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ABSTRACT
Steelhead trout (Oncorhynchus mykiss) were found to be hypocatalasemic compared with coho salmon
(Oncorhynchus kisutch) in two types of catalase mediated reactions. One uses H2O2 as both substrate
and oxidant producing oxygen gas and water. The other uses organic compounds as substrate and
requires polyunsturated fatty acids with H2O2 through hydroperoxide as oxidant. Correlations are
made between differing levels of catalase activity in the two species reported here and in their
respective susceptibility to hepatoma (liver cancer) and disease reported by other researchers. Several
chemicals including ascorbic acid and tocophrol complemented catalatic metabolism.
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INTRODUCTION
Steelhead trout (Oncorhynchus mykiss) are more susceptible to hepatoma (7), toxins (2) and viral infections
(5), than are coho salmon (Oncorhynchus kisutch) (9). However, these species are sufficiently related
genetically that a hybrid of the two species has been studied as a possible disease resistant replacement for
trout (22). This genetic relationship, but susceptibility difference suggested that the pair might be of value in
determining metabolic factors that were responsible for the variation in resistance to disease, toxins and
cancer.
Metabolism of hydrogen peroxide in blood was investigated because it is known to be involved in the
cytocidal system of macrophages and leukocytes (22,26). On the other hand excess reactive oxygen species
(ROS) including hydrogen peroxide, superoxide and the hydroxyl radical are implicated as causative factors
in cellular damage of aging (23), ischemia reperfusion injury (14) and oxidative damaging side effects of
certain drugs (13). They may also play a role in regulation of cell growth or division (1).
The results of this investigation of catalase and peroxidase in steelhead trout and coho salmon shows a
correlation of activity of these enzymes with known susceptiblity and resistance respectively to cancer and
other diseases.

METHODS
Coho salmon, Steelhead trout and Atlantic salmon (Salmo salar) used were reared at the same temperatures,
15O C, in soft water (less than 20 ppm total salts) and the former two species also in hard water (235 ppm).
Squafish (Ptychocheilus oregonensis) used were from a natural environment. Blood was let directly from the
severed tail into distilled water at 2 drops/ml immediately after killing the individual fish. The lysed sample
was mixed and centrifuged to remove the clot. An alliquote of the supernatant was used directly or diluted
further so as to equalize the optical density of the hemoglobin peak at 412 nm for different samples. Stock
solutions of fatty acids were dissolved in ethanol at 40 mg/ml. For the peroxidase and catalase test reactions,
25 Fl of fatty acid stock solution, 25 Fl solution of lysed dilute blood, and 0.27 Fmoles benzidine dye in 10 Fl
ethanol was added to 1.5 ml of 0.05 Molar potassium phosphate buffer, at pH 7.2. The reaction was started by
addition of 50 Fl of either 0.3 or 3.0 % H2O2 (4.5 or 45 Fmoles) as described in Figures 1 to 3. Peroxidase
was measured as the increase in absorbency at 610 nm in a double beam Beckman DB spectrophotometer
with a recorder. The above ingredients without H2O2 were in the reference cell. Catalase was measured as the
volume of gas evolved from a closed hypodermic syringe fitted with a three-way stopcock valve to which was
attached a calibrated one mm i.d. plastic tube filled with a colored marker solution. Catalase was also
measured by its catalysis of PUFA dependant irreversable oxidation of benzidine to a yellow-brown product.

Pure free fatty acids and their esters were obtained from sigma Chemical Co., St. Louis, MO. Electrophoresis
was done in starch gell buffered at pH 7.2 under 100 v. 40 mAmp. for three hours.
RESULTS
1. Distinguishing Features Between Peroxidase and Catalase as Hydroperoxidases.
Catalase exhibits two types of enzymatic activity. One is the disproportionation of H2O2 where it is both
electron donor and acceptor to form O2 and H2O. This reaction predominates increasingly with higher
concentrations of H2O2. In the second type the electron donor is an organic compound while H2O2 is solely
an electron acceptor or oxidant (28). Although the second type of reaction may utilize the same substrate as
peroxidase, catalase produces a higher redox potential and can produce different end products. This reaction
is observed at low H2O2 concentrations and is facilitated if not absolutely dependant upon polyunsaturated
fatty acids (PUFA) or PUFA-hydroperoxides as described below in this section. Peroxidase does not required
the presence of a hydroperoxide. Two other important differences between this catalase mediated oxidation of
organic compounds described below and peroxidase is that the latter enzyme has lower oxidation potential
and the oxidation mediated by it is reversible for many substrates as in the case with benzidine. Catalase
however as reported herein produced a higher oxidation potential and its oxidation of benzidine was
irreversible. Consequently the two enzymes produce different end products.
Peroxidase mediates the oxidation of benzidine by hydrogen peroxide to an unstable blue complex called
benzidine blue. The complex is thought to consist of one molecule of the unreacted di-amine and one
molecule of the di-imine (30,25). Polyunsaturated fatty acids (PUFA) facilitate but are not required for the
conversion. The reaction is reversed by reducing compounds. Catalase with PUFA mediates the oxidation of
benzidine by hydrogen peroxide to a yellow-brown product which cannot be reversed by reducing compounds
nor is benzidine blue an essential intermediate. However the catalase mediated oxidation of benzidine was not
observed to occur when PUFA was absent. In a mixed enzyme system with both catalase and peroxidase
acting on benzidine all of blue, yellow and brown products are formed. When the oxidation was allowed to
continue for some time all color dissapeared. Due to the simultaneous rapid formation and destruction of
brownish products of varying absorption maximum in wavelength by catalase, the instrumental quantitation
of individual products was impratical for the scope of this paper.
In the absence of any enzyme, titrating benzidine in the presence of permanganate and PUFA while measuring
the permanganate equivalents converted to the manganous ion, showed that the blue product formed was the
result of one electron oxidation. The high oxidation potential of the half reaction, [ MnO4- + 8H+ + 5e- =
Mn+2 + 4H2O ], made it difficult to stop at a one electron oxidation unless PUFA was present. Permanganate
and PUFA could be replaced by ferricyanide to stabilize the blue one-electron oxidation product. When more
equivalents of permanganate than dye were added in the presence of PUFA, benzidine was irreversibly
oxidized to yellow-brown and then decolorized. The blue intermediate in a low redox media reverts back to
colorless benzidine and can be converted back and forth between blue and colorless. When the dye was
oxidized beyond the blue to the brownish product however, the reactions were not reversible. By the
combination of the above results with those of horse radish proxidase and of bovine liver catalyse described
below the color of the product was identified with either a one or a multiple electron oxidation and thereby
the product of either peroxidase or catalase respectively.
Horse radish peroxidase mediated the oxidation of benzidine by H2O2 to the blue compound. No indication of
a brownish benzidine product could be found either with or without linoleic acid present. This was evidence
that peroxidase caused one electron oxidation.

Bovine liver catalase in the presence of linoleic acid mediated oxidation of the dye by H2O2 irreversibly to a
yellow-brown product with no indication of a blue intermediate. This was evidence that catalase produced a
multiple electron oxidation with a greater oxidation potential than peroxidase.
At low H2O2 concentrations catalase is known to function as a special type of peroxidase in that there is
oxidation of organic substrates as with true peroxidase (28). When the H2O2 concentration was increased in
the current study so did catalase mediated disproportionation of H2O2 into water and oxygen thus
demonsrating its better known reaction.
The involvement of PUFA was found to be through the fatty acid hydroperoxide since soybean lipoxidase
with PUFA could replace hydrogen peroxide in the enzymatic formation of either the blue or the brown
benzidine products by proxidase or catalase respectively.
2. Species Difference in Peroxidase Mediated Benzidine Oxidation.
When benzidine was reacted with hydrogen peroxide and PUFA in the presence of buffered lysed blood of
steelhead trout or of coho salmon a marked difference in the reaction rates and of the products formed was
observed between the two species. Figure 1 shows a typical recording in optical density change at 610 nm due
to benzidine blue formation in the reaction with the two types of blood. Click here to see Figure 1
A comparison of peroxidase activity of steelhead trout and of coho salmon blood showed that the capacity of
trout to produce benzidine blue was over four times that of coho salmon based on an equal blood
concentration in the reaction mixture. The initial addition of H2O2 denoted by an arrow to the reaction
mixture in Figure 1 demonstrated the presence of a large peroxide sink in coho blood compared with that
from trout. Upon the second addition of peroxide to the reaction mixture with coho salmon blood there was
more than a two fold increase in optical density compared with the increase after the first peroxide addition.
This suggests that over 60% of the peroxide initially added was preferentially absorbed in the coho blood
before benzidine oxidation occurred but upon the second addition, since the sink was already saturated or
partially filled then H2O2 was available for peroxidase. With trout blood the second addition of the same
amount of peroxide to the reaction mixture gave a smaller increase than did the first addition. Therefore in
trout any metabolism of H2O2 other than by true peroxidase was a small percentage of the total
hydroperoxidase activity. In other words, the affinity for H2O2 by trout blood non-peroxidase enzymes waas
low compared to the case with coho. In coho, peroxidase activity ratio to total hydroproxidase was much
lower that in trout.
Oxidation by purified (hemoglobin fee) gill microsomes from the above two species showed the same trend in
that the preparations from trout gill favored greater formation of the blue intermediate (lower catalase
activity) than did coho salmon samples. This data is not shown.
Squawfish blood gave results similar to that of trout whereas Atlantic salmon blood although not shown here
reacted very much like that of coho salmon.
3. Species Difference in Catalase Mediated Benzidine Oxidation.
It has long been known that catalase has greater affinity than peroxidase for H2O2 (28). The difference in rate
of peroxide uptake in Figure 1 could be due to a greater catalase presence and affinity for H2O2 in coho than
in trout. Further, although trout blood consistently had a higher hemoglobin concentration than coho,
decreasing the trout blood concentration to coincide with that in coho (estimated by absorbency at 412 nm)
caused an increase in the difference in the two species of their respective conversion rates of benzidine to the

blue compound compared to the reaction in non normalized blood concentrations of the two species. Also
decreasing the blood concentration in the reaction mixtures of either species increased the formation rate of
the benzidine blue as shown in Figure 2. Click here to see Figure 2
This is difficult to explain purely on the basis of the higher catalase activity in coho than trout since diluting
the mixture still leaves the catalase/peroxidase ratio the same. However greater catalase affinity for peroxide
or PUFA-hydroperoxide does explain the phenomonon in both Figures 1 and 2. That is, a decrease in the
blood concentration would decrease the "hydrogen peroxide sink" with decreased catalase presence and leave
more peroxide available to the weaker binding peroxidase in proportion to the dilution.
The end point where excess hydrogen peroxide available to peroxidase was used up was indicated when the
increase in benzidine blue formation stopped. However due to the greater affinity for H2O2 by catalase the
irreversible oxidation of benzidine and benzidine blue to the brownish products continued. This is seen in
both Figures 1 and 2 as the dissappearance of the blue intermediate. The formation rate of the yellowbrownish product although not illustrated in this report was much greater in coho than in trout blood. As
explained in section 1, horse radish peroxidase would not mimic oxidation to brown products which was
mediated by bovine liver catalase.
Figure 2 shows that at all three trout blood concentrations the initial rate of O.D. increase at 610 0m
(benzidine blue formation) was the same indicating there was a limiting substrate concentration relative to
peroxidase activity. However with coho the higher the blood concentration the lower the initial rate of O.D.
increase at 610 0m. This is an apparent consequence of a greater H2O2 sink with higher blood concentrations.
The inverse ratio of blood concentration to rate of benzidine blue formation shown in Figure 2 demonstrates
the effect of the catalase to peroxidase ratio in determining the metabolic outcome of the oxidation products.
It underscores the need for proper balance in these two enzymes if indeed not all hydroperoxidases by tissues
to accomplish desirable metabolic ends utilizing H2O2.
4. Species Difference in Catalase Dissproportionating Activity.
In addition to the higher catalase mediated oxidation of benzidine, coho was also found to posses a higher
catalase mediated gas evolution rate from H2O2 than trout as shown in Figure 3. The average initial O2
evolution rate was 28.8 Fl O2/min/ul blood from coho compared to 9.2 from steelhead. Click here to see
Figure 3
The results of other workers with different chemicals suggests that the two reactions demonstrated here, O2
generation and benzidine destruction are the result of the same catalase enzyme (28). However the same site
on a given molecule is not expected to mediate both reactions simultaneously. The catalse molecule has four
heme groups and an equilibrium will exists with benzidine and H2O2 competing for the same enzyme site to
function as a reducing substrate. Equilibrium would shift toward binding H2O2 as a substrate at high proxide
concentrations and dissproportionation activity would thereby increase. While at low peroxide concentrations
organic substrate oxidation would increase.
5. Electrophoretic Separation of Catalase and Peroxidase in the two species
As another means of evaluating species differences for catalase and peroxidase a simple agar gel
electrophosis was done of equal concentrations of coho and of Steelhead blood to separate the two enzymes.
The result illustrated by Figure 4 showed that the major hemoglobin portion of applied blood moved ahead of
the catalase activity. Click here to see Figure 4
As indicated, by runs 6, 7 and 8 steelhead had an additional faster moving hemoglobin band which was

eliminated by pretreatment with H2O2. Coho blood however did not exhibit this fast moving moity regardless
of substrate presence or absence. The data in Figures 1 & 3 although demonstrating species differences in
catalase were not able to define a peroxidase species difference. The electrophoretic pattern shown by Figure
4 did reveal an apparent difference in the hemoglobin associated peroxidase activity for the two species.
6. Co-factor Effects on Peroxidase
Realizing the differences between the several species in the above enzyme activities it was desirable to
determine whether the catalase deficiencies in trout could be reversed by any means. Two types of
physiologically active agents were investigated, hydrophyllic and hydrophobic antioxidants. For the first type
ascorbic acid was added at physiological levels to the same reaction mixture described in Figs. 1 and 2.
Figure 5-insert shows that ascorbic acid inhibition (AAI) occurs for benzidine oxidation measured at 610 0M
and that it is noncompetitive (i.e. the inhibition of activity or oxidation rate is not dependent upon substrate
concentration). Click here to see Figure 5
The control is shown in comparison where no ascorbic acid is present. The inhibition by ascorbic acid was
100% and was not proportional to the ascorbic acid added. However the duration of complete or
noncompetitive inhibition was proportional to the ascorbic acid concentration which caused 1.2 seconds
inhibition per ug ascorbic acid in the 1.5 ml reaction. After the ascorbic acid was consumed the the optical
density at 610 0m (blue intermediate) began to increase. The rate of increase (x/y) at this point was inversely
proportional to the duration of inhibition (AAI) shown in Figure 5 insert. This reflects the H2O2 decrease
caused by catalase during the AAI period. Figure 5 is a plot of the initial peroxidase activity at the end of the
AAI period for both steelhead and coho blood when differeing amounts of ascorbic acid was added. It shows
the initial rate of O.D. increase per minute at the end of the inhibition period where all ascorbic acid had been
consumed on the plot of figure 5-insert. The duration of inhibition is plotted on the horizontal axis of Figure 5
and was directly proportional to the reducing equivalents of ascorbic acid added. A comparison of the
reactions in rate of O.D. increase at the zero AAI point (no ascorbic acid added) is seen to be about 0.6 for
coho and 1.8 for steelhead or a ratio of 1/3. It is possible if not likely that the lower expression of peroxidase
in coho is due to the initial binding of H2O2 by the higher catalase in this species (shown earlier with Fig. 1).
Because there was less inhibition by ascorbic acid upon the coho than trout enzyme both species show the
same peroxidase activity at the 3 minute point in Figure 5, where 150 Fg of ascorbic acid was consumed.
After 100 Fg ascorbic acid was consumed (at 2 minutes) by the steelhead reaction it had the same peroxidase
activity as did the coho with no ascorbic acid (0 minutes). Ascorbic acid inhibition was measurable down to
about 7 Fg/ml in the reaction mixture. That is within the normal physiological level of 1 Fg/ml in serum and
200 Fg/ml in white blood cells (Wilcox & Grimes 1961; Morse et al. 1956).
Lipophilic agents were investigated and also found to affect the ratio of catalase to peroxidase activity. The
agents tested were Turgitol, dimethylsulfoxide, tocopherol and retinol. Only the results with tocopherol and
retinol are shown here. Figure 6 shows the peroxidase activity in their presence along with that of ascorbic
acid. Click here to see Figure 6
As with figures 1 and 2 this shows the results of peroxidase and the opposing effect of catalase. In contrast to
the noncompetitive inhibition caused by ascorbic acid shown in Figure 5 insert and in Figure 6 the lipophyles
inhibited peroxidase activity in proportion to their concentration at the outset of addition showing competitive
inhibiton. Regardless of the concentration of the lipophylic agent, the change in the rate of peroxidase activity
was not observed to revert to the prior rate in contrast to the case with ascorbic acid. This can be explained by
the fact that ascorbic acid was consumed through oxidation via peroxidase but the lipophylic agents were not.
A plot of the O.D. change at 610 nm for retinol, and tocopherol is shown along with that of ascorbic acid and
of the no co-factor control in Figure 6. The concentrations used for both ascorbic acid and tocopherol was in
the physiological range while that for retinoic acid used here would be toxic. Although the mechanism of
action was different for the lipophyles than for ascorbic acid it was observed that with both types of co-factors

the ratio of catalase to peroxidase activity by trout enzymes could be induced to more closely resemble that
seen with coho as was also true for the type of benzidine metabolism occurring.

DISCUSSION
The results reported here reveal a marked deficiency of catalase in steelhead trout compared to coho salmon.
This was true for both of two methods of measuring catalase activity - H2O2 disproportionation into oxygen
plus water and PUFA dependent irreversible oxidation of benzidine. The benzidine test for blood using acetic
acid, hydrogen peroxide and benzidine requires that an organic hydroperoxide be formed as the electron
acceptor. The reaction is interesting in that with acetic acid a several molar concentration is required. When a
longer chain saturated fatty acid such as stearic acid replaces acetic acid no reaction occurs. However if a long
chain polyunsaturated fatty acid (PUFA) is employed then only a micro-molar physiological concentration is
required. The potential importance of the reaction lies in the fact that a whole class of dyes which are reactive
to the test are considered to be carcinogenic and in the fact that the physiological concentration and type of
fatty acid present effects the type of reaction that the dyes undergo.
Of further importance is the fact that the ratio of catalase to peroxidase activity could be increased by
inhibition of peroxidase activity with ascorbic acid or with several lipophylic agents. The increase in apparent
catalase activity could be due both to enhancement of catalase and inhibition of peroxidase. However the
inhibitory effect upon peroxidase was the only action studied and reported here.
This report highlights the significance of coho having three fold greater catalase activity than trout as possibly
being related to complete resistance to aflatoxin induced hepatoma with the former species in reports by other
workers while the latter is highly susceptible. In rainbow trout 96% of animals given 20 ppb dietary aflatoxin
B1 for 20 months developed hepatoma but coho salmon given the same treatment had no tumors (7,9).
Although not shown here atlantic salmon showed similar catalase activity as coho and is also apparently
aflatoxin resistant. There have been other reports of reduced catalase activity in tissues of cancerous animals
(11,19). The PUFA dependedent effect of catalase reported here is a reflection of the work of Canellakis and
co-workers (4). Using uric acid as substrate, they reported that catalase plus ethyl hydroperoxide represented
a much stronger oxidase system than any of the other enzyme system studied but that H2O2 as such and
catalase were unreactive toward uric acid oxidation. A review of the work establishing a peroxidative role for
catalase has been published (17). Hydrogen peroxide has been shown to be a part of an animal's defense
mechanism against bacteria (24,15), virus (3), fungi (16) and murine tumors (31). There is evidence that
H2O2 is part of the phagocytic activity of leukocytes and that its synthesis is localized in these cells (12).
Reduced hydrogen peroxide synthesis was reported in hepatomas and ascites cells (6). The present and others
reports suggests that tumor susceptibility upon external challenge to animals may be associated with a
deficiency or upset balance of a matrix of factors including peroxide metabolizing enzymes, PUFA
concentration, both vitamin and mineral co-factors affecting hydroperoxidases and availability of H2O2.
Consistent with the above concept are the results reported here demonstrating that physiological levels of
ascorbic acid and lipophilic antioxidants increased the catalase to peroxidase ratio. These data may explain
one reason why coho salmon have a lower requirement than trout for vitamin C (8) and are less susceptible to
certain toxins and viral infections (2,22,29). Lipophilic antioxidants have also been observed to inhibit
dimethyl-benz-anthracene induced carcinogenesis in rats (10).
Others workers have shown measurable metabolic changes by increasing catalase activity. This was most
effective when combined with other antioxidant enzymes. Transgenic D. malanogaster have been produced
with increased superoxide dismutase (SOD) and catalase which increased their lifespan and activity by 30%
(23). Transgenic mice with increased catalase and SOD had increased protection against reactive oxygen

species but when only SOD was increased there was less protection (1). An SOD-catalase conjugate given by
perfusion protected mice from reperfusion injury of the heart where SOD alone gave no benefit (18). In a like
manner a perfusion media supplemented with a mixture of the catalase and SOD as separate enzymes showed
reduced injury against reperfusion injury of the heart (14). Transgenic mice having 60 to 100 fold increased
catalase were protected against oxidative damage by doxorubicin or free radicals generated thereby (13).
However further increase of catalse lost the benefit. Again these studies suggest that the ratio of various
hydroperoxidases is critical. Murine L cells enriched for catalase had increased cytotoxic sensitivity to several
compounds that promote H2O2 production. That work suggests that H2O2 is was not the sole or sufficient
vector of toxicity generated by their test compounds (27).
Summary
The data presented here demonstrate that Coho salmon blood and tissue compared to steelhead trout have a
much higher activity for catalase mediated oxygen evolution and also for a PUFA dependent, irreversible
oxidation and destruction of benzidine in the presence of an alkyl hydroperoxide.
! The correlation of catalase deficiency with hepatoma and disease susceptiblity would support
the concept that a defined ratio of catalase to other antioxidant enzymes may be a deciding factor
in establishing resistance to cancer and other diseases. More work needs to be done to determine
how widespread this correlation is.
! The involvement for cis-polyunsaturated fatty acids in expediting catalase mediated irreversible
oxidation of an organic substrate underlines the role of essential fatty acids and conceivably the
ratio of cis- to trans- or to saturated fatty acids in disease and cancer resistance.
! The inhibitory action on peroxidase by ascorbic acid, retinoic acid and tocopherol wherby
catalase is enhanced especially in a hypocatalasemic species or individual raises the importance
these co-factors may have in maintaining resistance to cancer and other diseases.
! Since H2O2 is essential in the catalatic destruction of toxins, carcinogens or malignant cells it
follows that metabolic substrates, enzymes and co-factors which form peroxide would play a role
in disease resistance.
! It is likely that all of the above are factors within a matrix of variables which must be properly
balanced or regulated to provide the optimum resistance to cancer and disease. Definitions of
possible methods to control all these variables as well as where the proper balance lies will be
essential for success in understanding and preventing cancer and other recalcitrant diseases.
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