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NAC is associated with additional alleviation of lung
injury induced by invasive pulmonary aspergillosis in

a neutropenic model
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Aim: Neutropenic individuals are at high risk for invasive pulmonary aspergillosis (IPA), a life-threatening infection. To evaluate the
therapeutic potential of antioxidants, IPA was induced in neutropenic mice and the effect of N-acetyl-I-cysteine (NAC) on oxidative stress

levels and lung injury was analyzed.

Methods: Mice were pretreated with three daily intraperitoneal injections of 150 mg/kg cyclophosphamide, followed by intratracheal
inoculation with 4.5x10° conidia of Aspergillus fumigatus. The infected mice were then randomly assigned to an amphotericin B (AMB)
group, an AMB plus NAC group, or an untreated control (C) group. In each group, the duration of treatment was 24, 48, or 72 h, and
activities such as appearance, feeding, and dermal temperature were observed throughout the experiment. Sera and lung tissues
were collected and analyzed by quantitative enzyme-linked immunosorbent assay (ELISA) for total protein, superoxide dismutase (SOD),
malondialdehyde (MDA), tumor necrosis factor-o (TNF-a), and interleukin-10 (IL-10) levels. The wet/dry weight ratio of the lung was
also calculated and lung sections were stained with hematoxylin-eosin for pathological examination and with methenamine silver stain

for fungus detection.

Results: Compared with the mice untreated with NAC, mice in the AMB plus NAC group had increased SOD and reduced MDA levels
both systemically and locally at 24, 48, and 72 h after inoculation with conidia. NAC treatment also decreased the pulmonary protein
content at 48 and 72 h and the lung wet/dry weight ratio at 24 and 48 h. Additionally, NAC enhanced pulmonary production of TNF-a

and IL-10 at 24 h and 48 h.

Conclusion: In combination with antifungal therapy, NAC treatment can alleviate oxidative stress and lung injury associated with IPA in

neutropenic mice.
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Introduction

Aspergillus fumigatus (A fumigatus) is the most common spe-
cies among Aspergillus, accounting for 90% of all respiratory
infections. The infectious agent of A fumigatus is its airborne
conidium, which may develop 45° dichotomous branching
of hyphae 2-5 um in diameter that are able to invade tissue!"l.
Invasive pulmonary aspergillosis (IPA) is a rapidly progress-
ing, often fatal disease that commonly affects immunocom-
promised patients and is characterized by necrotic tissue con-
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taining abundant hyphae. Because of the widespread use of
antibiotics, corticosteroids, antitumor drugs, and immunosup-
pressive drugs, the morbidity of IPA is currently increasing.
IPA is particularly prevalent in intensive care units (ICUs)>"!
and in patients with neutropenia, the most common and
best-characterized risk factor for IPA. Mortality due to
IPA ranges from 30% to 90%”), and even in conjunction with
antifungal therapy, the mortality rate exceeds 60%®. In the
ICU, the incidence of Aspergillus infection increased from 0.3%
to 5.8%. In a 3-year study of ICU in Belgium, the observed
mortality was up to 80%".
treatment with amphotericin B is customary but often ineffec-

In neutropenic patients with IPA,

tive, with reported response rates of less than 55% in leukemia
patients and bone marrow recipients!®. Therefore, insight
into IPA pathogenesis during antifungal treatment may aid



the development of safer, more effective treatment regimens,
such as combination therapy using caspofungin and liposomal
amphotericin B (AMB)!"".

An imbalance between oxidants and antioxidants has been

observed in many pulmonary diseases!"\.

In immunocompe-
tent hosts, inhaled A fumigatus conidias are phagocytosed by
alveolar macrophages, which kill the fungus using powerful
reactive oxygen intermediates (ROIs). If conidial germination
occurs before or after phagocytosis, neutrophils migrate to the
site, degranulate after contact, and release ROIs that eliminate
the hyphae. Several studies have found that oxidative mecha-
nisms kill conidias, whereas oxidative-burst and non-oxidative
mechanisms kill hyphae!™ ",
induced by the oxidant-antioxidant imbalance, but excessive

Oxidative stress in the lung is

ROIs may directly damage tissues and induce inflammation.
The current study was based on the hypothesis that combining
antioxidants with classical anti-aspergillosis treatment could
alleviate ROI-induced tissue damage and thus improve the
drugs’ therapeutic effects.

N-acetyl-l-cysteine (NAC) is a natural derivative of L-amino-
thiopropionic acid. Once administered orally or by injection, it
can be rapidly absorbed and transformed into aminothiopropi-
onic acid by deacetylation™.
onic acid, the substrate of the endocellular antioxidant reduced

By generating aminothiopropi-

glutathione hormone (GSH), NAC eventually complements
intracellular GSH levels, elevates the ratio of GSH/GSSG,
and promotes the antioxidative effects of GSH. NAC can also
inhibit white-cell activation and indirectly modulate the pro-
duction of inflammatory cytokines such as IL-10 and IL-12".
More specifically, an in vitro model of lung cell stretch showed
that intracellular GSH, acting as a scavenger of ROS, regulates
lung cell stretch-induced cytokine production!®.

To evaluate the therapeutic potential of antioxidants during
antifungal treatment, IPA was induced in neutropenic mice
and the effects of NAC on pulmonary oxidative stress and
injury were observed.

Materials and methods

IPA model in neutropenic mice

Male BALB/c mice (8-10 weeks old, about 20 g) were obtained
from the animal center of the Shanghai Medical School of
Fudan University. The animals were housed, six mice per
standard cage, in a specified pathogen-free environment.
These mice were maintained on a 12-h light/dark cycle and
received water and food ad libitum. All experiments were
approved by the Experimental Animal Ethics Committee of
Fudan University.

Neutropenia was induced by intraperitoneal (ip) administra-
tion of 150 mg-kg™-d" cyclophosphamide” (Hengrui Pharma-
ceutical Factory, Jiangsu Province, China) 3 days before fungal
inoculation. Animals were kept under strict hygienic condi-
tions and were observed daily until the end of the study.

A strain of Aspergillus fumigatus was isolated from an
immunocompromised patient with IPA. The fungus was
cultured on Sabouraud agar and conidia were harvested in
sterile saline. Preparation of a microscopically confirmed,
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hyphae-free conidial suspension was performed as previously
described™. A suspension of 1x10° conidia/mL was then pre-
pared prior to inoculation. Each inoculum consisted of 0.025
mL of suspension (10° conidia) administered intratracheally
using a micro-amount syringe (Micro Fine 0.025 mL, Com-
merce and Trade Gaoge Company Ltd, Shanghai, China) after
blunt dissection of the subcutaneous tissue.

Pharmaceutical intervention

The neutropenic mice were randomly assigned to an AMB
treatment (AMB), an AMB plus NAC treatment (AMB plus
NAC), or a control (C) group. Weight, behavior, feeding, and
other activities and characteristics were observed before inocu-
lation with A fumigatus conidia (0 h) as well as 24, 48, and 72 h
after inoculation. For the AMB group, AMB (New Pioneer
Pharmaceutical Company Ltd, Shanghai, China) was diluted
in 5% dextrose and administered ip at a dose of 1 mg/kg per
day™®. Treatment was started at24 h after fungal inoculation
and was administered for 3 consecutive days. For the AMB
plus NAC group, beyond AMB treatment, mice received an
injection of NAC at 150 mg/kg per day before infection (0 h)
and every 24 h over the 3 days following inoculation!.

Blood was collected immediately after sacrifice. Three hun-
dred microliters of each sample was dissolved in 570 pL of
glacial acetic acid to obtain a white blood cell count. The sera
were separated by centrifugation at 2000 r/min for 10 min at
4 °C for further testing.

The superior lobe of the right lung was homogenized in 1.0
mL of cold phosphate-buffered saline (PBS) and incubated in
an ice bath before use. Lung homogenates were centrifuged
at 12000 r/min for 15 min at 4°C. The sediment of the homo-
genates was then cultured on Sabouraud agar at 37 °C. The
supernatants and sera mentioned above were stored at -70 °C
until analysis.

Oxidation evaluation

Superoxide dismutase (SOD) and malondialdehyde (MDA)
levels in the sera and lung homogenates were quantified using
commercially available kits according to the manufacturer’s
instructions (Nanjing Jiancheng Co Ltd). Results were nor-
malized to the total amount of protein measured by Bradford
protein assay (Beyotime Institute of Biotechnology).

Cytokine determination

TNF-a and IL-10 levels in the sera and lung homogenates
were determined using commercially available enzyme-linked
immunosorbent assay (ELISA) kits according to the manufac-
turer’s instructions (Shanghai Senxiong Corp). Results were
normalized to total amount of protein.

Lung pathology and injury analysis

Pulmonary vascular permeability and wet/dry weight ratio
were measured as described previously™. The left lung was
obtained and weighed immediately and 72 h after storage at
60 °C to determine the wet/dry weight ratio of the lung tissue.
Meanwhile, the pulmonary permeability index was deter-
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mined as the ratio of protein levels in the bronchoalveolar
lavage fluid to levels in the plasma. The total amount of pro-
tein in the supernatants of the lung homogenates and sera was
measured using the Bradford protein assay.

The inferior lobe of the right lung was fixed in 4% neutral
buffered formaldehyde, embedded in paraffin, and cut into
sections. These sections were stained with hematoxylin-eosin
for histological examination and with methenamine silver for
fungus detection™. A trained pathologist evaluated lung sec-
tions in a blinded fashion and graded the degree of lung injury

using a previously described scoring system® >,

Statistical analysis

All data were expressed as means and standard errors of the
means (SEMs). One-way analysis of variance (ANOVA) was
used to perform comparisons among three or more groups,
and Student’s t test was used for comparing the two groups.
Data were analyzed using the SPSS 13.0 software. P<0.05 was
considered significant.

Results
Induction of IPA in neutropenic mice
A neutropenic mice model was successfully established,
as evidenced by a median white blood cell count of
(2.42+1.02)x10°%/L (<5%10°/L), as compared with 4.0x10°-
12.0x10°/L in normal mice®. Successful IPA induction
was verified by histological analysis using hexamethylene
tetramine silver staining, which revealed pulmonary dissemi-
nation and infiltration of hyphae in the control mice (Figure 1).
After conidia inoculation, the infected control mice exhibited
depression, lower activity levels, reduced feeding, decreased
dermal temperature, and slower responses. These mice tended
to gather and shiver with hair erect. The deceased animals
usually exhibited mass conjunctival secretion and gummed
eyelids. Meanwhile, mice in both treatment groups displayed
typical behavior, and no remarkable behavioral difference was
noted between the two groups.

NAC treatment blocked inhibition of SOD production in both lung
and serum

As shown in Figure 2A, the pulmonary SOD levels of the AMB
plus NAC group were significantly higher than those of the C
group at 24, 48, and 72 h. However, pulmonary SOD levels of
the AMB group were significantly higher than those of the C
group only at 72 h.

The serum SOD levels of the AMB and AMB plus NAC
groups were significantly higher than the C group’s levels.
Additionally, the AMB plus NAC group’s serum SOD concen-
tration was statistically different from that of the AMB group,
especially at 48 h (779.46+71.89 U/mL vs 554.24+86.81 U/mL,
P<0.01) and 72 h (799.36+49.09 U/mL vs 580.45+38.58 U/mL,
P<0.01; Figure 2B).

NAC treatment decreased MDA levels in both lung and serum
The MDA levels in the lung homogenates of the AMB plus
NAC group were reduced compared with those of the C
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Figure 1. Methenamine silver stain of lung infected with A fumigatus.
(All from the placebo group) magnification, x400 (left) and x800 (right),
a lot of hyphae within the lesions of necrosis can be observed (arrows).
Hexamethylene tetramine silver staining exhibited considerable hyphae
invasion into pulmonary alveoli and interstitium at 72 h. Only few conidia
were found at 72 h.

group, whereas the AMB group’s MDA levels were similar to
the C group’s levels (Figure 2C). The serum MDA levels of the
AMB plus NAC group were also noticeably lower than those
of C group, in accordance with the lung homogenate data
(Figure 2D).

NAC treatment changed the indices of lung injury at both 48 and
72h

The vascular permeability and wet/dry weight ratio of the
lung were utilized as indices of tissue injury. Pulmonary
vascular permeability was expressed as the ratio of protein
levels in the bronchoalveolar lavage fluid to levels in the
plasma, and pulmonary edema was estimated from the wet/
dry lung weight ratio. In this study, AMB plus NAC interven-
tion improved vascular permeability at 48 and 72 h and lung
edema at 24 and 48 h. Moreover, compared with the AMB
group, AMB plus NAC treatment improved permeability
more noticeably at 72 h (0.18+0.05 vs 0.323+0.14, P<0.05; Figure
3A). The latter treatment also significantly decreased lung
edema at 48 h, as compared with the C group (4.19+0.41 vs
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6.05+1.29, P<0.05), whereas no statistical difference was noted
between the AMB and C groups (Figure 3B).

TNF-a and IL-10 levels in lungs and serum

The serum concentrations of TNF-a and IL-10 did not differ
significantly among the three groups of mice. AMB and AMB
plus NAC treatments both resulted in elevated TNF-a levels in
the pulmonary homogenates at 24 and 48 h. The pulmonary
IL-10 levels of the AMB plus NAC group were also higher
than those of the C group at 24 and 48 h. In contrast, the AMB
group’s IL-10 levels were higher than the C group’s levels at
48 and 72 h (Figure 4C).

Histology

The results of histopathological examination are shown in Fig-
ure 5. At 24 h post-infection in the C group, the inflammatory
cells accumulated in the alveolar septum and around the bron-
chi. Next, at 48 h, the alveolar septum was markedly widened
and filled with neutrophils. However, tissue damage seemed
be somewhat alleviated at 72 h. Yet, when treated, tissue
damage had been repaired to some extent at each time point.
These results were in accordance with the quantitative scoring
of histopathological damage (Figure 5B).
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Discussion

Murine models of aspergillosis have been used extensively in
the study of antifungal drug efficacylzs’zsl.
lation best mimics the natural route of infection in humans, in

Intratracheal inocu-

whom the lung is the primary target organ following conidia
inhalation, especially during immunosuppression® *. In the
current study, IPA pathogenesis was induced by this mode
of infection. Intratracheal instillation after blunt dissection
was adopted because intranasal inoculation led to variability
in inhaled conidia count, often a result of damp nostrils or
sneezing. This new method was 100% successful in induc-
ing infection, as confirmed by the results of histopathological
examination. The alveolar septum was obviously widened
and filled with inflammatory cells, both of which are char-
acteristic of IPA. Moreover, hexamethylene tetramine silver
staining revealed a considerable number of hyphae but few
conidia in the pulmonary alveoli and interstitium at 72 h after
inoculation (Figure 1), which is typical of IPA in mice with
chemotherapy-induced neutropenia™.

SOD content reflects the host’s ability to quench free
radicals. Treatment of IPA with AMB plus NAC markedly
elevated SOD levels in mice both in local tissue and in blood
serum in comparison with the other two groups. Moreover,

cf

Figure 2. Influences of different interventions
72 on the oxidative stress of neutropenic mice
of invasive pulmonary aspergillosis. White
bar represents data for AMB group which was

m Cgroup
O AMB group treated with amphotericin b (AMB), and black
B AMB plus NAC group bar for AMB plus NAC group which was treated

with AMB combined with n-acetylgalactosamine
(NAC) while grey bar for the control group. (A)
The concentration of SOD in homogenates.
(B) The concentration of SOD in sera. (C) The
concentration of MDA in homogenates. (D) The
concentration of MDA in sera of mice. °P<0.05,

72 °P<0.01 vs C group. °P<0.05, 'P<0.01 vs AMB
group.
Figure 3. Influences of different interventions on the indices of

lung injury of neutropenic mice of invasive pulmonary aspergillosis.
Triangles and continuous line represent data for CT group
which was treated with amphotericin b (AMB) combined with
n-acetylgalactosamine (NAC), squares and broken line represent
data for AMB group which was treated only with AMB, and diamond
and broken line for the control group. (A) Vascular permeability of
lung: the protein of lung homogenates/protein in sera; (B) Lung wet/
dry ratio. °P<0.05, °P<0.01 vs C group. °P<0.05 vs AMB group.
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Figure 4. Influences of different interventions on
the cytokines in sera and lung homogenates of
mice of invasive pulmonary Aspergillosis. White
bar represents data for AMB group which was
treated with amphotericin b (AMB), and black
bar for AMB plus NAC group which was treated
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(NAC) while grey bar for the control group. TNF-o
and IL-10 contents in the right lungs and in
serum of the mice were determined by ELISA.
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concentration IL-10 in sera. °P<0.05, °P<0.01 vs
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Figure 5. Lung histological features of mice infected with A fumigatus, which were treated with AMB, or AMB plus NAC, or untreated (Control)(A).
Histopathological examination was carried out and showed that inflammatory cells increased in alveolar septum and around bronchi at 24 h after
injection. At 48 h, alveolar septum was obviously widened under microscopes, filled with massive neutrophils. It seemed that the histopathological
findings were improved somehow at 72 h. When being treated, the tissue damage had been repaired to some extent at each time point. Heamatoxylin-
eosin staining. Magnification,x400. It also told the same tendency from the quantifying score of histopathological damage (B, n=3).

the AMB plus NAC treatment markedly reduced MDA lev-

increased the antioxidant capability of infected mice and ame-
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liorated tissue damage caused by free radicals during IPA pro-
els, which are an indicator of oxidative damage. Thus, NAC gression.
During IPA pathogenesis, A fumigatus conidia are phagocy-
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tosed by macrophages and polymorphonuclear cells (PMNs)
and circulating monocytes damage escaping hyphae by secret-
ing microbicidal oxidative metabolites and nonoxidative
compounds, thus preventing the establishment of invasive

disease!® % 32,

While PMNs are essential for pathogen eradi-
cation, excessive release of oxidants and proteases may be
responsible for organ injury as well as fungal sepsis™™. A
powerful antioxidant and an effective preventive and thera-
peutic agent in diseases was related to inflammation and
oxidative stress""”, NAC would be likely to alleviate damage
caused by excessive oxidants. NAC was previously reported
to significantly reduce lung injury in mice with Pseudomonas
aeruginosa-induced pneumonia®! and was here observed to
effectively alleviate pulmonary damage in IPA mice. NAC’s
efficacious reduction of oxidative stress was supported by his-
topathological data and pathological scoring as well as by the
lung injury indices.

No remarkable differences in TNF-a and IL-10 serum con-
tent were observed among the three groups of mice. This
finding may be attributed to the fact that the systemic reaction
to IPA was not noticeable. Meanwhile, significant changes in
the cytokine levels of the lung homogenates were recorded
among all three groups, with markedly elevated levels of both
TNF-a and IL-10 at 24, 48, and 72 h with AMB plus NAC treat-
ment. Studies of the IPA murine model have demonstrated
that resistance to infection is associated with the production
of Thl cytokines, whereas Th2-cytokine release was corre-
lated with disease progression® * *!. Aihara et al previously
reported that NAC could increase Th1/Th2 cytokine levels
in vitro™. TNF-a is a pro-inflammatory Th1 cytokine that is
important to the host response to infectious agents, including

fungal pathogens!*'l.

Phagocytosis of hyphae induces release
of IL-10, a Th2 cytokine that regulates the inflammatory
response by impairing the antifungal activity of phagocytes
and secretion of proinflammatory cytokines by macrophages,
T-cell, neutrophils and dendritic cells®*. In this study, NAC
elevated pulmonary TNF-a levels, strengthening resistance to
IPA infection. This finding was in accordance with other data
pertaining to alleviation of lung injury. The rise in IL-10 due
to NAC, however, is more difficult to explain. Further work is
necessary to elucidate the influences of NAC on inflammation,
and specifically on cytokine production.

Conclusion

In combination with antifungal therapy, NAC treatment can
alleviate oxidative stress both in local tissue and in blood
serum and lung injury associated with IPA in neutropenic
mice. Additionally, combined treatment with NAC improved
vascular permeability and palliated lung edema. Antioxidants
in conjunction with antifungal treatment may thus be a more
effective means of treating IPA in neutropenic hosts.

Since the complexity of cytokine production during IPA
treatment with antioxidants is still not well understood, fur-
ther studies using additional time points and examining mul-
tiple Th1/Th2 cytokines will be required.
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