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ABSTRACT

Radical-scavenging antioxidants, as part of the cellular defense system, function to inhibit the formation and propagation of free
radicals and active oxygen species formation. In previous studies we demonstrated that endotoxin lipopolysaccharide (LPS) promotes
oxidative stress and associated pathological changes in a rat model and that use of selected antioxidants was effective in reducing
LPS-related lipid peroxidation product formation in the liver, as well as LPS-related pathological changes in different organs. In this
study, several toxicological parameters (ie, clinical signs, blood chemistry, and histopathological changes) were compared among
groups of male New Zealand rabbits injected with LPS following prophylactic pretreatment with either of 2 antioxidants, a group
injected with LPS without pretreatment with antioxidants, groups injected with either of the 2 antioxidants only, and an untreated
control group. The antioxidants used were a water-soluble natural antioxidant (NAO) from spinach and the NADPH oxidase inhibitor,
apocynin. Exposure to LPS alone was associated clinically with depression, tachypnea, outer ear vasodilation, and iris congestion;
biochemically with a significant increase in blood total bilirubin, transaminase activity, and glucose, total cholesterol, and triglyceride
levels; macroscopically with multiple whitish areas in the liver; and histologically with hepatocellular focal necrosis and acute inflam-
mation, thymic and splenic lymphoid necrosis and depletion, acute uveitis and hemorrhages in the ciliary processes, and decreased
adrenal cortical cytoplasmic vacuolation considered consistent with depletion of steroidal hormone contents. The NAO had more
effective prophylactic capacities than the apocynin. The protective effects were obvious in all investigated parameters. The results
indicate the possible therapeutic efficacy of NAO in the treatment of clinical endotoxemia associated with gram-negative bacterial
sepsis that is known to be associated with oxidative stress.
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INTRODUCTION

Septic shock, a systemic response to infection, is char-
acterized by specific pathological events upon specific
target organs (14, 51, 57). All symptoms of gram-nega-
tive bacterial-induced septic shock can be mimicked by
the injection of the endotoxin lipopolysaccharide (LPS),
one of the major components of the outer membrane of
gram-negative bacteria (11, 50). Sensitivity to LPS varies
among different species of animals, eg, the rat is reported
to be less sensitive than the rabbit (15, 59). Injection of
rabbits with LPS is reported to lead to endotoxemia ac-
companied with fever, disseminated intravascular coag-
ulation, and multiple organ injury (3).

Reactive oxygen species (ROS) play a key role in LPS-
induced septic shock (16, 41, 61). LPS injection enhances
the formation of ROS such as superoxide anion radicals
(02-), peroxides (ROO’), and reactive nitrogen com-
pounds such as nitric oxide (NO’) radicals and peroxy-
nitrite (ONOO-) in lung, liver, and other susceptible or-
gans (39). The toxic properties of LPS are produced in-

directly through the action of endogenous proinflamma-
tory cytokines, ie, tumor necrosis factor (TNF)a,
interleukin (IL)-1, and IL-6, as well as directly by ROS
themselves (15, 41, 53). The cellular antioxidative/oxi-
dative status, which is a reflection of the endogenous an-
tioxidant defense system and oxidative pathways, there-
fore plays an important role in the capability of organs
to cope with oxidative stress induced by LPS exposure
(18).

In previous studies we demonstrated that LPS pro-
moted oxidative stress and associated pathological chang-
es in a rat model (4, 29). Livers of rats exposed to LPS
contained elevated levels of lipid peroxidation products,
malondialdehydes, and hydroperoxides, and elevated
NADPH oxidase activity that generated superoxide rad-
icals. That the use of selected antioxidants was effective
in reducing the LPS-related pathological changes in dif-
ferent organs was further documented (29).

The objective of this study was to evaluate further the
prophylactic efficacy of antioxidants on the cellular dam-
age induced by LPS treatment in the rabbit model. This
study compares the antioxidative potential of 2 agents
previously tested by us in the rat LPS model: the novel
compound, NAO, a natural water-soluble antioxidant pu-
rified from spinach (20) that acts as a radical scavenger

 at Tel Aviv University on February 21, 2015tpx.sagepub.comDownloaded from 

http://tpx.sagepub.com/


589

TABLE l.-Experimental study design of the testing of the prophylactic effect of antioxidants in the LPS model.

a On day 8 the last administration of NAO occurred 2 hr before LPS injection.
b Apocynin administration was terminated 24 hours after LPS injection (up to necropsy).
C Control group was untreated.

and specific lipoxygenase inhibitor, and apocynin, an
NADPH oxidase inhibitor that prevents the formation of
superoxide radical anions (8, 44-46, 56). For compara-
tive purposes, the list of organs selected for histopatho-
logical evaluation included those examined in our pre-
vious study in rats. Blood chemistry analysis of selected
parameters was included. The NAO demonstrated more
effective antioxidative and/or anti-inflammatory activity
than the apocynin. The potential use of NAO in the treat-
ment of clinical gram-negative endotoxemia remains to
be investigated.

MATERIALS AND METHODS

Test Materials. Endotoxin LPS (Escherichia coli 055:
B5, Sigma Israel Chemicals Ltd) consisted of a mixture
of 2 batches, 026HJ076 and 026HJ077, at a ratio of 2:3,
respectively (41). The combined solution was stored at
4°C until the time of use.
NAO was purified from spinach (20). Aldrich Chem-

icals (Milwaukee, WI) supplied apocynin (acetovanillone
98%).

Animals. The study comprised a total of 33 male New
Zealand rabbits, supplied by Conelli S.n.c. (Arona, Italy).
Animals were 8-9 weeks old at arrival and weighed 2-
2.3 kg. Following an acclimation period of 7 days to
ensure their suitability for the study, animals were iden-
tified by an ear-tag and randomly assigned to experimen-
tal groups. Test animals were kept within a limited access
rabbit facility with environmental conditions set to a tem-
perature of 19 ± 2°C, a humidity of 55 ± 15%, 15/20
air changes per hour filtered through HEPA 99.97%, and
a 12-hour light/ 12-hour dark cycle. Temperature, venti-
lation, and relative humidity were monitored daily. Rab-
bits were individually housed in metal cages that were
hung on multiple cage racks. Animals were provided ad
libitum access to a commercial pellet rabbit diet

(code2RB 15GLP, produced for Charles River Italia by
its licensee, Mucedola S.r.l., Settimo Milanese). Drinking
water came from the municipal water main and was sup-
plied to each cage via propylene bottles with stainless
steel sipper tubes.

All procedures, maintenance, and treatment of the rab-
bits were in accordance with the principles of humane
treatment described by the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (48).

Study Design. The treatment groups and numbers of

animals in each group are presented in Table 1. The con-
trol group was untreated.

The dose selection of NAO and apocynin was based
on our previous LPS study in the rat model (29) in which
apocynin (600 ppm) and NAO (10 mg/kg, intraperito-
neally [ip]) had comparable prophylactic effects on var-
ious target organs such as liver, thymus, and adrenal, as
well as studies in the literature describing apocynin ef-
ficacy in hamsters and guinea pigs (45, 56).
NAO. NAO is a water-soluble antioxidant composed

of a mixture of natural molecules extracted and purified
from spinach leaves and contains mainly aromatic poly-
phenols. NAO was prepared from spinach leaves as de-
scribed by Grossman et al (20). Spinach leaves were ho-
mogenized with an equal amount of H20. The superna-
tant was collected and chromatographed on a Sephadex
G-25 column. Fraction A was collected and was used as
NAO in this study. A daily-prepared NAO solution at a
concentration of 10 mg/ml in physiological saline was
administered by ip injection at a dose level of 10 mg/kg
and a volume of 1 ml/kg. Dosing was repeated once daily
throughout an 8-day treatment period prior to LPS chal-
lenge.

Apocynin. The dose level was between 50 and 70 mg/
kg per day. Apocynin was dissolved in distilled water
daily at a concentration of 0.6 mg/ml and provided ad
libitum to the test animals. The water volume consumed

by the animals during the treatment period was between
200 and 300 ml/d. The drinking solution was supplied
via cage-side water bottles that were cleaned and refilled
daily throughout the 8-day treatment period. The apocy-
nin was given for 8 days, and the administration was
terminated on the early morning of day 9.
LPS Challenge. A freshly prepared LPS solution was

dissolved in physiological saline at a final concentration
of 1 mg/ml and administered by a single ip injection of
0.1 mg/kg.

In group 3, the LPS was administered on day 8, 2
hours following the last NAO injection, while, in group
5, LPS was administered on day 8 of exposure to apo-
cynin-containing drinking water. In that group, the apo-
cynin administration was terminated 24 hours after LPS
injection (up to necropsy). A group was injected with
LPS without pretreatment with antioxidants (group 2) on
day 8 of the study.

Clinical Examination. Animals were inspected twice

 at Tel Aviv University on February 21, 2015tpx.sagepub.comDownloaded from 

http://tpx.sagepub.com/


590

daily for any mortality. Physical appearance, behavior,
and any abnormal clinical signs of the animals were ob-
served and recorded daily. Moreover, on the day of LPS
injection (day 8), rabbits were observed for general clin-
ical signs before, and 5, 30, 60, 120, 240 minutes, and
24 hours after dosing. Body weights were recorded early
in the morning, prior to the start of treatment, at the start
of treatment, and on day 4 and day 8 prior to sacrifice.
Water intake was measured only in apocynin-treated
groups (groups 5 and 6) for the purpose of monitoring
the intake of the test article administered in the drinking
water.

Clinical Chemistry. Before and at the end of the dos-
ing period, blood samples (1 ml) were taken from each
animal that had been fasted overnight. Blood samples
were analyzed for glucose, total bilirubin, alkaline phos-
phatase (AP), serum glutamic oxalacetic transaminase

(SGOT or AST), serum glutamic pyruvic transaminase
(SGPT or ALT), y-glutamyl transpeptidase, total choles-
terol, triglycerides, total protein, serum protein electro-
phoresis, and the albumin/globulin ratio.

Tissue Preparation and Histological Examination.

Twenty-four hours following the LPS challenge (day 9
of the study) all animals fasted overnight were weighed
and then killed under anesthesia by an overdose of so-
dium pentobarbital given intravenously (iv; at least 50

mg/kg). Each anesthetized animal was bled to death

through the femoral arteries. A complete necropsy was
performed on all rabbits. The following organs were col-
lected and fixed in 10% neutral-buffered formalin: brain,
eye, liver, kidneys, thymus, adrenals, spleen, heart, lungs,
stomach, duodenum, jejunum, ileum, cecum, colon, rec-
tum, thyroids, femur, and skeletal muscle from the fore-
leg. The first 6 organs were also trimmed and weighed.
The lungs were expanded to normal inspiratory volume
with formalin. Eyes were preserved by immersion in
modified Davidson solution. All tissues were embedded
in paraffin, sectioned at 5-6 [Lm, and stained with he-
matoxylin and eosin (H&E) for histopathological evalu-
ation.
The slides were evaluated independently by four qual-

ified toxicological pathologists (A.N., S.P, A.C., M.C.)
without knowing the identity of the animals and their
treatment group (blind evaluation). A consensus was later
reached for debatable diagnoses. Lesions were described
and scored where appropriate, using 4 semiquantitative
grades: 0, no lesion; I, minimal lesion-up to 10% of
the tissue section was affected; 2, mild lesion-up to 25%
of the tissue section was affected; 3, moderate lesion-
up to 50% of the tissue section was affected; 4, severe
lesion-more than 50% of the tissue section was affected.

Statistical Analysis. Clinical chemistry values of treat-
ed groups were statistically evaluated and compared to
controls (group 1) by the Student’s t-test (2). A change
was considered biologically significant when at least 1
animal within the group had values of pathological mean-
ing on the basis of the background data collected in this
trial or compared to untreated rabbits of other trials per-
formed in the same laboratory.

Organ weight values (absolute and relative to final

body weight) of treated groups were statistically evalu-
ated and compared to controls by the Student’s t-test (3).

Data indicating the incidence of the histopathological
changes were analyzed by the Fisher’s exact test method
(2). Data indicating the severity of the histopathological
changes were analyzed by the Mann-Whitney method
(31).

RESULTS

Body Weight
No major effects on body weight were observed in any

group.

Mortalities, Clinical Signs, and Water Intake
No animals died during the study. No clinical changes

were seen in groups administered NAO or apocynin alone
or in those given these compounds until the day of LPS
injection. LPS ip injection induced a number of usually
mild and reversible clinical changes consisting of seda-
tion, tachypnea, outer ear vasodilation, and iris conges-
tion (Table 2). These were noted between 30 minutes and
4 hours after LPS injection and with approximately com-
parable frequency and degree in groups administered LPS
alone and apocynin plus LPS. All changes resolved with-
in 24 hours except for sedation and iris congestion, both
slight, that persisted until sacrifice. LPS given to rabbits
previously treated with NAO for 8 days resulted in less
frequent and less severe clinical changes; slight, transient
outer ear vasodilation in a single rabbit and iris conges-
tion in 2 rabbits were the only findings.

The water intake was comparable in the apocynin-
alone (group 6) and apocynin-plus-LPS groups (group 5
animals). The water intake values were comparable to
those reported in the literature for untreated control rab-
bits.

Clinical Chemistry
The results of selected blood chemistry tests that were

carried out once pretrial and at the end of the study (day
9) are presented in Tables 3 and 4. Administration of the
various compounds induced changes in a number of
blood chemistry parameters. The response did not appear
to be homogeneous because few animals in each treated
group appeared to be affected, although pathological val-
ues were reached in some individuals. On other occa-
sions, some parameters (marked with superscript b in Ta-
ble 4) were considered to be treatment related, even if
they were not significant upon statistical analysis of the
data due to intergroup variability of the values. These
altered parameters were considered to be induced by
treatment, because pathological values, compared with
controls and pretest measurements, were observed in
some animals.
NAO and apocynin, when administered alone did not

produce any significant effect, except for a high triglyc-
eride value involving 1 rabbit. LPS administered alone
resulted in increases, compared to pretest and control val-
ues, in total bilirubin, transaminase activity, total choles-
terol, and triglyceride levels. Due to the intergroup var-
iability, only total cholesterol levels appeared to be sta-
tistically significant compared to controls (p ~ 0.05). A

 at Tel Aviv University on February 21, 2015tpx.sagepub.comDownloaded from 

http://tpx.sagepub.com/


591

m

d5
&dquo;’ó

E
V1
c~
a
O

5
.S
.N
E4’C
’K
.g
£
L9o
j£

4-<
tU

U
g
1l0..
o
N

5
01)

’-E!
N

tri.tt

lfl
a
U

G
E
.
’b
&
C
u

11
.i9
’&dquo;

fly
u

’S
i5

I
N
3
i#
m

H

(0
+
+
x

dn

+

G
2I
_£

*
0£

on
<

x
U

O
x

t

§
fl
6

<
.9

G
1
3»
O

#
v
2
1
%cci
S

III
16
bC g E
T5
XU~
Q °
f3. C
3 O

thfl F
.S g S
1 &dquo;

L ^d 
§z # 3 b

£ §’8i #
U C3
’§ I
O e~’S
zx

marked increase in glucose, although confined to a single
animal, was also observed. Significant differences in total
cholesterol values in groups 3 and 4 (NAO + LPS and
NAO alone, respectively) were not considered induced
by treatment, because all individual figures were within
the laboratory limits of normality for the rabbit, and sim-
ilar values were already present in these animals at the
pretest measurements. In the group receiving NAO for 8
consecutive days followed by a single LPS injection, an
upward tendency (statistically insignificant) occurred

only in the triglyceride level and was comparable to the
change induced by NAO alone. In the group of rabbits
given apocynin and LPS, changes occurred in the same
parameters involved after LPS administration alone, but
without effects on glucose levels. The increases in trans-
aminases were less evident, however, while a more ob-
vious increase occurred in total cholesterol and triglyc-
eride levels. LPS administration in apocynin-treated rab-
bits resulted therefore in increases in a number of liver
function parameters as did those receiving in LPS injec-
tion alone, although the variations occurring in triglyc-
erides and total cholesterol were more evident. Some ad-
ditional parameters showed, in various groups except the
apocynin-treated group, statistically significant differenc-
es when compared to controls, mainly involving the AP
decreases or serum protein electrophoretic fractions in
which albumin decreases were associated with globulin
increases. They were deemed of no relationship to treat-
ment, as all individual parameters were within the range
of normality of the historical data of the laboratory, and
similar AP trends were already evident at the basal de-
terminations.

Pathology
Organ Weight. The mean absolute and relative data of

selected organs are presented in Table 5. LPS adminis-
tered alone induced a statistically significant increase
compared to controls in mean weights of liver (absolute
and relative value), spleen, and kidneys (relative values)
and a decrease of thymus (absolute values). In addition,
adrenal glands showed a marked mean weight increase
(±50%), even though statistically insignificant. A trend
toward an increase in adrenal gland weights (statistically
significant for absolute values) was also seen in animals
administered apocynin and LPS, even if the individual
values were within the range of variability of controls.
The apocynin and LPS group also showed an increase in
kidney values equal to that of the LPS group. A trend
toward increase in kidney values was also noted in the
NAO-treated rabbits. Changes in the kidney weight did
not correlate with histological change, however, in any
of the groups. The spleen of animals treated with NAO
or apocynin followed by LPS challenge showed absolute
and relative weights statistically higher than controls.
The weights of the livers from the LPS-treated, NAO-

and LPS-treated, and apocynin- and LPS-treated groups
were greater than those from controls; this increase was
only statistically significant for the LPS-treated group.
The thymus of the groups treated with either apocynin or
NAO followed by LPS or with LPS alone showed de-
creases in absolute and/or relative weight.
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TABLE 3.-Mean and standard deviation&dquo; of clinical chemistry data noted in male rabbits, testing the prophylactic effect of antioxidants in the
LPS model.

I Data obtained at the end of dosing period. In parentheses basal values obtained before the start of the experiment.
* Significantly different (~ < 0.05) from control group (Student t-test); ** Significantly different (p < 0.01) from control group (Student t-test); *** Significantly

different (p < 0.001) from control group (Student t-test).

Gross Pathology Findings. When LPS was adminis-
tered alone, soft, whitish areas, scattered randomly and
1-2 mm in diameter, were observed in the liver of 4 out
of 6 animals. This change, similar in degree and distri-
bution, was also observed in animals administered apo-
cynin prior to LPS challenge. In animals administered
NAO prior to LPS challenge, a single whitish area was
described in 1 animal. No treatment-related changes were
seen in animals injected with NAO or apocynin alone.

Histopathological Findings. The incidence and mean
severity of the data are presented in Tables 6 and 7. Rep-
resentative figures of organs of untreated control rabbits
are included for comparative purposes (Figures 1, 5, 9,
13, 17, and 21).

TABLE 4.-Ratio of clinical chemistry data noted in male rabbits,
testing the prophylactic effect of antioxidants in the LPS model.

° Ratio of day 9 treated groups’ values to day 9 concurrent control values.
b Parameters considered of biological significance even if, on most occasions,

statistically insignificant upon analysis due to intragroup variability of the values.
* Significantly different (p < 0.05) from control group (Student t-test); ** Sig-

nificantly different (p < 0.01) from control group (Student t-test); *** Signifi-
cantly different (p < 0.001) from control group (Student t-test).

LPS Treatment

Treatment with LPS alone was associated with lesions
in several organs. In the liver, multifocal hepatocytic ne-
crosis associated with polymorphonuclear leukocyte
(PMNL) infiltration was noted, mainly in the subcapsular
area, close to the site of injection (Figure 2). The quantity
of PMNLs relative to the number of necrotic cells was

relatively high, in particular when these LPS-related le-
sions are compared to the lesions seen in rats exposed to
LPS (29). Many dying cells exhibited cytomorphologic
characteristics consistent with apoptosis (ie, apoptotic ne-
crosis, with cytoplasmic shrinkage and karyorrhexis)
(28). Other necrotic cells displayed a coagulative ap-
pearance (ie, oncotic necrosis) with karyolysis and swol-
len, homogeneous, and acidophilic cytoplasm. In the thy-
mus, necrotic cells with hyperbasophilic nuclear debris
were present in the cortex (Figure 6). In the spleen, ne-
crosis and depletion of lymphoid cells were noted in the
periarteriolar sheaths (T-cell zone) (Figure 10) and folli-
cles (B-cell zone). In the adrenal cortex, depletion of nor-
mal cytoplasmic vacuolation was noted in the cells of the
zona fasciculata (Figure 14). The cytoplasm of these cor-
tical cells had an almost homogeneous eosinophilic ap-
pearance. In the eyes, hemorrhages were noted in the cil-
iary processes of the iris (Figure 18), and PMNLs were
present in the iridocorneal angle and within the mesh-
work’s spaces of Fontana indicating acute uveitis (Figure
22). All other observed lesions were considered sponta-
neous and unrelated to LPS treatment. No treatment-re-
lated changes were noted in any of the organs examined
from animals exposed to NAO or apocynin alone.

NAO Treatment

Prophylactic treatment with NAO prior to LPS chal-
lenge had a significant protective effect against LPS-re-
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TABLE 5.-Mean absolute and relative weights of selected organs of male rabbits, testing the prophylactic effect of antioxidants in LPS model.

I A = Absolute value; B = relative organ weight in % body weight.
* Significantly different (p < 0.05) from control group (Student t-test); ** significantly different (p < 0.01) from control group (Student t-test).

lated lesions in the liver, thymus, spleen, eyes, and ad-
renal (Tables 6 and 7). Typical histopathological findings
are presented for NAO-treated rats in Figures 3, 7, 11,
15, 19, and 23. In the liver and the eye, the NAO ap-
peared to have a beneficial effect by reducing the inci-
dence and severity of inflammation, necrosis, and hem-
orrhage induced by LPS administration. There was no
reduction of B and T lymphocytes in the spleen and thy-
mus. In the adrenals, the NAO treatment was associated
with a normal appearance (ie, slight to moderate cyto-
plasmic vacuolation) of adrenal cortical cells.

Apocynin Treatment
A decrease in the incidence and/or severity of LPS-

related pathology was noted in the liver, spleen, thymus,
and adrenal (Tables 6 and 7); however, only the decreased
severity of the splenic follicular cell necrosis (but not
other components in LPS-related splenic damage)
achieved statistical significance. Typical changes are pre-
sented for the same organs in rats treated with apocynin
in Figures 4, 8, 12, 16, 20, and 24.

DISCUSSION

The objective of this study was to evaluate further the
prophylactic efficacy of antioxidant pretreatment on the
cellular damage induced by LPS treatment in the rabbit
model. This study compared the antioxidative potential
of 2 agents previously tested by us in the rat LPS model
(29)-the novel compound, NAO, and apocynin. The
radical-scavenging antioxidants are responsible for scav-
enging and stabilizing free radicals, thereby preventing
their attack on target molecules such as phospholipids,
proteins, and DNA (36). Current literature highlights con-
tinuing interest in the protective biological effects of
some natural antioxidants, especially from edible plants,
that are candidates for preventing cancer and various in-
flammatory disorders such as arthritis and septic shock
induced by endotoxemia (47, 52, 54, 58). Many of the
natural antioxidants reported in the literature are related
to the polyphenol or flavonoid families. Polyphenols have
potent antioxidant properties including the scavenging of
oxygen radicals, nitric oxide, and lipid radicals (42, 49).

TABLE 6.-Incidence (irrespective of severity grades) of selected histopathological findings in male rabbits, testing the prophylactic effect of
antioxidants in the LPS model.

° No lesions were noted in the brain, kidneys, lungs, stomach, duodenum, jejunum, ileum, cecum, colon, rectum. heart. thyroids, femur. and skeletal muscle.
* Significantly different (p < 0.05) from control group (Fisher’s exact test); ** significantly different (p < 0.01) from control group (Fisher’s exact test).
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TABLE 7.-Mean severity of histopathological findings (mean ± SE) in male rabbits, testing the prophylactic effect of antioxidants in the LPS
model.a a

° Lesions were scored using 5 semiquantitative grades as follows: 0, no lesion; 1, minimal lesion; 2, mild lesion; 3, moderate lesion; 4, severe lesion.
* p < 0.05 vs LPS alone (Mann-Whitney test); ** p < 0.01 vs LPS alone (Mann-Whitney test).

Furthermore, the anti-inflammatory action of flavonoid
compounds has been reported to be partly due to inhi-
bition of leukotriene synthesis by lipoxygenase in leu-
kocytes (22, 25).

While screening for inhibitors of lipid peroxidation, we
found a powerful water-soluble antioxidant, NAO, in
spinach leaves that specifically inhibited the lipoxygenase
enzyme (20, 40). NAO, which contains a mixture of poly-
phenols, was isolated, purified, and partially character-
ized. The efficacy of NAO as an antioxidant was studied
in both in vitro and in vivo models and was found to be

superior to the well-known antioxidants vitamin E and
butylated hydroxytoluene (20). NAO significantly re-

duced the high mortality rate in rats caused by the syn-
ergism of LPS and glycerol (60). Such reduction was also
seen in a rat model of increased sensitivity to endotox-
emia resulting from bilateral nephrectomy (59).
The prophylactic effect of NAO in the LPS rabbit

model was compared to the effect of apocynin, a com-
pound that contains a main phenolic active group and is

known to be a potent inhibitor of membrane-bound 0,--
generating NADPH oxida,,e (56). That apocynin is

changed into a metabolically active molecule in the pres-
ence of myeloperoxidase and ROS has been suggested.
This molecule may then prevent the assembly of func-
tional 0,--generating NADPH oxidase, thereby blocking
the generation of 02- (46). Metabolic activation of apo-
cynin is therefore restricted to cells with the capacity to
release peroxidase upon stimulation, eg, PMNLs and
mononuclear phagocytes. This explanation implies that
apocynin may have therapeutic value in the treatment of
diseases in which these cell types are involved.

Our current investigation indicates that a single ip ad-
ministration of LPS to rabbits induces a variety of ne-
crotic and inflammatory histological changes in organs
and systems, some of which are comparable to those seen
in humans (50, 57). Most of the inflammatory morpho-
logical changes in our rabbit model were more severe
than those described in our previously used LPS rat mod-
el (29). Moreover, apocynin that was comparable to NAO

FIGURE 1.-Photomicrograph of liver (left lobe) of an untreated control male rabbit. H&E. X66.

FIGURE 2.-Focal necrosis and acute inflammation (arrow) in the liver (left lobe) of a male rabbit treated with LPS. H&E. x66.

FIGURE 3.-Undamaged hepatic tissue (left lobe) of a male rabbit pretreated for 1 week with NAO prior to LPS challenge. H&E. X66.

FIGURE 4.-Focal necrosis and acute inflammation (arrow) in the liver (left lobe) of a male rabbit pretreated for 1 week with apocynin prior to
LPS challenge. H&E. X66.

FIGURE 5.-Photomicrograph of the cortex of the thymus of an untreated control male rabbit. Arrow indicates a single necrotic cell that is
considered to be part of the physiological age-related involution of this organ. H&E. X66.

FIGURE 6.-Mild degree of lymphocyte necrosis (arrows) in the cortex of the thymus of a male rabbit exposed to LPS. H&E. X66.

FIGURE 7.-Normal lymphocytic population in the cortex of the thymus of a male rabbit pretreated for 1 week with NAO prior to LPS challenge.
Arrow indicates a single necrotic cell that is considered to be part of the physiological age-related involution of this organ. H&E. X66.

FIGURE 8.-Mild lymphocyte necrosis (arrows) in the cortex of the thymus of a male rabbit pretreated for 1 week with apocynin prior to LPS
challenge. H&E. X66.

FIGURE 9.-Photomicrograph of the splenic periarteriolar lymphoid sheath (T-zone) of an untreated control male rabbit. H&E. X 100.

FIGURE 10.-Mild lymphocyte depletion (compare with Figures 9 and 11) in the splenic periarteriolar lymphoid sheath (T-zone) of a male rabbit
exposed to LPS. H&E. X 100.

FIGURE 11.-Normal lymphocytic population in the splenic periarteriolar lymphoid sheath (T-zone) of a male rabbit pretreated for 1 week with

NAO prior to LPS challenge. H&E. X 100.

FIGURE 12.-Mild lymphocyte depletion (compare with Figures 9 and 11) in the splenic periarteriolar lymphoid sheath (T-zone) of a male rabbit
pretreated for 1 week with apocynin prior to LPS challenge. H&E. X 100.
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in the prophylactic preventive effect in the rat model was
significantly less effective than NAO in the rabbit model.
The NAO was significantly more effective than the apo-
cynin in reducing the LPS-related pathology in the liver,
eyes, adrenals, thymus, and spleen. Species variabilities
may account for these differing effects. There appear to
be exaggerated inflammatory reactions to LPS in the rab-
bit, compared to the rat. The rabbit species is known to
be more sensitive to LPS treatment than the rat or mouse

(15, 61). In addition, our previous study reported elevated
enzymatic and nonenzymatic ROS and lipid peroxidation
products in rabbit liver compared to the rat liver (4, 5).
The availability of apocynin to the rabbit liver may be
deduced from the observed findings that apocynin par-
tially reduced levels of liver transaminases and glucose;
however, no preventive effect was noted in the liver his-
topathology.

The fact that apocynin did not confer any significant
histopathology prophylactic effect may lead to the con-
clusion that alternative oxidative pathways, other than
NADPH oxidase, such as xanthine oxidase and NO syn-
thase (NOS), underlying the release of ROS, may be in-
volved in the rabbit inflammatory processes induced by
LPS so that apocynin proved unable to overcome the ox-
idative burst initiated by activated PMNLs and macro-
phages. In addition, it is possible that higher doses of
apocynin may be more efficacious in reducing patholog-
ical changes in the liver.

The increased absolute and relative liver weight noted
in the group treated only with LPS (statistically signifi-
cant) and in the group treated with apocynin plus LPS
correlated with the inflammatory changes noted in this
organ. However, the apparent heavier liver weight noted
in the group treated with NAO plus LPS, as compared to
control, probably reflects physiological variation as no
other reason could be found for this observation.

As for the thymic weight, in groups treated with LPS
alone or LPS plus apocynin, the change in the absolute
weight correlated with evidence of necrosis of lympho-
cytes. Although the absolute thymic weight was also de-
creased in the group treated with LPS plus NAO, histol-
ogy confirmed that NAO pretreatment conferred protec-
tion to this organ. No reasonable explanation for the de-
creased thymic weight in the group pretreated with NAO
could be found. As for the spleen, the heaviest weight
was noted in the groups treated with LPS alone, LPS plus
apocynin, and LPS plus NAO. These increases did not
correlate with the histological protective effect of NAO
seen in this organ. The increase in splenic weight is sug-
gested to result from nontreatment-related variation in the
congestion noted in this organ.

Acute exposure of rabbits to LPS was associated with
necrosis in the liver, spleen, and thymus. The presence
of PMNLs was noted in association with necrosis of he-

patic cells, many of apoptotic appearance. Reports doc-
ument that LPS and TNFa induce apoptotic necrosis in
thymocyes, endothelial cells, hepatocytes, and neutro-
phils of rodents (21, 27, 55). The TNFa cytotoxicity has
been proposed to be related to the stimulation of the mi-
tochondrial production of ROS and/or to be due to in-
flammatory processes occurring through the induction of
genes that encode mediators such as IL-1, IL-6, IL-8, and
macrophage inflammatory protein-2 (30). These media-
tors enhance vascular permeability, stimulate the expres-
sion of adhesion molecules on endothelial cells, and serve
as PMNL chemoattractors. The infiltrating PMNLs cause
additional damage through the generation of ROS, NO’,
or ONOO- (18, 38).

The LPS-related, widespread necrotic-inflammatory le-
sions in the liver tended to localize in proximity to the
surface of the hepatic lobe, close to the site of ip injec-
tion. In contrast to such localization, iv injection of LPS

FIGURE 13.-Photomicrograph of the adrenal cortex of an untreated control male rabbit. Note slight to moderate cytoplasmic vacuolation (arrows).
H&E. X 66.

FIGURE 14.-Depletion of cytoplasmic vacuolation (ie, minimal cytoplasmic vacuolation) in the adrenal cortical cells (arrow) of a male rabbit
exposed to LPS. The cytoplasm of these cortical cells has a more homogeneous eosinophilic appearance compared to the adrenals of the untreated
control (Figure 13) and NAO-treated rabbits (Figure 15). H&E. X66.

FIGURE 15.-Normal-appearing (ie, slight to moderate cytoplasmic vacuolation, arrows) adrenal cortical cells of a male rabbit pretreated for 1

week with NAO prior to LPS challenge. H&E. X66.

FIGURE 16.-Depletion of cytoplasmic vacuolation (ie, minimal cytoplasmic vacuolation) in the adrenal cortical cells (arrow) of a male rabbit
pretreated for 1 week with apocynin prior to LPS challenge. The cytoplasm of these cortical cells has a more homogeneous eosinophilic appearance
compared to the adrenals of untreated control (Figure 13) and NAO-treated rabbits (Figure 15). H&E. X66.

FIGURE 17.-Photomicrograph of the ciliary processes in the eye of an untreated control male rabbit. H&E. X66.

FIGURE 18.-Hemorrhage within the ciliary processes in the eye of a male rabbit exposed to LPS. H&E. X33.

FIGURE 19.-Undamaged ciliary processes in the eye of a male rabbit pretreated for 1 week with NAO prior to LPS challenge. H&E. X33.

FIGURE 20.-Hemorrhage within the ciliary processes in the eye of a male rabbit pretreated for 1 week with apocynin prior to LPS challenge.
H&E. X33.

FIGURE 21.-Photomicrograph of the iridocomeal angle in the eye of an untreated control male rabbit. H&E. X33. Inset: higher magnification
of the meshwork area. H&E. X66.

FIGURE 22.-Acute inflammation at the iridocomeal angle and within the meshwork (arrow) in the eye of a male rabbit exposed to LPS. H&E.
X33. Inset: higher magnification of the meshwork area. Note the presence of polymorphonuclear cells within the spaces of Fontana (arrows). X66.

FIGURE 23.-Undamaged iridocomeal angle and meshwork of a male rabbit pretreated for 1 week with NAO prior to LPS challenge. H&E. X33.

Inset: higher magnification of the meshwork area. Note no inflammatory cells within spaces of Fontana. X66.
FIGURE 24.-Acute inflammation at the iridocomeal angle and within the meshwork (arrow) in the eye of a male rabbit pretreated for 1 week

with apocynin prior to LPS challenge. H&E. X33. Inset: higher magnification of the meshwork area. Note the presence of polymorphonuclear cells
within the spaces of Fontana (arrow). X66.
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resulted in an embolic or miliary-like distribution, with-
out particular confinement to 1 lobe (53). In this case,
the hepatic reaction consisted similarly of necrosis and
PMNLs. The particular hepatic anatomical localization in
our model and the involvement of the eyes of the same
animals indicate that the LPS endotoxin diffused ip and
was subsequently absorbed in the nearby liver tissue with
further hematogenous distribution. The increase, although
not statistically significant, in the selected blood chem-
istry parameters (ie, total bilirubin, AST, ALT) may be
indicative of acute hepatic damage (12).

The beneficial effect of NAO, preventing histologic
changes in the liver of rabbits treated with LPS, may be
related to direct antioxidative effects of the compound,
such as scavenging of released free radicals or indirectly
by inhibition of chemotaxis of PMNLs through inhibition
of the 5-lipoxygenase pathway, preventing production of
the chemotaxic agents, hydroxyperoxides and leukotri-
enes (17, 33, 34). The NAO was also effective in reduc-
ing the levels of blood chemistry parameters that are in-
dicative of liver damage (total bilirubin, AST, ALT); in
contrast, apocynin had only a slight preventive effect on
AST and ALT, compared to the NAO group.

In the present experiment LPS was found to increase
the levels of blood total cholesterol and triglycerides. Ex-
periments in C57B1/6 (LPS-sensitive) mice showed that
16 hours after administration, LPS (1 jig/mouse) pro-
duced a 41 % increase in serum cholesterol and triglyc-
eride levels, as well as significant increases in hepatic
cholesterol and fatty acid synthesis (32). That TNFr3 may
serve as the in vivo mediator of these LPS effects in mice
has been proposed. Consistent with the lack of any sig-
nificant protective effect on the liver, the apocynin pre-
treatment was ineffective in reducing the LPS-related in-
creased levels of cholesterol. The statistically significant
differences in total cholesterol values in groups 3 and 4

(NAO + LPS and NAO alone, respectively) were not
considered induced by treatment. The prophylactic treat-
ment with NAO was effective in preventing total choles-
terol elevation. Because atherosclerotic lesions contain

macrophages capable of secreting IL-1, the control of hy-
percholesterolemia and possible antiatherosclerotic po-
tential of NAO should be investigated further (26).
LPS is commonly used to induce an experimental uve-

itis (iridocyclitis) of the eye (23). A tissue distribution
study with LPS injected into rabbits showed that, in the
eyes, it tends to localize in the aqueous humor and iris-

ciliary process (24). Investigation of the 24-hour pro-
gression of ocular inflammation in rabbits injected with
LPS into the vitreous showed that extravascular protein
and PMNLs were particularly increased in the anterior
segments of the eyes (23). Previously described histo-
pathological changes are in agreement with the findings
noted in our LPS-treated rabbits, in which the PMNLs
were detected in the anterior chamber near the filtration

angle. In our previous study, we showed that the rat eye
was not a target organ following ip LPS injection (29).
This difference may be explained by the fact that the
rabbit eye is known to be exquisitely sensitive to almost
any stimulus due to characteristic anatomical and func-

tional differences, such as an atypically labile blood-
aqueous barrier (9).
Our results indicated that the NAO was more effective

than apocynin in preventing LPS-induced uveitis. Inhib-
itors of inducible NOS such as NG-nitro-L-arginine meth-
yl ester (L-NAME) and aminoguanidine were found to
abort effectively LPS-induced uveitis if coinjected with
LPS (1). No inhibitory effect was noted when L-NAME
was injected 6 hours following LPS exposure. The results
suggested that NO’ may serve as a key mediator in LPS-
induced uveitis and that administration of a NOS inhib-
itor to an already progressing uveitis may be harmful.
Further, variables such as dose, route and frequency of
administration, species, cell types involved, and immune
status of the subject were reported to determine the bio-
logical effects of NOS inhibitors (35). The effect of NAO
in reducing uveitis indicates that it was systemically ab-
sorbed and achieved therapeutic levels in the eyes.
The histopathological changes noted in the adrenal cor-

tex, spleen, and thymus of the LPS-exposed rabbits from
the current study and the same treated group from the
previous rat study (29) are comparable. In the present
study the adrenal cortical fasciculata cells of the LPS-
treated rabbits lost the normally present cytoplasmic vac-
uolation, resulting in a homogeneous eosinophilic ap-
pearance of the cytoplasm. The decrease in the number
of lipid droplets gave the cytoplasm a less rarefied and
denser staining appearance, as previously described in ad-
renal adaptive changes as &dquo;stress&dquo; (19). When exposed
to sepsis, the corticosterone-producing cells are known to
exhibit an enhanced release of hormones, an adrenocor-
ticotropic hormone (ACTH)-regulated activity. Rabbits
exposed to a single iv dose of 1 J,Lg/kg LPS showed an
increase in the serum cortisol level 24 hours after LPS
administration (3). Injections of TNFa and IL-1, respec-
tively, were associated with a late increase in the cortisol
with TNFa and an early, short-duration increase in cor-
tisol with IL-1 injection. IL-1, secreted during LPS chal-
lenge, may mediate the increased pituitary-adrenal acti-
vation in animals undergoing immunological response by
inducing the secretion of corticotropin-releasing factor
from the hypothalamus (6, 7, 43). This release leads to
an increase in blood levels of ACTH and corticosterone.
A peripheral release of ACTH by LPS-stimulated lym-
phocytes has also been suggested (10). The corticoste-
roids are known to induce apoptosis in lymphoid cells.
In mice exposed to LPS, the TNFa levels have been dem-
onstrated to be elevated significantly 1 hour postinjection,
and the time course of plasma corticosterone concentra-
tion correlates well with the development of apoptosis
noted in the thymus (37).
The elevation of blood glucose levels in the LPS-treat-

ed rabbits is attributed to the stress effect. That increased

glucocorticoid levels are associated with hyperglycemia
is documented (13). Prophylactic exposure to NAO and
apocynin each similarly reduced the glucose levels in-
duced by LPS treatment.

In summary, exposure of rabbits to LPS resulted in the

appearance of lesions in several tissues that are similar
to those associated with LPS release in septic shock and
oxidative stress in humans as well as comparable animal
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models. The necrotic and inflammatory changes were
particularly ameliorated by pretreatment with NAO,
while pretreatment with apocynin was only partially ef-
fective in preventing the LPS-related pathology. Further
comparative studies, in which higher doses of apocynin
will be used, may elucidate the reason for the relative
inefficiency of apocynin in our investigation.
The findings of this study suggest a potential thera-

peutic application of NAO in clinical gram-negative sep-
sis.
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