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A mixture of hydrogen peroxide and ascorbic acid has been found to generate an
antibacterial mechanism which is active against gram-negative bacteria. It results in
bacterial death and renders the organism sensitive to lysis by lysozyme. Under the
conditions used, horseradish peroxidase did not augment the antibacterial effect.
It is suggested that the effector mechanism involves the generation of short-lived free
radicals which disturb the integrity of the cell wall. This effect alone might kill bacteria by interfering with selective permeability, but in the presence of lysozyme a
further bactericidal activity is accomplished by complete disruption of the cell. It is
proposed that a transient antibacterial system such as that described could exist
within phagocytic cells. Free radicals would be formed through the interaction of
certain oxidizable substances and hydrogen peroxide, which is produced during the
enhanced metabolic activity that accompanies ingestion of bacteria. Such a system
would help to explain why macrophages, which are apparently devoid of preformed
bactericidins, are nonetheless very efficient in killing most phagocytosed bacteria.

Elie Metchnikoff, a pioneer in the field of im- posed almost exclusively of the peptidoglycan,
munology, was the first to emphasize the impor- this organism is exquisitely sensitive to lysis by
tance of phagocytes in the host-parasite relation- lysozyme. In the case of gram-negative bacteria,
ship. He demonstrated that after the ingestion of however, the surface layers, containing lipopolya living microorganism by phagocytic cells a saccharides, proteins, and lipids, so obscure the
digestive and destructive action accomplished substrate as to make it inaccessible to the enzyme
the complete dissolution of the microbe (11). and, therefore, resistant to lysis. It is known,
He was not able to characterize the digestive however, that in some circumstances gramferment acting on the microbes or even to deter- negative bacteria may be rendered sensitive to
mine whether enzymic attack was the process lysozyme. Thus, under extreme conditions of
responsible for their death.
H-ion concentration, such as pH 3.5 (32) or 9.0
Cohn, in his studies on bacterial inactivation (34), or in conjunction with the chelating comwithin macrophages, demonstrated that death pound ethylenediaminetetraacetate (29), lysopreceded digestion. He also noted that lysozyme- zyme exerts a lytic effect on gram-negative bacsensitive bacteria were degraded more readily in teria. These, however, are artificial conditions
both polymorphonuclear leukocytes and macro- which are unlikely to be employed by phagocytes
phages (3). Lysozyme is the bacteriolytic enzyme in their attack on bacteria. A more natural bacshown by Fleming in 1922 (10) to lyse suspen- teriolytic system, consisting of specific antiserum,
sions of certain bacterial species. Its lytic action complement, and lysozyme, was shown to deis brought about by the enzymatic hydrolysis of grade lysozyme-resistant gram-negative bacteria
the 3-1,4-glycosidic linkages in the peptidogly- (1, 23). However, destruction of bacteria within
cans which are responsible for the rigidity of the phagocytes can occur in the absence of a classical
bacterial cell (14, 32). This substrate is known to antibody molecule (2, 19).
exist in the cell walls of both gram-positive and
From this brief review, it is obvious that a
gram-negative bacteria, but not always in an need exists for a better understanding of the
accessible location. Since the cell wall of the mechanisms which would explain the degradation
gram-positive Micrococcus lysodeiktilcus is com- of bacteria within phagocytic cells (3). One
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approach to this problem is to create a lytic system in vitro which makes use of conditions and
substances that are known to exist in phagocytic
cells. The system would have to be capable of
acting on surface layers of gram-negative bacteria so as to uncover the substrate of lysozyme.
For this purpose, hydrogen peroxide and ascorbic
acid were selected for study because they have
been shown to exert a degradative effect on
lipids, carbohydrates, and proteins (12, 15, 22,
24, 37); moreover, they are known to be present
in leukocytes (13, 27, 28, 36).
As stated earlier, it is known that degradation
of bacteria within phagocytic cells follows the
bactericidal event (3). It was of interest, therefore, to investigate whether the act of uncovering the lysozyme substrate of these gram-negative bacteria was in itself bactericidal. The antibacterial activity of hydrogen peroxide as a
topical antiseptic has been recognized for decades
(7). Also, the in vitro bactericidal activity of
hydrogen peroxide in conjunction with ascorbic
acid has been reported (8, 9). Recently, hydrogen
peroxide has been implicated in the killing of bacteria inside phagocytic cells (13, 16, 21). According to a current hypothesis, the synthesis of
hydrogen peroxide is coupled with the oxidation
of reduced nicotinamide adenine dinucleotide
phosphate produced through the hexose monophosphate shunt (30), a metabolic event which
is augmented after the ingestion of bacteria by
the cell (20). However, the exact mechanism of
bacterial inactivation in all the above cases is far
from clear.
This paper demonstrates that a mixture of
hydrogen peroxide and ascorbic acid generates
an antibacterial mechanism which appears to
depend upon free radical formation. It results in
bacterial death and renders the organism sensitive to lysis by lysozyme.

J. BACTERIOL.

dase (HOPD grade) and lysozyme (Lys) were obtained
from Worthington Biochemical Corp., Freehold, N.J.
Sodium thiosulfate was obtained from J. T. Baker Co.,
Phillipsburg, N.J.
The gram-negative organisms employed in this
study were Salmonella pullorum, S. enteritidis, and an
untyped Escherichia coli from a human isolate. They
were grown in Trypticase soy broth (BBL). Organisms
in the log phase of growth were washed and suspended
in the buffer to be employed for the experiment at a
concentration which gave the desired OD at 540 nm
when added to the reaction mixtures.

RESULTS
Lytic effect of H202, ascorbic acid, and lysozyme. In the following experiments, the reaction
mixtures contained combinations of acetate
(pH 5.0) or phosphate buffers (pH 6.2 or 7.0) at
50 to 100 ,umoles/ml: S. pullorum, 2 X 108 to
6 X 108/ml; H202, 1.0 to 10.0 ,umoles/ml; ascorbic acid (AA), 0.1 ,umole/ml; and Lys and horseradish peroxidase (HRP), both at 10 ,ug/ml. The
various mixtures were incubated at 37 C for 60
min. OD at 540 nm was measured after 0, 30
and 60 min.
The results of Fig. 1 reveal that little or no
change occurred in OD in any of the control
mixtures. In contrast, the combination of H202,
AA, and Lys showed a significant decrease in
OD indicative of lysis. The inability of HRP to
enhance this effect was unexpected, since it is
known to catalyze the reaction between H202
and AA (40). The same lytic phenomenon was
also found with S. enteritidis and E. coli.
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MATERIALS AND METHODS
Determination of lytic activity. The components 00.3

0

used in the system were added to Bausch and Lomb
Spectronic-20 colorimeter tubes. They were incubated
0.21
at 37 C and, at intervals, the optical densities (OD)
were measured at 540 nm.
Determination of bactericidal activity. The components used in this system were added to Falcon plastic
tubes containing bacteria at a final concentration of
108 to 109/ml. The mixtures were incubated for 30
min at 37 C. They were then diluted in Hanks' bal15
30
45
60
anced salt solution and were plated on Trypticase
Minutes
soy-agar plates.
FIG. 1. Changes in OD of a suspension of S. pulloMaterials. The hydrogen peroxide used was a 30%
(v/v) solution of s. p. grade Superoxol from Merck & rum incubated at 37 C in the presence of buffer control
Co., Inc., Rahway, N.J. L-Ascorbic acid was obtained (+); Lys and AA (0); H202 and Lys (A); H202 and
from Eastman Organic Chemicals, Rochester, New AA (O); H202, AA, Lys, and HRP (a); H202, AA,
York, and from Merck and Co. Horseradish peroxi- and Lys (A).
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Effect of pH on the lytic activity of H202, AA, those used in the previous experiments. The mixand Lys. In the foregoing experiment, lysis of tures were incubated for 30 min, centrifuged to
bacteria occurred at pH 6.2. However, the H-ion remove reagents, and resuspended in buffer conconcentration within phagocytes might be ex- taining Lys at 10 Ag/ml. A normal reaction mixpected to range between neutrality and the acidic ture was also prepared at this time; it contained
pH which develops within digestive vacuoles. bacteria, Lys, H202, and AA. The reaction mixAccordingly, the lytic activity of H202, AA, and tures were then reincubated for 60 min at 37 C.
Lys were compared at pH 5.0, 6.2, and 7.0. OD was read at intervals of 15 min.
Since the previous experiment had suggested a
The results in Fig. 3 show that bacterial cells
slight decrease in OD with H202 and AA, this were modified by pretreatment with H202 and
mixture was also tested at the same H-ion con- AA. Upon resuspension, they were found to have
centrations (Fig. 2).
been rendered susceptible to the enzymic action
At pH 5.0, no lytic activity was observed in of Lys. H202 alone did not sensitize the cells in
the H202 + AA + Lys mixture. In contrast, this way.
lysis was virtually complete within 15 min at pH
It will be noted that OD at zero-time were not
7.0; whereas at the intermediate pH, progressive uniform. This was due to a dilution effect in
lysis occurred over the entire period of incuba- tubes from which AA had been omitted, but in
tion.
those containing H202 and AA it was due to the
In the absence of Lys, H202 + AA produced rapidity with which lysis occurred after the addia small but maximal change in OD at pH 7.0. tion of Lys.
From this data, it was not readily apparent
Relationship between bacteriolytic and bacwhether this decreased OD indicated partial tericidal activities at neutral and acid pH. The
lysis or a change in the shape of the bacterial results in Table 1 demonstrate that a powerful
cells. The latter might be expected if the surface bactericidal effect is generated in a mixture concomponents of the cell are modified under the sisting of H202, AA, and Lys. It was much greater
influence of H202 + AA, so that Lys-substrate at pH 7.0 than at pH 5.0, and it was impaired,
becomes exposed. This possibility was examined rather than enhanced, by the addition of HRP,
in the following experiment.
as was noted previously in bacteriolysis. For this
Uncovering the lysozyme substrate with H202 reason, HRP was omitted from all subsequent
and AA. Reaction mixtures were set up containing bacteria and H202 or bacteria, H202, and
0.7 a
AA. The concentration of each was identical to
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FIG. 2. Effect of pH on the lysis ofS. pullorum incubated at 37 C in the presence of: H202 and AA (solid
lines); H202, AA, and Lys (broken lines).

FIG. 3. Sensitization of S. pullorum by H202 and
AA to Lys activity. Solid lines indicate bacteria pretreated with the following reagents for 30 min at 37 C:
Hv02 alone (IA); H202 and AA (O). Cells were then
resuspended in buffer containing Lys. A control lytic
tube (0) contained H202, AA, and Lys added at zerotime.
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experiments. With one exception, the data of
Table 1 show that control mixtures were bactericidally inert. The control which showed
activity contained HRP, AA, and H202. It, too,
was more effective at pH 7.0. Since HRP did not
augment either the bacteriolytic or bactericidal
(Table 1) activities of Lys + AA + H202, it was
of interest to study bacterial survival in the presence of AA and H202, even though this combination was shown to be devoid of bacteriolytic activity.
The data in Table 2 indicate that the combination of H202 and AA results in a powerful antibacterial system which is further accentuated by
the addition of Lys, especially at pH 7.0. Figure
4 shows that a positive correlation exists between
H-ion concentration and the bactericidal or bacteriolytic activities of the complete reaction mixture. At the higher pH, both lytic and cidal
activities were more intense. It seemed inconsistent, however, that no bacteriolysis occurred
at a pH 5.0, despite the presence of a marked
bactericidal effect. If the "uncovering" of the
lysozyme substrate is involved in the bactericidal
event, the absence of a lytic effect at pH 5.0
could perhaps be explained in terms of the pH
optimum for Lys. The following experiment was
performed in an attempt to clarify this point.
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FIG. 4. Effect of pH on bactericidal (hatched bars)
and bacteriolytic (open bars) activities of mixtures containinlg H202, AA, and Lys at concentrations indicated
in the text. Thle control tubes contained the bacteria in

buffer alone. Incubation was at 37 Cfor 30 min.

Three different reaction mixtures were prepared. Tubes 1 and 2 contained bacteria in acetate buffer at pH 5.0; tube 3 contained H202 and
AA at the same pH. All tubes were incubated for
bacteria were then removed
TABLE 1. Bactericidal activity of H202, AA, and 30 min at 37 C. The
by centrifugation and resuspended at pH 7.0 as
Lys at acidic and neutral pH values
follows: tube 1 received Lys as a control; tube 2
No. of viable salmonellae
received
H202, AA, and Lys; and tube 3 received
per milliliter at
Lys alone. All tubes were then reincubated at
Reagent'
37 C for an additional 30 min. OD at 540 nm
pH 7.0
pH 5.0
was measured at 0, 15, and 30 min. All reagent
concentrations were those used previously.
None ................... 5.5 X 10' 4.5 X 10'
The results in Fig. 5 demonstrate that sensitiHRP + Lys + AA ...5.1 X 108 4.6 X 108
HRP + Lys + H202
,O.. 2.1 X 10' 4.4 X 10' zation of bacteria occurred at pH 5.0 in the presHRP + AA+ H202... 5.6 X 107 3.2 X 104 ence of H202 and AA, but owing to the inactivity
of Lys at this pH, bacteriolysis was absent. This
HRP + Lys + AA +
H202 ............. 1.1 X 107 2.2 X 104 is evidenced by the fact that the sensitized bacLys + AA + H202 ...... 2.4 X 105 9.0 X 102 teria underwent immediate lysis when resuspended in buffer containing Lys at pH 7.0.
a Concentrations were as stated in text; incuThe foregoing experiments suggest a common
bations were at 37 C for 30 min.
basis for the bacteriolytic and bactericidal
effects produced by H202, AA, and Lys insofar
TABLE 2. Enihancinig effect of Lys on the bactericidal as
the act of bacterial sensitization to Lys is
activity of H202 and AA
identical in both.
Nature of the products responsible for bacterial
No. of salmonellae per
milliliter at
death or sensitization to lysozyme. The results to
______________
Reagent0
this point have demonstrated that bacterial lysis
pH 7.0
pH 5.0
occurs when the interaction of H202 and AA has
rendered
the cell sensitive to Lys. However, they
None ................. 2.8 X 108 3.2 X 108
not indicate the nature of the products reH202 + AA ........... 9.6 X 104 1.3 X 104 do
this sensitization. The following
H202 + AA + Lys 3.9 X 104 3.0 X 102 sponsible forwere
performed in an attempt to
experiments
a Incubation was at 37 C for 30 min.
resolve this question.
....
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directly demonstrated by electron paramagnetic
resonance spectroscopy (40), proof of their
involvement in reactions described in this study
requires a more indirect approach. For example,
one criterion of a reaction which depends upon
free radical formation is its inhibition by radical
trapping agents (35). Sodium thiosulfate, which
has been used as a free radical scavenger (37),
was therefore included in the mixture of H202,
AA, and Lys at a concentration of 0.2 Amoles/ml.
The results in Table 4 indicate that bactericidal
activity was completely inhibited by sodium
thiosulphate, presumably by the trapping of free
radicals before they could act upon the bacterial
surface.

A

DISCUSSION
These studies suggest that the oxidation of
15
-30
0
acid by hydrogen peroxide gives rise to
ascorbic
Minu tes
a very potent antibacterial mechanism which is
FIG. 5. Salmonellae sensitized by H202 and AA at mediated by free radicals. This is manifested by
pH 5 to enizymatic lysis by Lys at pH 7. Pretreatment bacterial death or by bacteriolysis in the presence
period was for 30 min at 37 C. The experimental condi- of lysozyme.
lions were pretreatment of bacteria in buffer at pH 5,
It is known that free radicals are quite nonfollowed by Lys in buffer at pH 7 (0); buffer at pH 5, specific in their attack (18, 31). In this case, it is
followed by H202, AA, and Lys at pH 7 (A); H202 assumed that they modify the outermost layer of
and AA at pH5, followed by Lys at pH 7 (0).
the bacterial cell, allowing lysozyme to reach its
substrate. It is consistent with this view that
A reaction mixture containing H202 and AA n-butyl alcohol, a lipophilic solvent, also renders
would be expected to produce end products of gram-negative bacteria susceptible to lysozyme
water and the oxidized form of AA, dehydroascorbic acid. Therefore, a test was made to
TABLE 3. Lack of bactericidal activity upon
determine whether dehydroascorbic acid at the
preincubation of reagents before addition
equivalent molar concentration would serve to
of bacteria
sensitize bacteria to the lytic action of Lys. It was
completely inactive in this respect, suggesting the
No. of viable salmonellae
Reagent5
Reagenta
~~~~~permilliliter
involvement of some other product of the reaction between H202 and AA. The preincubation of None
4.7 X 108
........................
H202-AA-Lys, before the addition of bacteria, Lys
5.3 X 108
AA
...................
+
would be expected to reveal the presence of this Lys + H202 .................
4.5 X 108
sensitizing substance if it were stable. However, AA+ H202 ...........
6.6 X 108
the bacteria were shown not to be sensitized Lys + AA + H202 .......
5.7 X 108
under these conditions. The same results were
a Reagent mixtures without bacteria were inobtained when Lys and bacteria were added to a
for 30 min at 37 C. The salmonellae were
cubated
preincubation mixture of H202 + AA. Likewise,
the data in Table 3 demonstrate that the pre- then added and incubated for 30 min at 37 C.
incubated mixture of H202, AA, and Lys were
devoid of bactericidal activity. The aforemen- TABLE 4. Inhibition of H202-AA-Lys bactericidal
system with a free radical scavenger (ST)a
tioned experiments strongly suggested the involvement of some unstable intermediary prodNo. of viable
1

uct of the interaction between H202 + AA. It

Reagents

has been shown by Yamazaki et al. (40) that
unstable free radicals are generated in mixtures
of AA and H202. The possible involvement of
free radicals in the sensitization process was
investigated in the following experiment.
Inhibition of the bactericidal system by a free
radical scavenger. Although free radicals can be

H202 + AA + Lys + ST ........
H202 + AA + Lys ..............

None .........................
a ST
b

= sodium thiosulfate.
Incubation was 37 C for 30 min.

salmonellae per
milliliter

4.4 X 108
5.3 X 108
5.5 X 102
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(25, 26). It is possible, therefore, that free radicals produce a breach in the cell wall, with resulting loss in selective permeability and consequent
death. The electron microscope may be able to
reveal the physical changes which occur in cells
exposed to H202 and AA, and an internal radioactive label, such as 32p, may be useful in detecting a permeability defect. These techniques have
been used to great advantage in analyzing the
immune bacteriolytic system (1, 23) by Spitznagel and Wilson (33, 39).
Although the bactericidal activity of hydrogen
peroxide and ascorbic acid has been reported by
earlier workers (8, 9), it was necessary to reexamine this action to relate it to the bacteriolytic effect described in this paper. There is,
moreover, an apparent discrepancy between these
observations and those reported recently by
other workers (16, 17, 20, 21), who have shown
optimal bactericidal activity of H202 and myeloperoxidase at acidic reactions, whereas in the
presence of lysozyme, optimal bacteriolytic and
bactericidal activities were found at neutral pH
in this study. This conflict was partially resolved
by the finding that sensitization, but not bacteriolysis, occurred at pH 5.0. This was unexpected, since lysozyme is said to be active from
pH 3.5 to pH 10.0 (26). However, Fleming (10)
and Thompson (38) have reported optimal lysozyme activity at neutral pH. It is possible, therefore, that the more vigorous bactericidal activity
of the hydrogen peroxide-myeloperoxidase system
at low H-ion concentrations (16, 21) may be
accounted for by the pH optimum of this enzyme
rather than that of lysozyme.
As stated earlier, the primary purpose of these
studies was to provide an in vitro model that
would explain the digestion of gram-negative
bacteria inside phagocytes (3). In the model
studied, bacterial inactivation consisted of two
steps. The organism was first rendered sensitive
to lysozyme by H202 and AA; the second step
involved bacteriolysis in the presence of Lys. Of
great interest was the observation that the sensitization step was accompanied by bacterial
death. Thus, death preceded digestion in the
system, a sequence of events which is consistent
with Cohn's conclusions regarding bacterial
inactivation within phagocytes (3). Cohn also
demonstrated that lysozyme-sensitive bacteria
were degraded more readily in both polymorphonuclear leukocytes (PMN) and macrophages.
But, unlike the PMN, not all mononuclear phagocytes contain lysozyme (4, 5), nor have they been
shown to contain any of the other well-characterized antibacterial substances (6). Presumably,
they also lack peroxidase (4), the catalyst of an
antibacterial system involving H202 (16, 17, 21).

Nonetheless, both types of phagocytes are capable of killing a broad spectrum of ingested
bacteria (2, 3, 19). Since bacterial death was
shown to occur in the present studies in the absence of Lys or peroxidase, a similar process of
bacterial inactivation could occur in macrophages
even if both of these enzymes are lacking. This
does not preclude the possibility that the same
mechanism also operates in granulocytes which
do contain Lys and peroxidase. It could be argued
that phagocytosis of the bacterium results in the
synthesis of excess H202 as a result of the enhanced metabolic activity which is known to
accompany particle uptake (28, 30). In the presence of AA or any other oxidizable substance
which can liberate free radicals, the integrity of
the bacterial cell wall would be lost. This alone
might account for the intracellular death of a
majority of organisms. The additional influence of
enzymic attack on substrates exposed in a disorganized cell wall could serve to increase the
vulnerability of the remainder.
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