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Critical Review

Living with a Killer: The Effects of Hypochlorous Acid
on Mammalian Cells
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Summary

The production of hypochlorous acid (HOCl) by the myeloper-
oxidase-H2O2-Cl¡ system of phagocytes plays a vital role in the
ability of these cells to kill a wide range of pathogens. However, the
generation of a potent oxidant is not without risk to the host, and
there is evidence that HOCl contributes to the tissue injury asso-
ciated with in� ammation. In this review, we discuss the biological
reactivity of HOCl, and detail what is known of how it interacts
with mammalian cells. The outcome of exposure is dependent on
the dose of oxidant, with higher doses causing necrosis, and apop-
tosis or growth arrest occurring with lower amounts. Glutathione
(GSH) and protein thiols are easily oxidized, and are preferred tar-
gets with low, sublethal amounts of HOCl. Thiol enzymes vary in
their sensitivity to HOCl, with glyceraldehyde-3-phosphate dehy-
drogenase being most susceptible. Indeed, loss of activity occurred
before GSH oxidation. The products of these reactions and the
ability of cells to regenerate oxidized thiols are discussed. Recent
reports have indicated that HOCl can activate cell signaling path-
ways, and these studies may provide important information on the
role of this oxidant in in� ammation.
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INTRODUCTION
Phagocytic white blood cells, particularly neutrophils, are a

major source of oxidants in mammalian systems. These cells
ingest and destroy invading pathogens, and are the predominant
cell present in the early stages of acute in� ammation. Phagocy-
tosis of bacteria is accompanied by the activation of an NADPH
oxidase complex in the cell membrane, resulting in generation
of superoxide (O¡

2 ) and the release of cytoplasmic granule pro-
teins into the phagosome [ reviewed in (1)]. One of the major
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granule proteins is the enzyme myeloperoxidase, a heme protein
that accounts for 5% of the total neutrophil protein. The com-
bination of O¡

2 production and myeloperoxidase release gives
neutrophils a broad and unique oxidative potential (Fig. 1). Hy-
drogen peroxide (H2O2), generated by dismutation of O¡

2 , is
utilized by myeloperoxidase to oxidize halides to generate hy-
pohalous acids. At physiological concentrations chloride is the
most likely substrate, and hypochlorous acid (HOCl) has been
shown to be a major end-product of the neutrophil respiratory
burst (2–5).

The powerful antimicrobial nature of HOCl and its conjugate
base, hypochlorite (OCl¡) has been well documented (6–8). It
is the active ingredient in household bleach and the species re-
sponsible for the microbicidal properties of chlorinated water
supplies. The production of HOCl by neutrophils is an inte-
gral part of the ability of these cells to kill a wide range of
pathogens (1). However, the properties that make it such a use-
ful antimicrobial agent also place the host at considerable risk,
because HOCl has the potential to damage host tissue through
the same processes used in the destruction of invading micro-
organisms. Neutrophil oxidants have been implicated in the tis-
sue injury associated with in� ammatory diseases, including res-
piratory distress, ischemia-reperfusion injury, acute vasculitis,
arthritis, and glomerulonephritis (9). Many in vitro studies have
shown that HOCl is able to mediate tissue injury (1, 10–12),
and recent work has provided direct evidence for the produc-
tion of HOCl in various pathological disease states. Using an
antibody raised against HOCl-modi� ed protein, the generation
of HOCl in vivo has been demonstrated in diseased kidney tis-
sue and in human atherosclerotic plaques (13, 14). This mate-
rial was recently found to colocalize with myeloperoxidase in
atherosclerotic lesions (15). Elevated levels of 3-chlorotyrosine,
a marker of HOCl generation, have also been demonstrated in
LDL molecules from human atherosclerotic intima (16).

Taken together, these studies con� rm that HOCl is released
from phagocytic cells in vivo and suggest that HOClproduced by
neutrophils and other phagocytic cells could form a signi� cant
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Figure 1. Neutrophil oxidative products.

oxidative stress on host cells and tissues. In this paper, we present
background information on the chemical reactivity of HOClwith
biological compounds and review what is known about how this
translates into the effects of HOCl in cells and tissues.

BIOLOGICAL REACTIONS OF HOCl
HOCl exists in equilibrium with OCl¡ and chlorine gas (Cl2).

Because HOCl has a pKa of 7.5, it is present as an equal mixture
of HOCl and OCl¡ physiologically, and Cl2 is present in signi� -
cant amounts only at much lower pH (17 ). The ‘active’ chlorine
in these species is in a formal oxidation state of C1. It may act
as either a one-electron or two-electron oxidizing agent, but re-
duction potentials favor two-electron oxidation (18). HOCl is
a powerful oxidising agent that can react with many biological
molecules. Thiol groups and thioethers such as methionine are
the most readily oxidized, at a rate approximately 100 times
that of amine groups (19). Rate constants for the reaction of
HOCl with reduced glutathione (GSH) and ascorbate are
>107 M¡1 s¡1 and »6 £ 106 M¡1 s¡1 respectively (20). Heme
groups and iron–sulfur centers also react readily (21).

HOCl can also halogenate cell constituents. The most favored
chlorinating reaction of HOCl is with amines to form monochlo-
ramines and dichloramines.

RNH2 C HOCl ! RNHCl C H2O (Reaction 1)

RNHCl C HOCl ! RNCl2 C H2O (Reaction 2)

Chloramines, while longer-lived and less reactive than HOCl,
retain the two oxidising equivalents. They can oxidize thiols,
thioethers and heme proteins, and thus extend the reactivity of
HOCl (22, 23). Chloramines can also be toxic to cells and bac-
teria, the extent of which depends on their structure and their
ability to cross the plasma membrane (24, 25). Additionally,
chloramines, particularly those of ®-amino acids, are suscepti-
ble to breakdown to aldehydes, which themselves are cytotoxic
(26).

HOCl can react with nucleotides and with DNA. It reacts
rapidly with NADH and the NH-groups of pyrimidines, and slow
denaturation of DNA has been observed (27, 28). A recent study
has demonstrated DNA double-strand breaks and the formation
of modi� ed nucleotides inanepithelial cell line exposed to HOCl
(29).

Chlorination of unsaturated fatty acids and cholesterol to
chlorohydrin derivatives has been demonstrated, which suggests
that the lipid component of cell membranes could be suscepti-
ble to attack by HOCl. However this reaction is relatively slow,
and chlorohydrins have only been detected in cells after ex-
posure to cytotoxic concentrations of HOCl (30–33). Several
studies have shown that HOCl does not cause lipid peroxidation
(34, 35).

Cell proteins are likely to be a major target for HOCl and
varied products are possible. Cysteine and methionine residues
are readily oxidized (36). The amino groups of lysine and the
N-terminal amines react to form chloramines, and these can
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undergo secondary reactions with thiols and thiol-containing
proteins (37 ). Another possible consequence of chloramine for-
mation is the generation of radicals that may result in protein
fragmentation or lipid peroxidation (38, 39). The formation of
carbonyls in proteins exposed to HOCl can also occur via a
chloramine intermediate (40–42). Irreversible protein crosslinks
have been observed in cell membranes exposed to HOCl and
are associated with cell lysis (32). Although the mechanism for
crosslinking is unclear, this reaction is rapid and is seen with low
doses of oxidant (43). Free tyrosine and the tyrosine residues of
protein can also be chlorinated to form the mono- or dichloro
derivatives (44). This reaction of HOCl is being successfully
used as a marker of neutrophil activation in vivo. Other suscep-
tible protein targets include tryptophan, histidine, arginine, and
the amide peptide bond (45).

EFFECT OF HOCl ON CELL VIABILITY
Studies with stimulated neutrophils and the cell-free mye-

loperoxidase-H2O2-chloride system provided the initial evi-
dence for the toxicity of HOCl to mammalian cells. Inhibition of
cytotoxicity with myeloperoxidase inhibitors and by the HOCl
scavenger methionine strongly implicated HOCl as the medi-
ator of these reactions (46–50). Similarly, neutrophils lacking
myeloperoxidase or the membrane oxidase complex were not
cytotoxic to target cells unless myeloperoxidase or H2O2 levels
were restored (46). Also, reagent HOCl can kill a wide range of
cell types including red cells (34, 51, 52), endothelial cells (24),
epithelial cells (53, 54), � broblasts (55), T-cell lines (48), and tu-
mor cells (35). These studies have used membrane integrity and
cell lysis as a measure of cell death and consequently provide
evidence for necrotic cell death.

The cellular changes responsible for necrosis have not been
fully elucidated. Work investigating the bactericidal effects of
HOCl � rst emphasized the importance of protein components
of the bacterial cell wall and cytoplasmic membrane as sensitive
targets (56, 57). The mammalian cell membrane is similarly
susceptible. In tumor cells, low concentrations of HOCl caused
disruption of various plasma membrane transport functions, a
decline in cellular KC and an increase in cell volume. There was
a concurrent loss of membrane thiol groups and a similar loss
of membrane functions, caused by a thiol binding agent, led the
authors to suggest that membrane thiol oxidation mediated the
above changes (35). In red cells, membrane protein modi� cation
closely correlated with lysis, and the formation of pores due to
protein crosslinking was proposed as the mechanism responsible
for lysis (32).

The ability of HOCl to induce apoptotic cell death has re-
cently been described (58). Treatment of cultured endothelial
cells with intermediate concentrations of HOCl caused the cells
to undergo apoptosis, while higher concentrations induced
necrotic cell death (Fig. 2). Apoptosis was characterized by
phosphatidylserine exposure, changes in nuclear morphology,
DNA fragmentation and caspase activity. In HL-60 cells,

Figure 2. Morphological changes to human endothelial cells
exposed to HOCl. (A) Control monolayer of endothelial cells.
(B) After exposure to intermediate concentrations of HOCl,
many cells detach and exhibit typical apoptotic blebbing. (C)
With higher doses of oxidant, cell swelling and necrosis pre-
dominate. Bar represents 100 ¹m. [ Figure from Vissers, Pullar,
and Hampton, 1999 (58)].

apoptosis initiated by H2O2 was shown to be dependent on
myeloperoxidase activity in the cells, and HOCl was implicated
(59).
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REACTION OF HOCl WITH GSH AND THIOL
PROTEINS

The very fast reaction of HOCl with thiols suggests that these
would be major cell targets. Several studies have investigated the
relative susceptibilities of different cell constituents to HOCl,
and have shown that GSH and protein thiols are preferred tar-
gets for oxidation (60, 61). In red cells, when 80% of the GSH
was reacted, only about 20% of membrane thiols were lost (61).
Changes in cell parameters such as cell swelling and formation
of membrane cross-links, were only observed once all the GSH
was oxidized. Protein thiol loss was also demonstrated in neu-
trophils (62) and in a tumor cell line (35). With endothelial cells
(24), about 30% of cellular GSH and 13% of total protein thiols
were lost with a sublethal dose of HOCl. These studies helped
establish that HOCl can penetrate the cell membrane and react
with intracellular constituents. Previously, it had been thought
that HOCl reacted almost exclusively at the membrane and that
only derivative lipophilic chloramines reached the interior of the
cell (22, 63).

The effectiveness of antioxidant defenses against HOCl will
depend on the products formed on reaction with thiols and
whether the parent thiols can be regenerated. Several studies
have suggested that higher oxidation states are produced (19, 27).
The reaction of HOCl with GSH is complex, and in vitro gen-
erates two novel products in addition to GSSG (64). One has

Figure 3. Loss of GSH and formation of products after exposure of endothelial cells to HOCl (A). Total intracellular and
extracellular GSH ( d ), GSSG (¥) and glutathione sulfonic acid (N) were measured in endothelial cells 10 minutes after exposure
to HOCl. As shown, there was minimal formation of GSSG or the sulfonic acid. (B) Proposed structure of glutathione sulfonamide,
a novel product of the reaction of HOCl with GSH.

been preliminarily identi� ed as an internal sulfonamide of GSH
(Fig. 3), and the other as a further oxidation product of GSSG,
glutathione thiolsulfonate. Few studies have investigated the
products of the reaction in cells. When red cells were exposed
to HOCl the GSH was initially converted to GSSG and at low
oxidant concentrations could be regenerated (61). In contrast,
with neutrophils (62) and endothelial cells (Fig. 3 and J. M.
Pullar, M. C. M. Vissers, and C. C. Winterbourn, submitted for
publication), very little GSSG was formed and only a small
fraction of the GSH loss was accounted for as protein mixed
disul� des. The remaining GSH products were rapidly exported
from the cells, and were detected in the extracellular medium.
They appear to include the sulfonamide as well as other yet to be
identi� ed products. These � ndings have major implications for
the maintenance of the cell’s redox state. The sulfonamide could
also serve as a useful marker of neutrophil oxidative injury in
in� ammation.

Protein thiols may vary in reactivity with HOCl depend-
ing on their accessibility and pKa. In human endothelial cells
susceptibility to inactivation by low amounts of HOCl varied
between three thiol-containing enzymes (60). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH)was muchmore suscepti-
ble to oxidation than were creatine kinase or lactate dehydrogen-
ase. It was also more readily oxidized than GSH (60). GAPDH
has an essential cysteine at the active site (Cys 149) that is
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present as the thiolate anion at neutral pH and is particularly re-
active (65). Thiol-labeling of tissue samples from patients with
in� ammatory bowel disease has provided strong evidence that
GAPDH oxidation occurs at sites of in� ammation and suggests
that this is a particularly sensitive marker for oxidative stress
(66). In endothelial cells, oxidation of GAPDH was reversible
but only at lower concentrations of HOCl (60). Higher amounts
of oxidant may convert the essential cysteine to a sulfonic acid
or some other higher oxidation state that cannot be regenerated.

Isolated rat hearts perfused with HOCl showed impaired con-
tractile function that occurred concurrently with protein thiol
loss (67). Dithiothreitol could restore both function and protein
thiol levels, suggesting that HOCl induced injury through the ox-
idation of protein thiol groups (68). In a follow-up study, the im-
paired contractile performance was associated with a decline in
sarcoplasmic reticulum Ca2C-ATPase activity, Ca2C uptake, and
protein thiol levels (69). Dithiothreitol signi� cantly reversed the
above changes, implicating thiol oxidation of the Ca2C-ATPase.
This enzyme plays a major role in the regulation of intracellular
Ca2C levels and the generation of force in the cardiomyocytes,
and it can be inhibited by HOCl (70). Treatment of isolated car-
diac myocyte sarcolemmal membranes with HOCl also caused
inhibition of NaC-KC-ATPase (71, 72), an enzyme that regu-
lates the intracellular NaC concentration. Inhibition may alter
Ca2C levels via NaC/CaC exchange reactions, and hence affect
myocyte function.

HOCl can cause the release of zinc from zinc � nger proteins
in which the metal is bound to the sulfydryl group of cysteines
by thiolate bonds (73). Treatment of cultured cells with HOCl
causes the mobilization of intracellular zinc, most likely from
these metalloproteins (74, 75). In endothelial cells Zn2C mobi-
lization was accompanied by a loss of cell thiols, shortening
of actin micro� laments, retraction of cells, and an increase in
endothelial cell permeability that is related to oxidative damage
to the cytoskeleton proteins (24, 76).

HOCl has been shown to cause alterations in the levels or
activity of a number of cell constituents important in maintain-
ing cellular function. ATP levels are decreased by treatment of
cells with HOCl, and this can occur at sublethal doses (35, 54,
60, 77). The reactions causing a decline at ATP levels have not
been established, but inhibition of GAPDH, mitochondrial res-
piration and glucose transport have all been shown to occur with
HOCl treatment of cells (35, 78). HOCl can also react directly
with ATP (27). Treatment of tumor cells with HOCl induced a
decrease in NAD and an inhibition of cellular respiration (35).
These changes occurred at reasonably high concentrations of
HOCl.

HOCl AS A SIGNALING MOLECULE
The � nding that HOCl can react with intracellular compo-

nents, combined with its high reactivity with thiols, has led to
speculation that it can regulate speci� c cell processes. Several
recent studies suggest that this could occur. Exposure to low
doses of HOCl initiates a transient growth arrest in endothelial

cells (58) and human skin � broblasts (79). In � broblasts this
was associated with an increase in the levels of the transcription
factor p53, and the p53-dependent gene product WAF1/CIP1
was upregulated, con� rming that the increased p53 was tran-
scriptionally active (79). HOCl has also been shown to activate
the transcription factor NF-·B in a T-lymphocyte cell line (80).
In this study, the HOCl was added in the presence of whole
medium, and this effect is likely to be caused by the action of
secondary chloramines.

Apurinic endonuclease (APE) is a DNA repair enzyme that
also regulates the redox state of several transcription factors. Pre-
treatment with a sublethal dose of HOCl reduced the frequency
of chromosomal aberrations caused by subsequent exposure to
H2O2 (81). This was attributed to transcription of the APE gene.
Thus, HOCl induced an adaptive response in mammalian cells
that protected cells from further oxidant-mediated chromosomal
aberrations. Many signaling pathways involve the activation of
MAP kinases. Our laboratory has recently found that low doses
of HOCl can cause selective phosphorylation of components of
the MAP kinase cascade, with activation of extracellular signal
regulated protein kinase (ERK) and p38 kinase, dependent on
the amount of oxidant added (R. Midwinter, C. C. Winterbourn,
M. C. M. Vissers, unpublished observations).

CONCLUSIONS AND FUTURE DIRECTIONS
The tendency to refer to oxidants generically as ROS (reac-

tive oxygen species) or RONS (reactive oxygen and nitrogen
species) encourages the concept that these oxidants are simi-
lar and that they react similarly. Based on known differences in
chemical reactivity, this is unlikely to be true (82). Other oxi-
dant species, particularly H2O2 and peroxynitrite, are known to
affect cell viability and functions. However, there are notable
differences between the various oxidative systems. In particu-
lar, the amount of HOCl required for toxicity is markedly lower
than the concentration of H2O2. This may re� ect the absence
of an enzymatic scavenger system for HOCl, or alternatively,
its greater ability to damage speci� c cell targets. Another im-
portant consideration is that HOCl causes irreversible loss of
intracellular GSH, which can presumably be replaced only by
resynthesis. The same may be true for protein thiols, in which
case, repair mechanisms will be less effective than for oxidants
such as H2O2. These effects would have major consequences for
the maintenance of the cell’s redox state.

There is currently much interest in the role of oxidants in cell
signaling. H2O2 and peroxynitrite have been shown to activate
kinase pathways and to cause transcription factor activation,
and there is evidence for the generation of unde� ned oxidants
in many receptor-mediated signaling events. The � ndings that
some signaling processes can also be initiated by low doses
of HOCl, together with the pro� le of targets for this oxidant,
may help in the search for the mechanism of oxidant-induced
signaling. It could be noted that the growth arrest and apoptosis
initiated in response to low and intermediate doses of HOCl are
stress responses, and there is currently no evidence that HOCl
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causes modulation of function, as has been seen with H2O2. This
will become of interest as the differences between oxidants and
the role they play in in� ammation are better de� ned.

REFERENCES
1. Klebanoff, S. J. (1999) Oxygen Metabolites from Phagocytes. In In� amma-

tion: Basic Principles and Clinical Correlates. (Gallin, J. I., and Snyderman,
R., eds.). pp. 721–768, Lippincott Williams & Wilkins, Philadelphia.

2. Van Dalen, C. J., Whitehouse, M., Winterbourn, C. C., and Kettle, A. J.
(1997) Oxidation of thiocyanate by myeloperoxidase in the presence of
chloride. Biochem J. 327, 487–492.

3. Foote, C. S., Goyne, T. E., and Lehler, R. I. (1983) Assessment of chlorina-
tion by human neutrophils. Nature 301, 715–716.

4. Segal, A. W., Garcia, R. C., Harper, A. M., and Banga, J. P. (1983) Iodination
by stimulated human neutrophils. Studies on its stoichiometry, subcellular
localization and relevance to microbial killing. Biochem. J. 210, 215–225.

5. Jiang, Q., Grif� n, D. A., Barofsky, D. F., and Hurst, J. K. (1997) Intraphago-
somal chlorination dynamics and yields determined using unique � uores-
cent bacterial mimics. Chem. Res. Toxicol. 10, 1080–1089.

6. Albrich, J. M., and Hurst, J. K. (1982) Oxidative inactivation of Escherichia
coli by hypochlorou s acid. Rates and differentiation of respiratory from
other reaction sites. FEBS Lett. 144, 157–161.

7. Thomas, E. L. (1979) Myeloperoxidase , hydrogen peroxide, chloride an-
timicrobial system: Nitrogen-chlorine derivatives of bacterial components
in bacterial action against Escherichia coli. Infect. Immunol. 23, 522–531.

8. McKenna, S. M., and Davies, K. J. A. (1988) The inhibition of bacterial
growthby hypochlorous acid; possible role in the bacterial activity of phago-
cytes. Biochem. J. 254, 685–692.

9. Malech, H. L., and Gallin, J. I. (1987) Neutrophils in human diseases.
N. Engl. J. Med. 317, 687–694.

10. Johnson, R. J., Guggenheim, S. J., Klebanoff, S. J., Ochi, R. F., Wass, A.,
Baker, P., Schulze, M., and Couser, W. G. (1988) Morphologic correlates
of glomerular oxidant injury induced by the myeloperoxidase-hydroge n
peroxide-halide system of the neutrophil . Lab. Invest. 58, 294–301.

11. Johnson, R. J., Couser, W. G., Chi, E. Y., Alder, S., and Klebanoff, S. J.
(1987) New mechanism for glomerular injury. Myeloperoxidase-hydroge n
peroxide-halide system. J. Clin. Invest. 79, 1379–1387.

12. Hammerschmidt , S., and Wahn, H. (1997) Comparable effects of HOCl
and of FMLP-stimulated PMN on the circulation in an isolated lung model.
Am. J. Respir. Crit. Care Med. 156, 924–931.

13. Malle, E., Woenckhaus , C., Waeg, G., Esterbauer, H., Grone, E. F., and
Grone, H.-J. (1997)Immunologica l evidence for hypochlorite-modi � ed pro-
teins in human kidney. Am. J. Pathol. 150, 603–615.

14. Hazell, L. J., Arnold, L., Flowers, D., Waeg, G., Malle, E., and Stocker, R.
(1996) Presence of hypochlorite-modi � ed proteins in human atherosclerotic
lesions. J. Clin. Invest. 97, 1535–1544.

15. Malle, E., Waeg, G., Schreiber, R., Grone, E. F., Sattler, W., and Grone,
H. J. (2000) Immunohistochemica l evidence for the myeloperoxidase /
H2O2/halide system in human atherosclerotic lesions. Co-localization of
myeloperoxidas e and hypochlorite-modi � ed proteins. Eur. J. Biochem 267,
4495–4503.

16. Hazen, S. L., and Heinecke, J. W. (1997)3-Chlorotyrosine , a speci� c marker
of myeloperoxidase-catalyze d oxidation, is markedly elevated in low den-
sity lipoprotein isolated from human atherosclerotic intima. J. Clin. Invest.
99, 2075–2081.

17. Morris, J. C. (1966) The acid ionization constant of HOCl from 5 to 35± . J.
Phys. Chem. 70, 3798–3805.

18. Koppenol, W. H. (1994) Thermodynamic considerations on the formation
of reactive species from hypochlorite , superoxide and nitrogen monoxide.
FEBS Lett. 347, 5–8.

19. Winterbourn, C. C. (1985) Comparative reactivities of various biological
compounds with myeloperoxidase-hydroge n peroxide-chloride , and sim-

ilarity of the oxidant to hypochlorite . Biochim. Biophys. Acta 840, 204–

210.
20. Folkes, L. K., Candeias, L. P., and Wardman, P. (1995) Kinetics and mech-

anisms of hypochlorou s acid reactions. Arch. Biochem. Biophys. 323, 120–

126.
21. Albrich, J. M., McCarthy, C. A., and Hurst, J. K. (1981) Biological reac-

tivity of hypochlorou s acid: Implications for microbicidal mechanisms of
leukocyte myeloperoxidase . Proc. Natl. Acad. Sci. USA 78, 210–214.

22. Grisham, M. B., Jefferson, M. M., and Thomas, E. L. (1984) Role of
monochloramine in the oxidation of erythrocyte hemoglobin by stimulated
neutrophils. J. Biol. Chem. 259, 6676–6772.

23. Grisham, M. B., Jefferson, M. M., Melton, D. F., and Thomas, E. L. (1984)
Chlorination of endogenous amines by isolated neutrophils. Ammonia-
dependent bactericidal, cytotoxic and cytolytic activities of the chloramines.
J. Biol. Chem. 259, 10404–10413.

24. Tatsumi, T., and Fliss, H. (1994) Hypochlorous acid and chloramines in-
crease endothelial permeability: Possible involvement of cellular zinc. Am.
J. Physiol. 267, H1597–H1607.

25. Thomas, E.L. (1979)Myeloperoxidase-hydroge nperoxide-chloride antimi-
crobial system: Effect of exogenous amines on antibacterial action against
Escherichia coli. Infect. Immun. 25, 110–116.

26. Hazen, S. L., Hsu, F. F., and Heinecke, J. W. (1996) p-Hydroxy-
phenylacetaldehyd e is the major product of L-tyrosine oxidation by ac-
tivated human phagocytes : A chloride-dependen t mechanism for the con-
version of free amino acids into reactive aldehydes by myeloperoxidase . J.
Biol. Chem. 271, 1861–1867.

27. Prutz, W. A. (1996) Hypochlorous acid interactions with thiols, nucleotides,
DNA, and other biological substrates. Arch. Biochem. Biophys. 332, 110–

120.
28. Prutz, W. A. (1998) Interactions of hypochlorou s acid with pyrimidine nu-

cleotides, and secondary reactions of chlorinated pyrimidines with GSH,
NADH, and other substrates. Arch. Biochem. Biophys. 349, 183–191.

29. Spencer, J. P., Whiteman, M., Jenner, A., and Halliwell, B. (2000) Nitrite-
induced deamination and hypochlorite-induce d oxidation of DNA in intact
human respiratory tract epithelial cells. Free Radic. Biol. Med. 28, 1039–

1050.
30. Winterbourn, C. C., van den Berg, J. J. M., Roitman, E., and Kuypers, F. A.

(1992) Chlorohydrin formation from unsaturated fatty acids reacted with
hypochlorou s acid. Arch. Biochem. Biophys. 296, 547–555.

31. Carr, A. C., van den Berg, J. J. M., and Winterbourn, C. C. (1996) Chlorina-
tion of cholesterol in cell membranes by hypochlorous acid. Arch. Biochem.
Biophys. 332, 63–69.

32. Vissers, M. C. M., Carr, A. C., and Chapman, A. L. P. (1998) A comparison
of human red cell lysis by hypochlorou s and hypobromous acid: Insights
into the mechanism of lysis. Biochem. J. 330, 131–138.

33. Carr, A. C., Domigan, N. M., Vissers, M. C. M., and Winterbourn, C. C.
(1997) Modi� cation of red cell membrane lipids by hypochlorou s acid and
haemolysis by preformed lipid chlorohydrins . Redox Report 3, 263–271.

34. Vissers, M. C. M., Stern, A., Kuypers, F., van den Berg, J. J. M., and
Winterbourn, C. C. (1994) Membrane changes associated with lysis of red
blood cells by hypochlorous acid. Free Radic. Biol. Med. 16, 703–712.

35. Schraufstatter, I. U., Browne, K., Harris, A., Hyslop, P. A., Jackson, J. H.,
Quehenberger , O., and Cochrane, C. G. (1990) Mechanisms of hypochlorite
injury of target cells. J. Clin. Invest. 85, 554–562.

36. Armstrong, D. A., and Buchanan, J. D. (1978) Reactions of O¡
2 , H2O2

and other oxidants with sulfhydryl enzymes. Photochem. Photobiol. 28,
743–755.

37. Thomas, E. L., and Learn, D. B. (1991) Myeloperoxidase-catalyze d oxida-
tion of chloride and other halides: The role of chloramines. In Peroxidases in
Chemistry and Biology. Everse, J., Everse, K.E. and Grisham, M.B. (eds.).
pp. 83–103, CRC Press, Boca Raton, FL.

38. Hawkins, C. L., and Davies, M. J. (1999)Hypochlorite-induce d oxidation of
proteins in plasma: Formation of chloramines and nitrogen-centred radicals
and their role in protein fragmentation. Biochem. J. 340, 539–548.



THE EFFECTS OF HOCl ON MAMMALIAN CELLS 265

39. Hazell, L. J., Davies, M. J., and Stocker, R. (1999) Secondary radicals
derived from chloramines of apolipoprotein B-100 contribute to HOCl-
induced lipid peroxidation of low-density lipoproteins. Biochem. J. 339,
489–495.

40. Hazen, S. L., d’Avignon, A., Anderson, M. M., Hsu, F. F., and Heinecke,
J. W. (1998) Human neutrophils employ the myeloperoxidase-hydroge n
peroxide-chloride system to oxidize alpha-amino acids to a family of reac-
tive aldehydes. Mechanistic studies identifying labile intermediates along
the reaction pathway. J. Biol. Chem. 273, 4997–5005.

41. Yan, L. J., Traber, M. G., Kobuchi , H., Matsugo, S., Tritschler, H. J., and
Packer, L. (1996)Ef� cacyof hypochlorou s acid scavengers in the prevention
of protein carbonyl formation. Arch. Biochem. Biophys. 327, 330–334.

42. Handelman, G. J., Nightingale, Z. D., Dolnikowski , G. G., and Blumberg,
J. B. (1998) Formation of carbonyls during attack on insulin by submolar
amounts of hypochlorite . Anal. Biochem. 258, 339–348.

43. Vissers, M. C. M., and Winterbourn, C. C. (1991) Oxidative damage to
� bronectin. I. The effects of the neutrophil myeloperoxidas e system and
HOCl. Arch. Biochem. Biophys. 285, 53–59.

44. Domigan, N. M., Charlton, T. S., Duncan, M. W., Winterbourn, C. C.,
and Kettle, A. J. (1995) Chlorination of tyrosyl residues in peptides by
myeloperoxidas e and human neutrophils. J. Biol. Chem. 270, 16542–

16548.
45. Pereira, W. E., Hoyano, Y., Summons, R. E., Bacon, V. A., and Duf� eld,

A. M. (1973)Chlorination studies: II. The reaction of aqueous hypochlorou s
acid with ®-amino acids and dipeptides. Biochim. Biophys. Acta 313, 170–

180.
46. Clark, R. A., and Klebanoff, S. J. (1975) Neutrophil-mediated tumor cell

cytotoxicity: Role of the peroxidase system. J. Exp. Med. 141, 1442–

1447.
47. Clark, R. A., and Klebanoff, S. J. (1977) Myeloperoxidase-H2O2-halide

system: Cytotoxic effect on human blood leukocytes. Blood 50, 65–70.
48. Slivka, A., LoBuglio, A. F., and Weiss, S. J. (1980) A potential role for

hypochlorous acid in granulocyte-mediate d tumor cell cytotoxicity. Blood
55, 347–350.

49. Weiss, S. J., and Slivka, A. (1982) Monocyte and granulocyte-mediate d
tumor cell destruction. A role for the hydrogen peroxide-myeloperoxidase -
chloride system. J. Clin. Invest. 69, 255–262.

50. Clark, R. A., and Szot, S. (1981) The myeloperoxidase-hydroge n peroxide-
halide system as effector of neutrophil-mediated tumor cell cytotoxicity. J.
Immunol . 126, 1295–1301.

51. Dallegri, F., Ballestrero, A., Frumento, G., and Patrone, F. (1985) Ery-
throcyte lysis by PMA-triggered neutrophil polymorphonuclears : Evi-
dence for an hypochlorou s acid-dependen t process. Immunology 55, 639–

645.
52. Dallegri, F., Ballestrero, A., Frumento, G., and Patrone, F. (1986) Role of

hypochlorous acid and chloramines in the extracellular cytolysis by neu-
trophil polymorphonuclea r leukocytes. J. Clin. Lab. Immunol. 20, 37–41.

53. Grisham, M. B., Gaginella, T. S., von Ritter, C., Tamai, H., Be, R. M., and
Granger, D. N. (1990) Effects of neutrophil-derived oxidants on intestinal
permeability, electrolyte transport, andepithelial cell viability. In� ammation
14, 531–542.

54. Abernathy, F., and Pacht, E. R. (1995) Alteration of adenosine triphosphate
and other nucleotides after sublethal oxidant injury to rat type II alveolar
epithelial cells. Am. J. Med. Sci. 309, 140–145.

55. Vile, G. F., Rothwell, L. A., and Kettle, A. J. (2000) Initiation of rapid,
p53-dependen t growth arrest in cultured human skin � broblasts by reactive
chlorine species. Arch. Biochem. Biophys. 377, 122–128.

56. Barrette, W. C., Jr., Hannum, D. M., Wheeler, W. D., and Hurst, J. C.
(1989) General mechanism for the bacterial toxicity of hypochlorou s acid:
Abolition of ATP production. Biochemistry 28, 9172–9178.

57. Albrich, J. M., Gilbaugh, J. H., Callahan, K. B., and Hurst, J. K. (1986)
Effects of the putative neutrophil-generate d toxin, hypochlorous acid, on
membrane permeability and transport systems of Escherichia coli. J. Clin.
Invest. 78, 177–184.

58. Vissers, M. C. M., Pullar, J. M., and Hampton, M. B. (1999) Low-level
exposure to hypochlorou s acid causes apoptosis or growth arrest in human
endothelial cells. Biochem. J. 344, 443–449.

59. Wagner, B. A., Buettner, G. R., Oberley, L. W., Darby, C. J., and Burns, C. P.
(2000) Myeloperoxidase is involved in H2O2-induced apoptosis of HL-60
human leukemia cells. J. Biol. Chem. 275, 22461–22469.

60. Pullar, J. M., Winterbourn, C. C., and Vissers, M. C. M. (1999) Loss of GSH
and thiol enzymes in endothelial cells exposed to sublethal concentrations
of hypochlorou s acid. Am. J. Physiol. 277, H1505–1512.

61. Vissers, M. C. M., and Winterbourn, C. C. (1995) Oxidation of intracellular
glutathione after exposure of red cells to hypochlorou s acid. Biochem. J.
307, 57–62.

62. Carr, A. C., and Winterbourn, C. C. (1997) Oxidation of neutrophil glu-
tathione and protein thiols by myeloperoxidase-derive d hypochlorous acid.
Biochem. J. 327, 275–281.

63. Weiss, S. J. (1989) Tissue destruction by neutrophils. N. Engl. J. Med. 320,
365–376.

64. Winterbourn, C. C., andBrennan, S. O. (1997)Characterisationof theoxida-
tion products of the reaction between reduced glutathione and hypochlorous
acid. Biochem. J. 326, 87–92.

65. Polgar, L. (1975) Ion-pair formation as a source of enhanced reactivity of
the essential thiol group of D-glyceraldehyde-3-phosphat e dehydrogenase .
Eur. J. Biochem. 51, 63–71.

66. McKenzie, S. J., Baker, M. S., Buf� ngton, G. D., and Doe, W. F. (1996)
Evidence of oxidant-induced injury to epithelial cells during in� ammatory
bowel disease. J. Clin. Invest. 98, 136–141.

67. Fliss, H. (1988) Oxidation of proteins in rat heart and lungs by polymor-
phonuclear leukocyte oxidants. Mol. Cell Biochem. 84, 177–188.

68. Eley, D. W., Korecky, B., and Fliss, H. (1989) Dithiothreitol restores con-
tractile function to oxidant-injured cardiac muscle. Am. J. Physiol. 257,
H1321–H1325.

69. Eley, D. W., Eley, J. M., Korecky, B., and Fliss, H. (1991) Impairment of
cardiac contractility and sarcoplasmic reticulum Ca2C ATPase activity by
hypochlorou s acid: Reversal by dithiothreitol. Can. J. Physiol. Pharmacol.
69, 1677–1685.

70. Kukreja, R. C., Weaver, A. B., and Hess, M. L. (1989) Stimulated human
neutrophils damage cardiac sarcoplasmic reticulum function by generation
of oxidants. Biochim. Biophys. Acta 990, 198–205.

71. Kato, K., Shao, Q., Elimban, V., Lukas, A., and Dhalla, N. S. (1998) Mech-
anism of depression in cardiac sarcolemmal NaC-KC-ATPase by hypochlo-
rous acid. Am. J. Physiol. 275, C826–C831.

72. Kukreja, R. C., Weaver, A. B., and Hess, M. L. (1990) Sarcolemmal NaC-
KC-ATPase: Inactivation by neutrophil-derived free radicals and oxidants.
Am. J. Physiol. 259, H1330–H1336.

73. Fliss, H., and Menard, M. (1991) Hypochlorous acid-induced mobilization
of zinc from metalloproteins. Arch. Biochem. Biophys. 287, 175–179.

74. Fliss, H., Menard, M., and Desai, M. (1991) Hypochlorous acid mobilizes
cellular zinc. Can. J. Physiol. Pharmacol. 69, 1686–1691.

75. Tatsumi, T., and Fliss, H. (1994) Hypochlorous acid mobilizes intracellular
zinc in isolated rat heart myocytes. J. Mol. Cell Cardiol. 26, 471–479.

76. Ochoa, L., Waypa, G., Mahoney, J. R. J., Rodriguez, L., and Minnear, F. L.
(1997) Contrasting effects of hypochlorous acid and hydrogen peroxide on
endothelial permeability: Prevention with cAMP drugs. Am. J. Respir. Crit.
Care Med. 156, 1247–1255.

77. Dallegri, F., Goretti, R., Ballestrero, A., Ottonello, L., and Patrone, F.
(1988) Neutrophil-induced depletion of adenosine triphosphate in target
cells: Evidence for a hypochlorou s acid-mediated process. J. Lab. Clin.
Med. 112, 765–772.

78. McKenzie, S. M., Doe, W. F., and Buf� nton, G. D. (1999) 5-Aminosalicylic
acid prevents oxidant mediated damage of glyceraldehyde-3-phosphat e de-
hydrogenase in colon epithelial cells. Gut 44, 180–185.

79. Vile, G. F., Rothwell, L. A., and Kettle, A. J. (1998) Hypochlorous acid ac-
tivates the tumor suppressor protein p53 in cultured human skin � broblasts.
Arch. Biochem. Biophys. 359, 51–56.



266 PULLAR ET AL.

80. Schoonbroodt , S., Legrand-Poels, S., Best-Belpomme, M., and Piette, J.
(1997) Activation of the NF-kB transcription factor in a T-lymphocytic cell
line by hypochlorous acid. Biochem. J. 321, 777–785.

81. Grosch, S., Fritz, G., and Kaina, B. (1998) Apurinic endonuclease (Ref-1) is

induced in mammalian cells by oxidative stress and involved in clastogenic
adaptation. Cancer Res. 58, 4410–4416.

82. Halliwell, B., and Gutteridge, J. M. C. (1999) Free Radical Biology and
Medicine. Oxford University Press, Oxford.


