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Abstract

We evaluated various biochemical parameters in influenza
virus-infected mice and focused on adenosine catabolism in the
supernatant of bronchoalveolar lavage fluid (s-BALF), lung
tissue, and serum (plasma). The activities of adenosine deami-
nase (ADA) and xanthine oxidase (XO), which generates O2
were elevated in the s-BALF, lung tissue homogenate, and
serum (plasma). The elevations were most remarkable in
s-BALF and in lung tissue: We found a 170-fold increase in
ADA activity and a 400-fold increase in XO activity as mea-
sured per volume of alveolar lavage fluid. The ratio of activity
of XO to activity of xanthine dehydrogenase in s-BALF in-
creased from 0.15±0.05 (control; no infection) to 1.06±0.13 on
day 6 after viral infection. Increased levels of various adenosine
catabolites (i.e., inosine, hypoxanthine, xanthine, and uric
acid) in serum and s-BALF were confirmed. We also identified
02 generation from XO in s-BALF obtained on days 6 and 8
after infection, and the generation of°2 was enhanced remark-
ably in the presence of adenosine. Lastly, treatment with allo-
purinol (an inhibitor of XO) and with chemically modified
superoxide dismutase (a scavenger of O°) improved the survival
rate of influenza virus-infected mice. These results indicate that
generation of oxygen-free radicals by XO, coupled with catabo-
lic supply of hypoxanthine from adenosine catabolism, is a
pathogenic principle in influenza virus infection in mice and that
a therapeutic approach by elhimination of oxygen radicals thus
seems possible. (J. Clin. Invest. 1990.85:739-745.) viral patho-
genesis - free radicals * xanthine oxidase * SOD

Introduction

Certain evidence suggests that the lethal effect of influenza
virus infection in mice is determined by immunopathological
consequences of the host rather than the direct cytopathic ef-
fect of viral replication ( 1-3). There is no report, except for our
recent preliminary one (4), on the molecular mechanism of
pathological damage in the lung of influenza virus-infected
hosts. On the other hand, many workers in the field of inflam-
mation have expressed a growing awareness in recent years of

Parts of this work were presented at the International Conference on
Medical, Biochemical, and Chemical Aspects of Free Radicals, 9-13
April, 1988, in Kyoto, Japan.

Address reprint requests to Dr. H. Maeda, Department ofMicrobi-
ology, Kumamoto University School of Medicine, Kumamoto 860
Japan.

Receivedfor publication 11 July 1989.

oxygen-derived free radicals as a cause of tissue injuries. Par-
ticular attention has been focused on the pivotal deleterious
effect of free radicals in the pathogenesis of adult respiratory
distress syndrome (ARDS)' (5, 6), pulmonary emphysema (7),
hyperoxic pulmonary injuries (8), and other inflammatory
diseases (9, 10).

Many recent reports implicate oxygen-free radicals as a

mediator of ischemia-reperfusion injury, in which xanthine
oxidase (XO), which generates toxic O2 as a metabolite, could
be responsible for tissue injuries in biological systems (1 1, 12).
In this pathological system, enhancement ofcellular adenosine
catabolism (after ATP degradation) yields high levels of hypo-
xanthine and xanthine, resulting coincidentally in effective
supply ofa substrate for XO. On the other hand, conversion of
xanthine dehydrogenase (XD) to XO is also accelerated. Thus,
these two simultaneous processes seem to accelerate the gener-
ation of free radical and remarkably elevated production ofO2
becomes possible (Fig. 1) (1 1). Furthermore, there is now evi-
dence that the level ofXO in plasma is elevated in ARDS (13)
and that XO mediates lung injury by neutrophil-elastase and
hyperoxia (14).

These suggestive data prompted us to hypothesize that XO
causes O2 generation, which could produce highly toxic - OH
(15, 16) in the pathogenesis ofinfluenza virus infection (4). We
therefore investigated the pathogenic role of O° induced by a
cascade of adenosine catabolism in influenza virus-infected
mice. The present results show that °2 is generated because of
an elevated level of both XO and its substrate, as a result of
increased levels ofadenosine catabolites such as hypoxanthine
and xanthine. Further, we show that removal ofO2 from the
system has therapeutic consequences in this viral infection.
This is the first detailed report of the pathogenic role ofXO in
influenza virus infection in animals.

Methods

Animals. SPF grade male ddY mice, 5-6 wk old, were obtained from
Japan SLC (Shizuoka, Japan).

Substances. Bovine Cu, Zn SOD, pterine(2-amino-4-hydroxypteri-
dine), and ferricytochrome c were purchased from Sigma Chemical
Co., St. Louis, MO. Divinyl ether-maleic acid copolymer (pyran copol-
ymer) was a gift from Dr. T. Hirano, Institute of Textile and Polymer,
Tsukuba, Japan. SOD and pyran copolymer anhydride were reacted in
an aqueous milieu to yield a conjugate (pyran-SOD), as described
previously (17). Isoxanthopterin(2-amino-4,7-pteridinediol) and allo-
purinol (4-hydroxypyrazolo[3,4-dlpyrimidine) were purchased from
Aldrich Chemical Co., Milwaukee, WI. Leupeptin was a kind gift from

1. Abbreviations used in this paper: ADA, adenosine deaminase;
ARDS, adult respiratory distress syndrome; BALF, bronchoalveolar
lavage fluid; LD, lethal dose; pyran-SOD, pyran polymer-conjugated
SOD; s-BALF, supernatant of BALF; XD, xanthine dehydrogenase;
XO, xanthine oxidase.
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cell and tissue injury

Figure 1. Adenosine catabolism and generation of oxygen-free radicals in influenza virus-infected lung. XO, which is the final enzyme in pur-
ine catabolism, transfers electrons to molecular oxygen to form superoxide anion (02). 0° can be converted into highly toxic hydroxyl radicals
by the iron-catalyzed Haber-Weiss reaction (16). Square boxes indicate purine metabolites. Enzymes involved are shown in rounded boxes. Al-
lopurinol inhibits XO.

the late Dr. H. Umezawa (Institute for Microbial Chemistry, Tokyo,
Japan). [2,8-3H]Adenosine was purchased from ICN Radiochemicals,
Irvine, CA. DTT was obtained from Boehringer Mannheim GmbH,
Mannheim, FRG. Amino PMSF and all other chemicals were pur-
chased from Wako Pure Chemical Industry Co., Ltd. Osaka, Japan.

Virus and virus assay. Influenza virus A/Kumamoto/Y5/
67(H2N2), adapted to the mouse, was used throughout the experi-
ments. Virus yield in the lung was quantitated by the plaque-forming
assay with Madin-Darby canine kidney cells cultured with DME.
Virus-inoculated cells were overlayed with DME agar containing tryp-
sin as described in our recent report ( 18).

Scoring ofthe pathologicalpneumonic process in the lung. After the
perfusion of mice lungs via the pulmonary artery with 0.01 M phos-
phate-buffered 0.15 M NaCl (PBS; pH 7.4) to remove trace amounts of
red blood cells, the extent ofconsolidation was scored according to the
method of Ginsberg and Horsfall (19), with a slight modification.

Production ofinfluenza virus infection in mice. Experimental influ-
enza virus pneumonia was produced in mice as described in our pre-
vious report (18). Briefly, mice were inoculated by inhalation ofa viral
suspension at twice the 50% lethal dose (2 X LD50) in the rotating
nebulizer. After inoculation, various biochemical assays relevant to
adenosine catabolism were undertaken using samples from mice as
described below.

Preparation of samples: serum (plasma), bronchoalveolar lavage
fluid (BALF), and lung tissue. Blood was obtained by cutting the ca-
rotid artery under light ether anesthesia, and plasma or serum was
collected in the presence or absence of 2 mM EDTA, 2 mM amino
PMSF, and 10 mM DTT henceforth referred to as inhibitor cocktail.
Bronchoalveolar lavages were performed as described previously (18).

Usually, lungs were lavaged twice with 1 ml ofice-cold PBS containing
2 mM EDTA. For determination of XO activity, lungs were lavaged
with PBS containing the inhibitor cocktail plus 0.5 jig/ml ofleupeptin.
The fluid from subsequent lavages was pooled and centrifuged at 400 g
for 10 min at 4°C to remove cellular components. After mice were
exsanguinated by cutting the abdominal aorta, the lungs were perfused
with 2 ml of ice-cold PBS containing the inhibitor cocktail and then
were homogenized (Polytron homogenizer; Kinematica GmbH, Lu-
cerne, Switzerland) in 50 mM potassium phosphate buffer pH. 7.6
containing the inhibitor cocktail, plus 0.5 jlg/ml of leupeptin at 4°C.
The homogenates were centrifuged at 10,000 g for 20 min at 4°C, and
the supernatants were filtered with a syringe filter of0.45-Mm pore size
(Corning Glass Works, Corning, NY).

Assay ofadenosine deaminase (ADA) activity in serum and BALF.
We first assayed ADA activity radiochemically in serum and superna-
tant of BALF (s-BALF) of mice after virus inoculation as reported by
Begleiter et al. (20), with a slight modification. Briefly, aliquots of
s-BALF were incubated with a given volume of6.4jiM (3Hladenosine
(3.9 Ci/mmol sp act) at 37°C for various times. After the reaction was
stopped with 0. 15 M perchloric acid, the conversion of adenosine to

inosine, and then to hypoxanthine, xanthine, or uric acid (Fig. 1), was
measured by quantitating radioactivity on thin-layer chromatography
plates (Cellulose F; E. Merck, Darmstadt, FRG) after development
with n-butanol/methanol/H2O/NH4OH (25%) (60:20:20:1 [vol/vol]).
ADA activity was expressed as milliunits per milliliter of serum or

BALF. One unit corresponds to the reduction of 1 ,umol of adeno-
sine/mmn.

Assay of activities ofXO and XD in samples. Both XO and XD
activities were assayed by a modification ofthe fluorometric method of
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Haining and Legan described below (21), which is more sensitive than
the ultraviolet absorption spectrophotometric assay. 1-2.0 ml of the
s-BALF centrifuged at 400 g to remove cells was dialyzed for 4 h
against 5 liters of PBS at 4VC to remove the low molecular-weight
compounds before determination ofXO enzyme activity. In the case
of plasma and lung homogenates, 0.5-1.0 ml of plasma or of the
supernatant ofthe lung homogenate was chromatographed on a Seph-
adex G-25 (Pharmacia Fine Chemicals, Uppsala, Sweden) column (1.5
X 35 cm), which had been equilibrated with PBS at 4VC. The column
was eluted with PBS at 4VC (monitored by absorbance at 280 nm), and
proteins were separated from the second peak, which eluted later. Both
samples were assayed for their XO activity using pterine as the sub-
strate in a spectrofluorometer (model 650-40; Hitachi Ltd., Tokyo,
Japan) with excitation at 345 nm and emission at 390 nm. The volume
of the assay mixture was 1.0 ml in PBS, which consisted of 9 AM
pterine and the putative enzyme from the samples. Reactions pro-
ceeded for 10-60 min at 370C. To measure both XO and XD activity,
above reaction was carried out in the presence of9 MM methylene blue.
To confirm the specificity ofthe activity, 20,gM allopurinol was added
to the above mixture and the reaction was carried out. The concentra-
tion of isoxanthopterin formed was calculated from the linear rela-
tionship between fluorescence intensity versus its concentration in
0-10 nmol of the product. Protein content in each sample was deter-
mined using bovine serum albumin as standard by the method of
Lowry et al. (22).

Quantitation ofcatabolic purine metabolites. Catabolic adenosine
metabolites were analyzed by HPLC (Asahipak GS-320; Asahi Chemi-
cal Co., Ltd., Tokyo, Japan) and by an isocratic elution with 0.01 M
PBS, pH 7.4. The eluate was monitored at 260 nm. Each metabolite
was identified by comparison of elution time with that of standard
nucleoside derivatives or by enzymatic determination as substrate,
and/or by analysis of the absorption spectrum. The amount of each
purine derivative was calculated by measuring the peak area of the
standard compounds (e.g., adenosine, inosine, hypoxanthine, xanth-
ine, and uric acid). For the assay of catabolic metabolites in serum,
samples were treated with trichloroacetic acid at 5% to remove pro-
teins, then pH of the supernatant was adjusted to - 7.8 with 0.5 N
NaOH before HPLC analysis. The elution times of inosine and uric
acid was somewhat different under high salt content from those of
standard solutions. In case ofs-BALF, samples were filtered by Centri-
con (Amicon Corp., Danvers, MA) to remove macromolecular pro-
teins and enzymes in the samples (cut off: 10,000 D), and the filtrates
were used for the HPLC assay.

Conversion profile ofadenosine in BALF. To examine the details of
adenosine catabolism in the bronchoalveolar spaces (Fig. 1), we quan-
tified each of the purine derivatives converted from adenosine after
adding adenosine to the s-BALF in vitro. Usually 15.0 nmol ofadeno-
sine was added to 1 ml of s-BALF, and after various incubation times
at 370C the catabolic metabolites (inosine, hypoxanthine or xanthine,
and uric acid) were quantitated by HPLC as described above. Since
s-BALF contained endogenous adenosine metabolites, the same mix-
ture of BALF without added adenosine was also incubated, and the
amount of each metabolite determined was subtracted from the above
values.

Measurement of°2 generation in BALF. For this assay, the bron-
choalveolar lavages were performed twice with ice-cold PBS contain-
ing 2 mM EDTA. Cells and cell debris were removed by centrifugation
at 400 g for 5 min at 4VC and were then filtered with syringe filters
(0.45 Mm). The s-BALF was immediately subjected to spectroscopic
assay for O2 generation on the basis of SOD inhibitable reduction of
ferricytochrome c (23). Briefly, 0.1 ml of supernatant was incubated
with 80MuM ferricytochrome c in a total volume of 1.0 ml ofPBS in the
presence or absence ofSOD (20 Mg), adenosine (22.5 MM), or allopuri-
nol (45 MM) for 30 min at 370C.

Treatment with allopurinol or SOD of virus-infected mice. To de-
termine the pathogenic role of O2 generation by XO in influenza
virus-infected mice, we administered 1 or 2 mg/day of allopurinol
dissolved in PBS per mouse orally from day 4 to day 7 after virus
inoculation at twice the LD50dose. We expected that allopurinol, an

inhibitor of XO, would inhibit O2 generation by XO induced in the
virus-infected lung. In the separate experiments, SOD (1,000 U) or
pyran-SOD (200 U) was administered similarly but intravenously via
the tail vein from day 5 to day 8 to remove O2. The daily survival rate
of the mice was recorded until day 16 after infection.

Statistical analysis. All biochemical values are expressed as

means±SE of three samples. The statistical differences in survival rate

of mice treated with allopurinol or pyran-SOD after viral infection
were determined by Fisher's exact probability test, with significance
defined as P < 0.05.

Results

Time course of viral replication, score of consolidation in the
lung, and survival rate. As shown in Fig. 2, virus yield in the
lung was maximal on day 4, and then decreased markedly
until day 8 after infection (or later) and became undetectable.
On the other hand, pulmonary consolidation gradually in-
creased after a long lag period and became maximal after day
8; at this point the lethal effect of infection became apparent
and it increased rapidly thereafter. Thus, maximal viral yield
does not parallel the maximal pathological effects, and an indi-
rect mechanism may mediate lung tissue injuries.

ADA and XO activities in influenza virus-infected mice.
ADA activity in serum and s-BALF increased markedly after
viral infection (10-fold increase in serum and 170-fold increase
in BALF) and became maximal on day 8 (Table I). This time
course correlated with the consolidative process in the lung
and mortality but not with virus replication (Fig. 2).

In parallel with consolidation, XO activity was also raised
in each sample and was most remarkable in BALF (400-fold
increase, as measured by enzyme activity per volume oflavage
fluid). The activities of XO and ADA in s-BALF or the lung
tissue expressed as activity per milligram protein also in-
creased (Tables I and II). The XO/XD ratio (i.e., conversion of
XD -- XO) increased significantly in parallel to the above
results in s-BALF and in lung tissue (Fig. 3), but not in plasma.
The highest XO/XD ratio in s-BALF or in lung tissue was
found on day 3 or day 6, which was somewhat earlier than the
increase of XO activity. These results indicated that the activ-
ity of both ADA and XO, which are important enzymes that
are directly involved in adenosine catabolism (Fig. 1), was
markedly enhanced by virus infection in mice. Furthermore,
XO may be an inducible enzyme, and conversion of XD to
XO was clearly taking place in the virus-infected lung.

Quantitation of catabolic metabolites of adenosine in
virus-infected mice. We determined each step of adenosine
catabolism after viral infection by quantitating inosine, hypo-

100 Figure 2. Time course

18 of viral replication,
80 - score of consolidation

6- V'r . 1 in the lung, and sur-
U. As r 60 _ _ vival rate of influenza

a 4 _ virus-infected mice.
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i20 influenza virus A/Ku-

' mamoto/67 (H2N2) at
0 ~~~~~~~~~~~0

> 2 4 6 8 10 12 14 twicethe LD5odose.
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tated by plaque-forming
assay, and the amount of consolidation was scored as described by
Ginsberg and Horsfall (I19). See text for details.
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Table I. ADA Activity in Serum and in s-BALF
ofInfluenza Virus-infected Mice*

ADA activity
Day after
infection In serum In s-BALF

0 0.144±0.021$ 0.002±0.000

(0.003±0.001) (0.012±0.000)
4 0.464±0.060 0.054±0.001

(0.008±0.001) (0.148±0.001)
6 0.919±0.192 0.149±0.001

(0.015±0.003) (0.135±0.001)
8 1.81±0.53 0.353±0.132

(0.024±0.007) (0.146±0.054)

* ADA activity was assayed radiochemically as reported by Begleiter
et al. (20), with a slight modification.
* Activity is expressed as milliunits per milliliter of serum or BALF.
One unit corresponds to the diminution of 1 umol of adenosine/min.
The corrected values (per milligram protein) are shown in parenthe-
ses. Values are shown as means±SE of three determinations.

xanthine, xanthine, and uric acid in serum and s-BALF of
mice (Fig. 1). As shown in Table III, the level of the purine
catabolites gradually increased in serum after viral infection,
and the elevation was most remarkable on day 8. The level of
inosine and uric acid in s-BALF was also elevated most mark-
edly on day 8. Hypoxanthine and xanthine in s-BALF, how-
ever, could not be detecfed in this system (i.e., values below 10
ng/ml). When we quantitated hypoxanthine in the s-BALF in
the presence of allopurinol, to inhibit the conversion of hypo-
xanthine to uric acid in vitro, the content of hypoxanthine in
the s-BALF on day 8 was 0.15±0.07 sg/ml, while it was not
detected in s-BALF on days 0 and 4. Therefore, it is reasonable
to assume that a rapid turnover was taking place under highly
elevated XO activity in s-BALF and as a consequence hypo-
xanthine and xanthine could not be detected. These results
indicate that adenosine catabolism was enhanced by influenza
virus infection in mice.

Table I. XO Activity in Plasma, s-BALF, and Lung Tissue*

XO activity (nmol isoxanthopterin/min)t
Day after
infection In plasma In s-BALF In lung tissue

0 0.229±0.004 0.001±0.001 0.758±0.179
(0.003±0.000) (0.001±0.000) (0.095±0.019)

3 0.262±0.007 0.015±0.005 1.043±0.091
(0.004±0.000) (0.018±0.006) (0.123±0.010)

6 0.240±0.025 0.179±0.029 15.7±3.94
(0.004±0.001) (0.041±0.007) (0.924±0.230)

8 0.766±0.090 0.419±0.033 22.4±1.38

(0.009±0.001) (0.044±0.003) (0.963±0.060)

* XO activity was quantitated by the fluorometric method of Hain-
ing and Legan (21), with a slight modification.
$ Activity is expressed as nmol isoxanthopterin/min per milliliter of
plasma, lavaged fluid, or total lung homogenates. The corrected
values expressed as per milligram protein are shown in parentheses.
All these activities were completely inhibited by 20 MM allopurinol.
Values are shown as means±SE of three determinations.

a
x

x

Figure 3. The XO/XD
ratio in plasma, s-
BALF, and lung tissue
of virus-infected mice.
XO and XO + XD ac-

1*2* plasma tivities were determined
1.0 0 hng ss fluorometrically in the

0.8 - absence or presence of 9

0.6 Ds ugM methylene blue ac-
0.6

H I E cording to the method
0.4 - of Haining and Legan

0.2 (21). The ratio is calcu-
lated as XO activity/

0.0
0 3 6 8 XDactivity. Dataare

Day after InbcUon means+SE, n = 3.

Catabolism of adenosine in BALE. In s-BALF from the
normal mouse lung, conversion ofadded adenosine to inosine
was only marginal within 60 min, and there was no production
of uric acid. The rate of adenosine degradation starts to in-
crease gradually in s-BALF 2 d after infection. On day 8, how-
ever, adenosine degradation became very rapid and uric acid
was produced, and adenosine that was added to the s-BALF
was converted to uric acid in a stoichiometric manner within
60 min (Fig. 4). These results indicate that enzymes involved
in conversion of adenosine to uric acid (i.e., ADA, purine
nucleoside phosphorylase, and XO and XD) existed in BALF
of virus-infected mice and that their activities were markedly
enhanced on day 8 after viral infection. Furthermore, the pu-
rine salvage pathway, which uses hypoxanthine for production
of ATP, does not play a significant role, at least in the bron-
choalveolar space.

Identification of°2 generation in BALF. We measured O2
generation from XO in s-BALF. The results showed that gen-
eration of °2, which was determined by SOD-inhibitable cy-
tochrome c reduction, was detected in s-BALF on day 6 or day
8, but not on days 0, 2, and 4 (Fig. 5). It is interesting that this
O2 generation was remarkably enhanced by addition of aden-
osine to the supernatant and was completely inhibited by ad-

Table III. Quantitation by HPLC ofCatabolic Metabolites
ofAdenosine in Serum or s-BALF of Virus-infected Mice

Amount of metabolite (g/ml)*

Purine metabolites Day 0 Day 4 Day 8

Serum

Adenosine 1.96±0.34 1.76±0.19 1.74±0.10

Inosine 24.8±0.9 42.3±1.3 44.4±0.5

Hypoxanthine 1.35±0.58 3.66±0.20 4.95±0.61
Xanthine 2.31±0.29 3.77±0.90 7.23±0.93

Uric acid 20.8±3.0 50.9±3.1 105.5±9.8
s-BALF

Adenosine $

Inosine 0.03±0.01 0.09±0.00 0.82±0.15

Hypoxanthine $

Xanthine -

Uric acid 0.22±0.04 0.22±0.05 1.06±0.14

* Values are shown as means±SE of three determinations.
tUndetectable (below 10 ng/ml). See text for details.
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Normal control
(no infection)
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BALF obtained on day 2
post-infection

0

BALF obtained on day 8
post-infection

0-0 adenosine
*-* inosine
0-0 hypoxanthine

Lr-- uric acid

'150

Time ( min )
Figure 4. Catabolic profile of adenosine in s-BALF. Adenosine (15.0 nmol) was added to I ml of s-BALF, and after various incubation periods,
the converted metabolites were quantitated by HPLC. See text for details.

dition of 45 MM allopurinol, a specific inhibitor of XO, which
indicates that O2 originated from XO in BALF.

Effect of allopurinol and SOD on the mortality of mice
infected with influenza virus. If O2 generated by XO is respon-
sible for the pathogenesis of the viral infection, the inhibition
of XO by allopurinol and removal of °2 by the scavenger

(SOD) would have some therapeutic effect on the infection. As
shown in Fig. 6, A and B, we found that use ofboth allopurinol
and SOD reduced the lethal effect of influenza virus infection.
In this experiment, we used the pyran-SOD, which possesses

better pharmacokinetic properties (e.g., prolonged plasma
half-life, tissue tropism, and biocompatibility) than native
SOD (17). The result showed that this chemically modified
SOD had a better therapeutic effect than native SOD (Fig. 6
B), as was expected.

Figure 5. °2 generation

E20 in s-BALF. Generated

Oe was determined
o 15 spectroscopically in a

mixture of 0.1 ml each

emE10 /t a . ofs-BALF and 80 IM
ferricytochrome c in a

total volume of 1.0 mlE

A of PBS in the presence

4 5 6 7 8 or absence.of 20 ,ug of

DaysaftarInflott SOD and/or 22.5 nmol
of adenosine. *, O2 generation with adenosine; o, without adenosine.
°2 generation was inhibited completely by 45 MM of allopurinol (A).
Data are means±SE, n = 3.

Discussion

The pathogenic role of °2 in influenza virus-infected mice
was elucidated in this paper. We showed enhancement ofboth
adenosine catabolism and °2 generation by XO in mice that
had a lethal infection with influenza virus. We also demon-
strated a therapeutic effect of allopurinol (an XO inhibitor)
and pyran-SOD (an O2 scavenger). This is the first detailed
report showing that °2 generation by XO is one of the major
pathogenic mechanisms of infection by influenza virus.

Among the enzymes involved in catabolism of purine (i.e.,
adenosine), ADA occupies the first key step. Increasing inter-
ests have been focused on this enzyme because a significant
correlation between deficiency of ADA and the presence of
severe combined immunodeficiency disease was noted (24). In
addition, an important role in immune response, especially T
cell activity, has been described for ADA (25, 26). We recently
reported diagnostic significance ofADA activity in the serum

of patients with mycoplasma pneumonia (27), in which T cells
appear to hinder proliferation ofMycoplasma (28, 29). Histo-
logical examination has revealed predominant infiltration of
lymphocytes in the pneumonic area of the lung infected by
influenza virus (4, 18), and Sullivan et al. reported that the T
cell-mediated immune responses play a crucial role in the
pathogenesis of influenza virus infection in mice (2). There-
fore, these results suggest that the pronounced elevation of
ADA activity in serum and BALF of virus-infected mice re-

flects a hyperimmune reaction against virus replication in the
lung.

Several investigators have reported that morbidity and

Free Radical Generation in Virus Infection 743

1

0

E
c

C

c

0
-

0
D

.0
0
O-

0

E

0

c

0

E



100 Figure 6. Therapeutic
Aieffect of allopurinol (A)

and SOD (B) on influ-
enza virus-infected

* T ~mice. (A) Allopurinol
> 40 was administered orally

every 24 h at 1 mg per
20, . mouse (o) (n = 11) or 2

. mg per mouse (o) (n
0 5 10 15 = I1), from days4-7.

Days after Infwctn Vehicle (PBS) alone was
given in the same man-

100 ner to the control group
B (()(n= 14). (B)SOD

or pyran-SOD was ad-
~ 60 '*ministered intrave-

* \ nously every 24 h at
40 - 1,OOOU ofSOD per

mouse (-) (n = 10) or
20 200 U of pyran-SOD

0 ._ .
_

_ per mouse (A) (n = 10)

0 5 10 15 fromdays 5-8. The
Days after Infectin control group (v) (n

= 10) received sterile normal saline in the same manner. The P
values for the difference between allopurinol-treated (2 mg) and con-
trol mice and for the difference between pyran-SOD-treated (200 U)
and control mice were 0.04 and 0.01, respectively. A significant dif-
ference was not found between mice treated with I mg of allopurinol
or 1,000 U ofSOD and control mice by Fisher's exact test.

mortality in the influenza virus-infected mice are mediated by
an immunopathological mechanism (1-3). In these reports,
treatment with antilymphocyte sera or cyclophosphamide to
suppress lymphocyte function prolonged the survival rate of
influenza virus-infected mice, which resulted from reduced
lymphocyte infiltration of the lung (1, 30). Our present results
indicated that an elevated level ofADA activity resulted in an
elevated level of production of inosine, which is efficiently
converted to hypoxanthine by purine nucleoside phosphory-
lase (Figs. 1 and 4). Hypoxanthine is the substrate for XO.
Therefore, it is speculated that the immune response of the
lymphocytes against viral infection results in production of°2
by XO.

In this experiment, we demonstrated the elevation of
adenosine metabolites (i.e., inosine, hypoxanthine, xanthine,
and uric acid) in s-BALF and serum of virus-infected mice.
Although the levels of hypoxanthine and xanthine in s-BALF
could not be detected by HPLC, perhaps due to rapid turnover
by XO, levels of other products (e.g., inosine and uric acid)
increased markedly (Table III). °2 generation by XO in the
BALF was demonstrated on day 6 and to a greater degree on
day 8 without any addition of adenosine (Fig. 5). Therefore, it
is conceivable that increased production ofhypoxanthine from
adenosine, inosine, or other purine nucleosides (nucleotides)
may occur in the lung of influenza virus-infected mice.

It became essential to validate the elevated level of XO
activity in the lung, especially in BALF. Further, the conver-
sion of XD to XO had to be confirmed in the virus-infected
lung because XO, not XD, is responsible for the generation of
02. Previously, Waud and Rajagopalan (31) had investigated
the molecular mechanism ofXD -* XO conversion and found
that two pathways of conversion occurred: Proteolytic cleav-
age and oxidation of the sulfhydryl group in the XD molecule.

We showed here also that XD -* XO conversion in the lung
tissue and BALF of influenza virus-infected mice occurred
(Fig. 3). Although the conversion mechanism in our model
remains unclear, we favor irreversible proteolytic conversion
of XD to XO by the trypsin-like protease, because we have
recently found that trypsin-like activity was induced to a large
extent in the bronchoalveolar space of virus-infected mice
(18). In addition, our preliminary experiment showed that
treatment with soybean trypsin inhibitor (Kunitz type) im-
proved the survival rate of influenza virus-infected mice
(Akaike, T., H. Maeda, S. Ijiri, unpublished data).

It is well known that O2 from XO has a pivotal role in
ischemia and reperfusion injuries in some animal models (12).
Johnson et al. previously demonstrated that intratracheal in-
jection ofXO and xanthine produced acute lung injury in a rat
model, which could be reduced by SOD, and that O2 produced
injury of the lung (32). Localization ofXD in the tissue and its
pathophysiological significance were also reported in detail by
Jarasch et al. (33). They revealed that the location of XD is
restricted to the mammary epithelial cells and the capillary
endothelial cells in bovine and human tissues, and they specu-
lated that a biological function of XD in the endothelial cells
would be apparent when the enzyme (XD-form) is released
into extracellular lumens (e.g., blood stream) and it may be
converted to the harmful XO-form in an oxygen-rich environ-
ment by endothelial injury induced by microbes (33). Our
present data suggest that the conversion of XD -* XO oc-
curred most frequently in BALF obtained from bronchoal-
veolar spaces, which is an extracellular lumen and an oxygen-
rich environment. This finding seems to confirm the hypoth-
esis by Jarasch et al., except that the conversion was not so
apparent in the capillary lumen (i.e., plasma). Furthermore,
the deleterious role of XO in various tissue injuries was re-
ported in ARDS (13), hyperoxic and neutrophil-mediated lung
injuries (14), ethanol intoxication in the liver (34), interferon-
induced liver damage (35), and hematoporphyrin derivative-
mediated cutaneous photosensitization (36). Therefore, it is
reasonable to conclude that both elevated XO activity in the
lung and enhancement of purine catabolism (adenosine
hypoxanthine) would facilitate lung tissue injuries by the gen-
eration of O°, which must be then converted to more toxic
oxygen metabolites (i.e., - OH) (15, 16).

Several reports have shown the therapeutic effect of allo-
purinol in premature infants with idiopathic respiratory dis-
tress syndrome (37) and in ischemia-reperfusion injuries in
animal models (38, 39). Two major pathways can account for
this effect. One is the enhancement of hypoxanthine salvage
(purine salvage pathway) for ATP synthesis, and the other is
the inhibition of XO, which generates O2 by catalytic action.
In our model, we demonstrated that adenosine added to BALF
was quantitatively catabolized to uric acid (Fig. 4) and that
there was simultaneous O° generation by XO (Fig. 5). Further-
more, in addition to allopurinol, pyran-SOD had a therapeutic
effect on the survival rate of virus-infected mice (Fig. 6). The
improvement of survival rate by allopurinol, therefore, seems
to have resulted from the inhibition of °2 generation by the
action of XO.

In conclusion, this work clarified that the oxygen-free radi-
cal generated by XO is a pathologic principle in influenza virus
infection in mice and that a therapeutic approach by elimina-
tion of the radical oxygen seems possible.
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