig. 1). HOCL/OCI~ is synthesized in the re-
action catalyzed by myeloperoxidase (MPO, donor
H,0, oxidoreductase, EC 1.11.1.7):

Cl+H"+H,0,=HOCI+H,0 1).

Active OH' initiates free radical reactions. However,
its involvement in LPO activation by phagocytes was
in doubt due to the use of nonspecific traps [42].
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Strong oxidizer hypochlorite reacts with various
biologically active compounds, including proteins, li-
pids, nucleic acids, and polysaccharides [1,20,36,72,
86-88,92-94,97], with the formation of free radical in-
termediates [33,39,56,60].

Here we focused our attention on monocytes and
neutrophils containing and secreting MPO, which ca-
talyzes hypochlorite formation in reaction (1).

Possible Mechanisms Underlying
Formation of Oxidized Blood LP

In vitro experiments showed that incubation of low-
density lipoproteins (LDL) with monocytes or neutro-
phils even in the absence of activating agents leads to
accumulation of LPO products in these particles. Mono-
cytes were incubated with LDL oxidized to a different
extent. The higher was the degree of LDL oxidation,
the higher was the yield of LPO products. We sugges-
ted that oxidized LDL stimulate cells and promote oxi-
dative modification of LDL [76,81].

Special experiments demonstrated that hypochlo-
rite-modified or autoxidized LP activate monocytes
and neutrophils, which stimulates O, production and
increases chemiluminescence of cells [76,81].

On the one hand, MPO-containing monocytes and
macrophages cause oxidative modification of LDL; on
the other, oxidized LDL activate phagocytes and con-
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tribute to secretion of ROS, MPO, and hypochlorite
in the extracellular medium. These processes aggra-
vate oxidative modification of LDL.

Our experiments on the model of perfused rabbit
liver demonstrated that oxidized blood LP can be pro-
duced by hepatocytes under conditions of LP hyperc-
holesterolemia and increased content of LPO products
[29,31]. The content of LPO products in liver perfu-
sate from rabbits with alimentary atherosclerosis 3-
fold surpassed that in intact animals. Moreover, the
content of LPO products in LP isolated from the liver
perfusate of rabbits with experimental atherosclerosis
(density >1.065 g/cm?®) was 2 times higher than in in-
tact animals [29,31]. Therefore, during atheroscle-
rosis LPO modifies physicochemical properties of LP
at the stage of their synthesis and secretion by hepa-
tocytes.

Figure 2 illustrates the mechanisms underlying
the formation of oxidized LP. LPO activation in the
liver during hypercholesterolemia leads to the synthe-
sis and secretion of very low-density lipoproteins
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Fig. 1. Transformation of reactive oxygen species
after activation of neutrophils or monocytes.

(VLDL) with increased content of lipid peroxides (path-
way /). Oxidized VLDL and LDL enter the circulation
(pathway 2). Oxidized LDL stimulate monocytes or
neutrophils, which is accompanied by ROS genera-
tion and MPO secretion into the extracellular medi-
um (pathway 3). Native LP contacting with monocytes
or neutrophils undergo oxidative modification (path-
way 4).

The inhibitory assay with mannite (OH" trap),
desferrioxamine and ethylenediaminetetraacetic acid
(iron ion chelators), superoxide dismutase (SOD) and
catalase eliminating O, and H,O, (respectively), and
butylated hydroxytoluene (ionol, radical trap) showed
that LPO initiation in LP stimulated by neutrophils
and monocytes is mediated by a free radical mecha-
nism not involving OH" [30,76,81]. O, and H,0, are
not involved in LPO activation by phagocytes [7,49].
Taking into account the scheme of ROS transforma-
tions (Fig. 1), it can be suggested that hypochlorite
produced by activated phagocytes plays an important
role in oxidative modification of LP.

Fig. 2. Formation of oxidized blood lipoproteins.
Here and in Figs. 5 and 6: LDL : oxidized LDL;
IDL ,: oxidized intermediate-density lipoproteins;
and VLDL : oxidized VLDL.
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Mechanism of Hypochlorite-Induced LPO

We demonstrated that hypochlorite added to the incu-
bation medium containing human blood LP potentiates
accumulation of thiobarbituric acid-reactive substances
(TBARS) and fluorescent LPO products [25]. T. Stel-
maszynska et al. [91] revealed that hypochlorite stim-
ulates accumulation of TBARS and conjugated dienes
in LDL. A comparative assay showed that atherogenic
LP (LDL and VLDL) are most sensitive to hypochlo-
rite-induced LPO, while high-density lipoprotein (HDL)
are least oxidized [4, 78]. Similar results were obtai-
ned in measurements of TBARS content in LP incuba-
ted in the MPO-+H,0O,+ CI— system [78]. LP oxidation
in this system was induced by MPO, since the effect
was not found in the absence of any enzyme substrate.
Similarly to exogenous hypochlorite, the reaction ca-
pacity of LP decreased in the order: VLDL—LDL—
HDL [78].

To study the mechanism underlying hypochlorite-
induced LPO of fatty acids, we used phosphatidyl-
choline liposomes. Incubation of hypochlorite with
phosphatidylcholine liposomes led to accumulation of
LPO products (hydroperoxides, conjugated dienes, and
TBARS), which was accompanied by a decrease in the
number of phospholipid double bonds [10,13-16,18,
34,72,74,75].

Since hypochlorite-induced peroxidation of LP
and phosphatidylcholine liposomes is inhibited by ra-
dical trap a-tocopherol and butylated hydroxytoluene,
this process involves free radicals [13,74].
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All free radical reactions have the stage of initia-
tion, which can occur in the aqueous or lipid phase of
the liposomal suspension (Fig. 3). Initiation in the aque-
ous phase is associated with the reaction between hy-
pochlorite and H,0,, O,, or metal ions of alternating
valency formed or present as admixtures in the incu-
bation medium [33,72]. Hypochlorite reacts with H,O,
with the formation of singlet oxygen ('0,); the reac-
tion of hypochlorite with O, or metal ions yields OH"
(Fig. 3). Initiation in the lipid phase is related to the
interaction between hypochlorite and functional groups
of phosphatidylcholine, including polar phosphocho-
line group, saturated (-CH,-CH,-) or unsaturated (-HC=
CH-) bonds in acyl chains, or minor components of
unsaturated lipids (primarily LPO products, Fig. 3).

Previous studies showed that initiation of hypo-
chlorite-induced LPO is not determined by its inter-
action with water-soluble and low-molecular-weight
compounds O,, H,0,, '0,, and oxochlorates (OCl,,
OCl;—, and OCl, ), which are formed or present as
admixtures in the reaction medium [13,19,74]. Figure
3 shows that hypochlorite reacts with Fe?* (bimolecu-
lar rate constant 114+7/mol/sec, pH 7.2, Fig. 3). How-
ever, Fe?" and Fe*" are not involved in the initiation
of hypochlorite-induced LPO [13,23,74]. At the same
time, chemiluminescence data suggest that Fe?* play
a role in hypochlorite-induced LPO [23,79].

Hypochlorite attacks -HC=CH- bonds, but not phos-
phocholine or carboxylic group and saturated bonds in
acyl chains. 'H-Nuclear magnetic resonance showed
that this reaction yields chlorohydrin [34]:

0O3+HOCI—-0,+CI +OH® —»

Fe”+HOCI—»>Fe*'+Cl +OH®

LPO

Aqueous phase

H,0,+HOCI->H,0+H"+Cl +'0, /n//

T

0 1o
0 CH,O- C-R, ‘_g &
R, C O- CH 0 f, go
CH,-O- P OCH, |%73
o g:H g8
~-HC=CH- H,C-N-CH,| & 2
= CH, A=
S - -CH,-CH.- -
T | L-0-O-H
+ w2
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5 2
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o =N-
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- RCT |
Lipid phase

Fig. 3. Initiation of hypochlorite-induced LPO in aqueous and lipid phases of phosphatidylcholine liposome suspension.
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According to current concepts, this reaction is
mediated by the mechanism of electrophilic binding
by the double bond, involves no free radicals, and
does not yield activators of free radical LPO [20].

Studies of the kinetics of interaction between hypo-
chlorite and preoxidized (to a different degree) lipo-
somes showed that hypochlorite reacts with LPO pro-
ducts, including malonic dialdehyde [4,96]. However,
it remains unclear whether hypochlorite can react with
aldehydes with the formation of free radical interme-
diates. This reaction is probably mediated by a mole-
cular mechanism including oxidation of aldehyde to
the corresponding acid.

Unsaturated lipids also contain other LPO pro-
ducts, e.g., hydroperoxides, dialkyl peroxides, diacyl
peroxides, alkylacyl peroxides, and epoxides (Fig. 3).
The hydroperoxide group is the only oxygen-contai-
ning functional group reacting with hypochlorite [17,
21]. Incubation of liposomes containing unsaturated
-HC=CH- bonds and tert-butyl, cumene, or linoleic
acid hydroperoxide with hypochlorite or in the MPO+
H,0,+Cl— system was accompanied by accumulation
of LPO products in liposomes [21,72,73,75]. The in-
crease in TBARS content was completely inhibited by
butylated hydroxytoluene, hypochlorite traps methion-
ine and taurine, and MPO inhibitor azide, but not by
OH’ trap mannitol [73].

Thus, the hydroperoxide group was the only oxy-
gen-containing organic compound reacting with hypo-
chlorite. This reaction resulted in accumulation of
LPO products in unsaturated lipids. Hydroperoxide in
a concentration of 2.5-30 nmol/mg lipid produced sig-
nificant effects [73,75]. It should be emphasized that
the content of hydroperoxides in native and freshly
isolated LDL estimated by various methods varies
from 10 to 20 nmol/mg LDL [45,46,57,71,85].

The mechanisms underlying the reaction between
hypochlorite and hydroperoxide group remain unclear.
Two possible mechanisms were hypothesized. The
process probably leads to the formation of 'O, (simi-
larly to H,O,, Fig. 3) [21] or synthesis of free radical

intermediates:
O,
NADPH
oxidase
_ SOD
O3

MPO
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- 10,+LOH+H"+Cl—
HOCI+LOOH-
— Free radicals (LO® and LOO").

These reactions can activate LPO.

Special experiments showed that no 'O, is gene-
rated in the reaction of hypochlorite with hydroperox-
ide [21]. Di-tert-butyl peroxide is the main product of
the reaction between hypochlorite and tert-butyl hy-
droperoxide [21,34]. Its synthesis is probably related
to the formation of alkoxyl (LO") and peroxyl (LOO")
radicals. This assumption was confirmed by experi-
ments with spin traps demonstrating the formation of
alkyl, peroxyl, and alkoxyl radicals after incubation of
tert-butyl hydroperoxide with human polymorphonu-
clear leukocytes or in the MPO+H,0,+Cl— system
[14]. The formation of radical adducts was inhibited
by azide. Polymorphonuclear leukocytes with low MPO
activity produced only 20-30% radical intermediates
compared to normal cells [41].

Thus, initiation of hypochlorite-induced LPO is
realized through the reaction of hypochlorite produced
by activated neutrophils or monocytes with organic
hydroperoxides (LOOH). This reaction results in the
formation of free radical intermediates (but not '0,),
including strong LPO activators alkoxyl and peroxyl
radicals (Fig. 4).

Hypochlorite-Induced Modification
of Blood LP

In vivo hydroperoxide groups are localized in the hy-
drophobic region of the lipid phase adjacent to unsa-
turated bonds in acyl chains. The question arises: whe-
ther water-soluble hypochlorite can enter the lipid
phase of LP and biological membranes? Experiments
with spin-labeled stearic acid analogues used as para-
magnetic probes showed that hypochlorite penetrates
at least the surface phospholipid layer of LDL and oxi-
dizes radical fragments of probes localized at various dis-
tances from the surface of these particles [26]. This pro-
perty probably contributes to high potency of hypochlo-
rite in initiating LPO in LP [4,11,25,28,32, 77-79].
Hypochlorite entering the surface layer of LP in-
teracts with antioxidants O-tocopherol, carotenoids,

+LoOH 1L.O*

H,0,

HOCl —= LOO* — LPO

Fig. 4. Initiation of hypochlorite-induced LPO by neutrophils. LOOH: lipid hydroperoxide; LO* and LOO": alkoxyl and peroxyl radicals, respectively.

Here and in Figs. 5 and 6: MPO, myeloperoxidase.
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and xanthophylls [28]. Degradation of antioxidants
impairs LP resistance to free radical LPO [28]. On the
one hand, it leads to accumulation of primary (conju-
gated dienes), secondary (TBARS), and end fluores-
cent products of LPO [4,25,78,79]. On the other hand,
this process is accompanied by impairment of physic-
ochemical properties of the lipid phase manifested in
decreased mobility and increased polarity up to C,, of
the acyl chain [27], increased content of mobile pro-
tein SH groups, and increased negative surface charge
of LP [24]. These changes are similar to those revealed
in autoxidized LP after incubation at 37°C in air [30,
76,80].

Modification of physicochemical properties and
structural reorganization of LP impair their interac-
tion with the cells and lipid transport. Experiments
with cultured J774.2 macrophages showed that hypo-
chlorite-modified LDL cause more pronounced ac-
cumulation of cholesterol than native LDL. This ef-
fect increased with increasing the concentration of
LDL [77].

Incubation of human blood monocytes with native
and oxidized LDL increases the contents of phospho-
lipids (by 18.3+8.1 and 16.0+6.1%, respectively) and
cholesterol (by 99.6+12.4 and 166.24+23.5%, respec-
tively) compared to incubation without LDL. During

@/‘

Liver
(hypercholesterolemia)
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incubation of monocytes with oxidized LDL, at least
50% cholesterol were directly transferred into cell
membrane without endocytosis [30,76].

Erythrocytes, whose plasma membranes do not
contain LP receptors, are a convenient model for stu-
dying the nonspecific transfer of cholesterol from LP.
We revealed that native LDL act as cholesterol donors
in relation to erythrocytes. Autoxidized or hypochlori-
te-preoxidized LDL more intensively transported cho-
lesterol into various cells. This effect increased with
increasing in the degree of LDL oxidation. Incubation
of erythrocytes with HDL decreased cholesterol con-
tent in cells. Preoxidation of HDL inhibited their cho-
lesterol-acceptor properties [20,30,76].

Thus, peroxidative modification of LP intensifies
cholesterol transfer from LDL to cells and completely
blocks cholesterol-acception by HDL. These changes
promote cholesterol accumulation in cells.

It should be emphasized that blood LP from pa-
tients with coronary heart disease are similar to oxi-
dized LP: cholesterol easily migrates from LDL, but
is poorly accepted by HDL [22,30,80]. Probably, per-
oxidative modification of LDL and HDL during ath-
erosclerosis is accompanied by a decrease in the ef-
fective volume of hydrophobic regions in the lipid
phase (similarly to the lipid phase of liposomes) [3].

LDL

Neutrophil and NADPH-
monocyte "Xid"fcs . ro
0 ‘ Hzoz_'_af HOCI— | (D @
2

/
™~

Endotheliocyte

Fig. 5. Formation of oxidized blood LP and their involvement in activation of monocytes and neutrophils and development of early stages of

atherosclerosis.
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Fig. 6. Hypochlorite-induced changes in chemical composition, structure, and functions of LDL.

The distribution of spin label 3-doxyl-17p3-hydro-
xy-50-androstane between the aqueous and lipid pha-
ses in the suspension of native and oxidized LDL con-
firms our assumption. It was found that oxidation de-
creases the number of binding sites in LDL, where
hydrophobic molecules of the probe and, probably,
stearin can be localized [30,80]. Therefore, cholester-
ol easily migrates from LDL, but is poorly accepted
by HDL. Increased polarity of the lipid phase and high
surface charge in autoxidized and hypochlorite-oxi-
dized LP also promote these changes [24,27,30,80].

Thus, free radical modification of LP intensifies
cholesterol accumulation in cells containing (mono-
cytes and macrophages) and not containing (erythro-
cytes) LP receptors. The direct transfer of cholesterol
from LDL to plasma membranes not mediated by en-
docytosis plays an important role in these changes.
Formation of foam cells and pathogenesis of athero-
sclerotic vascular damages are probably associated
with nonspecific cholesterol migration to monocytes/
macrophages.

Hypochlorite-Induced Adhesion
of Blood Cells to the Endothelium

Oxidized LDL act as chemoattractants for blood cells,
cause expression of adhesion molecules [40,43] and,
therefore, stimulate adhesion of leukocytes [62-64],
neutrophils [63], and other cells to the endothelium.

Cell adhesion to the vascular surface reflects the early
stage of cardiovascular diseases, including atheroscle-
rosis [9,68,99]. We studied the effects of hypochlorite
and LDL modified by HOCI/OCI~ in various concen-
trations on adhesion of blood cells to the endothelium.
Experiments were performed on the simplest cell mo-
del of human erythrocytes, whose adhesion to the vas-
cular surface plays an important role in the formation
of atheromatous plaques [8].

Preincubation of endothelial cell (EC) monolayer
with HOCI/OCI— intensified erythrocyte adhesion of
the endothelial surface. This effect increased with in-
creasing HOCI/OCI— concentration to 50 uM [2]. Pre-
incubation of EC with LDL modified by HOCI/OCI—
(up to 250 uM) increased the cholesterol/phospholip-
id molar ratio in EC and stimulated erythrocyte adhe-
sion to the endothelium. HOCI/OCI~ in a concentra-
tion above 50 pM or LDL modified by 500 uM HOCV/
OCI~ produced a cytotoxic effect on EC, decreased
the cholesterol/phospholipid molar ratio, and inhibited
erythrocyte adhesion to the endothelium. Therefore,
HOCI/OCI~ in physiological concentrations stimula-
tes adhesion of blood cells to the endothelium and
promotes cholesterol accumulation in vascular wall
EC by affecting the endothelium or modifying LDL
[2]. These changes can play an important role in the
pathogenesis of cardiovascular diseases.

Since free radical traps prevent LDL oxidation
[40,67] (including that induced by hypochlorite [73,
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79]), expression of adhesion molecules [43], and cell
adhesion to the endothelium [47], it can be suggested
that the effects of hypochlorite and hypochlorite-mo-
dified LDL on the endothelium are mediated by free
radical LPO. This is consistent with previous data that
LDL preoxidized with hypochlorite stimulate leuko-
cyte adhesion to the endothelium, which depends on
the content of LPO products in LDL, but not on the
degree of protein oxidation [63].

Conclusion

Figure 5 illustrates the interrelation between the for-
mation of oxidized blood LP and activation of mono-
cytes and neutrophils. The involvement of hypochlo-
rite-modified LP in the early stages of atherosclerosis
is hypothesized.

VLDL with increased content of lipid peroxides
are secreted by liver cells and transformed into oxi-
dized LDL (Fig. 5, pathway 7). Oxidized LDL acti-
vate monocytes, neutrophils and, probably, other cells
(pathway 2). Activated neutrophils and monocytes se-
crete MPO and O, that undergoes dismutation into
H,0,. Since physiological concentration of Cl— is
high, these changes provide optimal conditions for
reaction (1). Hypochlorite-induced modification of
native LP (pathway 3) is promoted by physiologically
active substances, including oxidized NO metabolite
(nitrite, NO, ™) [77] and hemoglobin (Hb) [12]. Mar-
ked changes in physicochemical properties of LP are
manifested in degradation of antioxidants, increase in
LP sensitivity to oxidative modification, accumulation
of lipid and protein oxidation products, structural re-
organization of apolipoproteins and lipid phase, and
rise in the negative surface charge of LP. Figure 6
summarizes our data on changes in the chemical com-
position, structural reorganization of the lipid and pro-
tein phases, and hypochlorite-induced impairment of
LP functions.

Modified LP interact with monocytes and macro-
phages by the receptor-independent or scavenger re-
ceptor-mediated mechanism, potentiate cholesterol
accumulation, and transform them into foam cells,
which reflects the early stage of atherosclerosis (Fig.
5, pathway 4). Modified LP activate monocytes and
neutrophils, intensify free radical LPO, and close a
vicious cycle of the formation of oxidized blood LP
(pathway 2). Modified LP increase cholesterol content
in EC (pathway 5), stimulate adhesion of erythrocytes
and, probably, other blood cells to the endothelium
(pathway 6), and promote atherosclerotic vascular
damages.

Recent studies confirm out hypothesis that hypo-
chlorite-modified LP are involved in atherogenesis.
Experimental and clinical observations indicate that
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atherosclerosis is accompanied by hyperactivity of
neutrophils [6,61] and enhanced production and secre-
tion of MPO [70,95]. At the same time, in vivo stimu-
lation of phagocytes activates LPO in the plasma, in-
tensifies proliferation of aortic intima cells, and pro-
motes the development of atherosclerosis [50]. More-
over, active MPO was found in atherosclerotically
modified human vessels and tissues [44,66].

Experiments showed that neutrophil-derived hypo-
chlorite causes dysfunction of isolated guinea pig heart.
Hypochlorite traps taurine [83,84] and methionine [38,
82] prevented the neutrophil-dependent effects of hy-
pochlorite.

Experiments with monoclonal antibodies to hypo-
chlorite-treated LDL demonstrated accumulation of
HOCI-modified protein in the arteries of patients with
atherosclerosis. Epitopes were mainly associated with
monocytes, macrophages, smooth muscle cells, and EC.
Their molecular weight was similar to that of apo-B
in vitro modified with hypochlorite [51,65].

The content of 3-chloro-L-tyrosine (specific mar-
ker of hypochlorite-modified protein) in atherosclero-
tically damaged tissues 6-fold surpasses that in intact
aortic intima. Moreover, its concentration in LDL iso-
lated from the aortic intima of patients with athero-
sclerosis was 30 times higher than in circulating LDL
from healthy donors [52,53].

Hypochlorite-modified LDL induce and enhance
reactivity of phagocytes, stimulate synthesis of chemo-
kines and chemotaxis of neutrophils [98] and, there-
fore, promote leukocyte infiltration playing an impor-
tant role in the early stages of atherosclerosis.

This work was partially supported by the Russian
Foundation for Basic Research (grant No. 99-04-48239)
and Alexander von Humboldt Foundation (Bonn, Ger-
many).
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