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Alteration in the expression of inflammatory parameters
as a result of oxidative stress produced by moderate zinc
deficiency in rat lung
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ABSTRACT

Suboptimal intake of dietary zinc (Zn) is one of the most common nutritional problems worldwide. Previously,
the authors have shown that zinc deficiency (ZD) produces oxidative and nitrosative stress in lung of male rats.
The goal of this study is to test the effect of moderate ZD on insulin-like growth factor (IGF)-1, IGF-binding pro-
tein (IGFBP)-5, NADH oxidase (NOX)-2, tumor necrosis factor alpha (TNF«), as well as the effect of restoring
zinc during the refeeding period. Adult male rats were divided into 3 groups: Zn-adequate control group, Zn-
deficient group, and Zn-refeeding group. eNOS, metallothionein (MT) I, and NOX-2 was increased in ZD group.
The authors observed an increased gene transcription of superoxide dismutase (SOD)-2 and gluthathione per-
oxidase (GPx)-1 in ZD group, as well as in ZD-refeeding group, but catalase (CAT) transcription did not change
in the treated groups. Proinflammatory factors, such as TNFa and vascular cell adhesion molecular (VCAM)-
1 increased in ZD, whereas it decreased in ZD refeeding. However, peroxisome proliferator-activated receptor
gamma (PPARy) and IGF-1 gene transcription decreased in ZD, whereas IGFBP-5 decreased in the ZD group.
These parameters are associated to alterations in the lung histoarchitecture. The zinc supplementation period is
brief (only 10 days), but it is enough to inhibit some proinflammatory factors. Perhaps, zinc deficiency implica-
tions must be taken into account in health interventions because inflammation and prooxidant environment are
associated with ZD in lung.

KEYWORDS catalase; endothelial nitric oxide synthase; glutathione peroxidase; insulin growth factor binding protein-5; insulin
growth factor-1; NADPH oxidase-2; peroxisome proliferator-activated receptor gamma; superoxide dismutase; tumor necrosis factor
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Zinc is an essential nutrient and one of the most
abundant biological trace metals. It also has special
roles in the conducting airways. It has been shown
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that zinc deficiency increases oxidative damage in the
airways by infiltration of inflammatory cells and in-
creased oxidative and nitrosative stress [1]. We have
previously reported an important state of inflamma-
tion, where iNOS  (inducible form of nitric oxide
synthase) and COX-2 (cyclooxigenase-2) enzymes
involved in NO (nitric oxide) metabolism play a signi-
ficative role in lung injury as a result of zinc deficiency
[2].

The pulmonary tissue stores labile zinc in a vesicle-
like compartment. Labile zinc can be rapidly mobi-
lized by stress state and may arise from zinc bound
to metallothioneins (MTs) [3]. We also showed that
zinc deficiency increases total MT levels during ox-
idative stress, probably due to a protective response
to low zinc concentrations [2].
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The lungs have a potentially high risk of injury
mediated by free radicals and lipid peroxidation [4].
Moreover, the lung tissue contains unsaturated fatty
acids, which are a substrate for lipid peroxidation.
Under certain stress conditions, the peroxidation of
membrane lipids seems to be an unavoidable process
in tissue injury [5].

This inflammatory process provokes the induction
of high levels of a reactive oxygen species (ROS),
which subjects the cell to a state of oxidative stress,
and may damage cellular DNA, proteins, and lipids,
and result in cell-cycle arrest, cellular senescence,
and cell death [5]. ROS, such as superoxide, hydro-
gen peroxide (H,O,), and hydroxyl radicals, are an
inevitable consequence of mitochondrial respiration
in aerobic organisms. Other sources of ROS gen-
eration are NADPH oxidases [6]; however, little is
known about the relation between ROS production
by NADPH oxidase and acute lung injury.

During the course of lung injury, various adhesive
and proinflammatory molecules are generated, such
as tumor necrosis factor alpha (TNFa) and vascular
cell adhesion molecule (VCAM)-1 [7]. TNF« plays
an important role during lung injury by activating
nuclear factor kappa B (NF-«B), which increases
gene transcription and synthesis of inflammatory
proteins and growth factors [8]. This state causes
neutrophils activation, which leads to expression
of adhesion molecules in the surface of endothelial
cells [9, 10] and induces a strong adherence between
them. In previous research, we showed important
polymorphonuclear neutrophils (PMNs) infiltration
in zinc-deficient lung, and we also demonstrated
the increased activity of antioxidant enzymes in lung
tissue, which confirmed the oxidative stress and the
local inflammation [2].

In addition, as a critical component of the cell’s
antioxidant defense system, zinc appears to be
important for maintaining an environment that
facilitates normal protein-protein interaction. Zinc
deficiency can induce cell injury or inadequate tissue
repair, which may have important implications in the
pulmonary function. This might similarly be relevant
for the optimal functioning of zinc-dependent pro-
teins and transcriptions factors, such as peroxisome
proliferator-activated receptor gamma (PPARy) [11].

Moreover, PPARy has anti-inflammatory actions,
and has been proved to down-regulate inflammatory
response genes by negatively interfering with the
nuclear factor NF-«B, and regulating antioxidant
enzymes activities, such as catalase [12]. Therefore,
zinc deficiency has an important effect on the gene
transcription of PPARy during lung injury. In spite
of this, little is known about it, in the course of
supplementation period.
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The formation of reactive-nitrogen species (RNS)
[13] and nitrosative stress are potentially involved in
lung pathogenesis. According to this, both iNOS [2]
and epithelial NOS (eNOS) expressions are related to
an inflammatory process present in airways of acute
lung injury. eNOS is expressed in human bronchial
epithelium and in type II human alveolar cells, and it
plays an important role during lung injury [13].

Recent data show that fibroproliferation and fibro-
sis can occur independently of inflammation, and that
inflammation is required to initiate growth factors
production. Mesenchymal growth factors—including
transforming growth factor (TGF)-8 and insulin-like
growth factor (IGF)-1, as well as proinflammatory
cytokines, such as tumor necrosis factor alpha
(TNFa) and interleukin-15—have been shown to be
exaggerated in several fibrotic lung disorders, includ-
ing idiopathic pulmonary fibrosis (IPF), acute respi-
ratory distress syndrome (ARDS), sarcoidosis, and
bronchopulmonary dysplasia, as well as in pulmonary
manifestations of systemic diseases [14]. Indirect
mechanisms such as hormonal or metabolic alter-
ations secondary to zinc depletion could contribute to
impaired IGF-1 gene expression. The mechanisms by
which zinc regulates IGF-I gene expression [15] and
IGF-binding protein (IGFBP)-5 are not well known.

The present study was conducted to evaluate the
relationship between zinc deficiency and IGF-1 and
IGFBP-5 gene transcription in lung tissue, associated
to changes in the gene transcription of NADPH oxi-
dase, antioxidant enzymes, and zinc-dependent tran-
scriptions factors. Moreover, we tried to analyze and
to link the morphometrical changes to the parameters
mentioned above. Finally, we also investigated the ef-
fect of restoring zinc levels to zinc-deficient rats on the
different parameters associated with inflammation.

MATERIALS AND METHODS

Diet and Experimental Design

Male rats of the Wistar strain (200 £ 10 g) were used.
Throughout the experiment, all rats were housed un-
der controlled conditions (24°C £ 0.5°C and 12
hours of light from 6 AM to 6 PM). Diet acclimation
lasted 1 week. During that time, control diet (AIN
93-M) [16] was provided to all rats, and intake was
measured. During the pretest, rats with similar intake
profiles were matched and randomly assigned to the
control or the Zn-deficient groups; each group con-
tain 14 animals. Zn-adequate control diet (Co) con-
tained 30 mg Zn/kg (as ZnCl,), and Zn-deficient diet
(ZD) contained 5 mg Zn/kg. ZD animals were di-
vided into 2 subgroups, and the last 10 days before
sacrifice, one subgroup of deficient animals was fed
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with the control diet (ZD-refed group), in order to
supply these animals with ion zinc. The other sub-
group, on the other hand, was fed with a ZD diet
during the whole period of treatment. After 8 weeks
of treatment, the animals were sacrificed. Fresh di-
ets were given, and leftover food was discarded on a
daily basis (20 g per day were enough to ensure “ad
libitum” feeding). All the components of the diet re-
mained constant (except for Zn contents), and were
supplemented with recommended amounts of vita-
mins and minerals, according to an AIN 93-M diet
[16]. Both diets had the following composition (g/kg):
466 cornstarch, 140 casein (785% protein), 155 dex-
trinized cornstarch, 100 sucrose, 50 fiber/cellulose,
40 soybean oil (containing liposoluble vitamins), 35
mineral mix AIN-93M-MX (zinc was not incorpo-
rated into the mineral mix of ZD diet), 10 vitamin mix
(AIN-93-VX), 1.8 L-cystine, 0.008 ascorbic acid, 2.5
choline bitartrate (41% choline). All dietary ingre-
dients were monitored for zinc concentration using
atomic absorption spectrophotometry (AAS). Rec-
ommended guidelines [17] for rat care and treatment
were followed. During the experience, body weights
were registered weekly.

Serum and Tissue Collection

At the end of the second month of treatment and 12 h
after the last feeding, the animals were killed. Before
that, they were anesthetized intraperitoneally (IP)
with sodium pentobarbital (50 mg/kg), and blood
samples for determination of zinc serum were col-
lected in tubes previously washed and rinsed with ni-
tric acid. The lungs were quickly removed, washed
with ice-cold 0.9% saline solution, and weighed.
Serum and right lobes of each lung were frozen at
—80°C until they were analyzed.

Zinc Analysis

Aliquots of the diet, serum, and lung were collected
without allowing any contact with metal. Each sample
was wet-ashed with 16 N nitric acid, as described by
Clegg et al. [18]. Zn concentrations of the pretreated
samples and serum were quantified by an atomic ab-
sorption spectrophotometer (model 5100, HGA-600
Graphite Furnace; Perkin-Elmer). A linear calibra-
tion curve using certified standard National Institute
of Standards and Technology (NIST) solutions was
carried out. All specimens were diluted using bides-
tilled, deionized water, and analyzed in duplicate. Be-
fore sample digestion, different amounts of standard
solution of each element were added. Recovery was
between 98% and 99.2% for different elements.

© 2010 Informa Healthcare USA, Inc.
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Thiobarbituric Acid—-Reactive Substance
(TBARS) Determination

Lung homogenates were used for TBA assay [19],
and the levels of lipid peroxidation products, mainly
malondialdehyde (MDA), were determined spec-
trophotometrically as TBARS:s.

RNA Isolation and Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR) Analysis

A lobe was used by total RNA analyses. Total RNA
was isolated by using TRIzol (Life Technologies).
All RNA isolations were performed as instructed by
the manufacturers. Gel electrophoresis and ethidium
bromide staining confirmed the purity and integrity
of the samples. Quantification of RNA was based
on spectrophotometric analysis at 260/280 nm. Ten
micrograms of total RNA were reverse-transcribed
with 200 units of Moloney murine leukemia virus
(MMLYV) reverse transcriptase (Promega) using ran-
dom hexamers as primers in a 20-uL reaction mix-
ture, following the manufacturers instructions. RT-
generated fragments code for superoxide dismutase
(SOD-2), glutathione peroxidase (GPx-1), catalase
(CAT) and NAD(P)H oxidase (INOX-2) [20], tumor
necrosis factor alpha (TNF«) [21], metallothioneins
I and I (MT I and II) [22], insulin growth factor-
1 (IGF-1), insulin growth factor-binding protein-
5 (IGFBP-5) [15], peroxisome proliferator-activated
receptor gamma (PPARy) [23], vascular cell adhe-
sion molecule-1 (VCAM-1) [24], and B-actin [25].
PCR was performed in 35 uL. of reaction solution
containing 0.2 mM dNTPs, 1.5 mM MgCl,, 1.25
U of Taq polymerase, 50 pmol of each rat specific
oligonucleotide primers, and RT products (1/10 of
RT reaction). The expected PCR product of NOX-2
is 150 bp, SOD-2 is 191 bp, GPx-1 is 245 bp, CAT
is 175 bp, TNF« is 400 pb, MT Iis 312 pb, MT Il is
297 pb, PPARy is 131 pb, IGF-1 is 299 pb, IGF-BP5
is 399 pb, VCAM-1 is 476 pb, and S-actin is 243 bp.
The samples were heated to 94°C for 2 min, followed
by 38 temperature cycles. Each cycle consisted of 3
periods: (1) denaturation, 94°C for 1 min; (2) anneal-
ing, 60°C for SOD-2, GPx-1, CAT, NOX-2, TNF«,
PPARy, and B-actin; 58°C for IGF-1 and IGFBP-
5; 65°C for VCAM-1; 55°C for MT I and II; for 1
min; (3) extension, 72°C for 1 min. After 38 reaction
cycles, the extension reaction continued for 5 more
minutes. The PCR products were electrophoresed on
2% agarose gel with 0.01% ethidium bromide. The
image was visualized and photographed under ultra-
violet (UV) transillumination. The PCR was carried
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out using primers specific to the following rat pro-
teins:

NOX forward: 5 CCAGTGTGTCGGAATCTC-
CCT 3

reverse: 5 ATGTGCAATGGTGTGAATGG 3’

SOD-2 forward: 5 AGCTGCACCACAGCAAG-

CAC 3/
reverse: 5 TCCACCACCCTTAGGGCTCA 3
GPx-1 forward: 5 CGGTTTCCCGTG-
CAATCAGT 3’

reverse: 5 ACACCGGGGACCAAATGATG 3

CAT forward: 5 CGACCGAGGGATTCCAGATG
3/

reverse: 5 ATCGGGGTCTTCCTGTGCAA 3’

MT I forward: 5 ACTGCCTTCTTGTCGCTTA 3’

reverse: 5 TGGAGGTGTACGGCAAGACT 3/

MT 1II forward: 5 CCAACTGCCGCCTC-
CATTCG 3

reverse: 5 GAAAAAAGTGTGGAGAACCG 3

TNF forward: 5 AAGTTCCCAAATGGCCTCC-
CTCTCATC 3

reverse: 5 GGAGGCTGACTTTCTCCTGGTAT-
GAA 3

PPAR forward: 5 TTCTGAAACCGACAGTACT-
GACAT 3

reverse: 5 CATGCTTGTGAAGGATGCAAG 3’

IGF-1 forward: 5 AAAATCAGCAGTCTTCCAAC
3/

reverse: 5 AGATCACAGCTCCGGAAGCA 3

IGFBP-5 forward: 5 TTGCCTCAACGAAAA-
GAGC 3

reverse: 5 AGAATCCTTTGCGCGGTCACA 3’

VCAM-1 forward: 5 CACCTCCCCCAAGAAT-

ACAGA 3
reverse: 5 GCTCATCCTCAACACCCACAG 3
Actin forward: 5 CGTGGGCCGC-
CCAGGCACCA ¥

reverse: 5 TTGGCCTTAGGGTTCAGAGGG 3’

The intensity of each band was measured using
the NIH Image software and reported as the values
of band intensity units. The relative abundance of
each target band was then normalized according to
the housekeeping gene S-actin, calculated as the ra-
tio of the intensity values of each target product to
that of B-actin.

Western Blot Analysis for eNOS

Lungs were homogenized with 50 mM Tris-HCI (pH
7.8) containing 0.01% Triton X100 and protease in-
hibitor cocktail, and centrifuged at 4°C. Protein con-
centrations of the resulting supernatants were deter-
mined according to the method of Wang and Smith
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[26], using bovine serum albumin (BSA) as a stan-
dard. Forty micrograms of proteins were mixed with
10 uL. of sample buffer (125mM Tris-HCI, pH 6.8,
4% sodium dodecyl sulfate [SDS], 3.5 mM dithio-
threitol [DTT], 0.02% bromophenol blue, and 20%
glycerol), boiled for 2 to 3 minutes, and loaded
into a 10% SDS—polyacrylamide gel electrophore-
sis (PAGE) gel. Protein molecular mass markers
were always loaded on each gel. Separated proteins
were transferred to polyvinylidene difluoride (PVDF)
membranes (Polyscreen NEF 1000; NEN Life Sci-
ence Products) using a blot transfer system (BioRad
Laboratories, Hercules, CA). After being blocked
with 5% BSA-TBS solution (20 mM Tris, 500 mM
NaCl, pH 7.5) overnight, at 4°C with gentle agi-
tation, membranes were incubated with a primary
rabbit anti-eNOS polyclonal antibody (1:1000 dilu-
tion) for 1 hour (Santa Cruz Biotechnology). After
washing 3 times with TTBS (0.1% Tween 20, 100
mM Tris-HCI, pH 7.5, 150 mM NaCl), membranes
were incubated with a secondary goat anti-rabbit im-
munoglobulin G (IgG) antibody linked to biotin for
1 h at room temperature (1:2000 dilution). Mem-
branes were washed again and the color was devel-
oped using a Vectastain ABC detection system (Vec-
tor Labs). The intensity of the bands was scanned
densitometrically with the image processing and anal-
ysis programme Scion Image and expressed on arbi-
trary units.

Histological and Morphometric Examination
of Lung

The lungs from 6 rats in each group and at each time
point were fixed in situ for microscopy by intratra-
cheal instillation of Bouin’s solution at 20 cm H,O
pressure for 10 minutes, subsequently removed from
the thorax, and immersed in a fixative for 2 hours
[2]. The samples were dehydrated in graded series of
ethanol and embedded in paraffin. Sections of 5 to
6 um thickness were obtained using a Porter Blum
Hn40 microtome and stained with hematoxylin and
eosin (H&E). Histological observations were made
on at least 4 sections of the different regions of each
lung lobe. Microphotographs were taken using an
Olympus BX50 microscope connected to a digital
camera and to a PC-based image analysis system (Im-
age ]) [27]. Sections were examined for evidence of
lung injury by light microscopy, which were scored
for edema and neutrophil infiltration. A 5-point scale
(0 to 4) was used to represent severity: O for no or
very minor severity, 1 for modest and limited, 2 for
intermediate, 3 for widespread or prominent, and 4
for widespread and most prominent [28].
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Statistical Analysis

For each set of values, the mean and standard error of
the mean were calculated and compared using 1-way
analysis of variance (ANOVA) [29], with the statisti-
cal computer analysis system GraphPad Prism. When
ANOVA revealed statistical differences, the statisti-
cal post hoc analysis of Bonferroni was used. When
the assays were of 2 groups, the statistical differ-
ences were tested by Student’s test. Fisher least signif-
icance difference test was used to examine differences
between group means. Significance was set at the
P < .05 level.

RESULTS

Weight Gain and Zn Status of the Rats

Table 1 shows the body weight of rats fed with a ZD
diet, which was significantly lower than the control
one after 2 months of treatment, whereas the weight
of the ZD-refed group was significantly higher com-
pared to the ZD group. Zinc concentrations in serum
and lung decreased in the ZD group, whereas the level
of zinc in the ZD-refed group surpassed the control
values. In our experimental model, clinical signs such
as dermatitis or alopecia were not observed.

Expression of Metallothioneins | and Ii

Another parameter used to confirm zinc defi-
ciency in our model was the determination of gene

| MTI

I MT I

Il B-actin

(A)
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TABLE 1 Body and Lung Weights, Zinc Concentrations, and
TBARS of Male Rat

Co ZD ZD refed

384+£10.7 323+6.7" 391+15.3
2.46+£0.75 1.13+0.40™ 1.66+£0.28

Body weight (g)
Zn in lung (ppm)

Zn in serum 7.6£15 2.44+0.7* 8.2+25
(umol/L)
TBARS (nM/mg 2.80+0.59 10.9+1.5** 13.8+£0.7**

prot)

Note. Results given as means + SEM, n = 14 for each case. Across
a row, values with different superscript indicate differences by
ANOVA test.

Mean values were significantly different (**P < .01,*P < .001)
when compared to control group.

transcription of metallothioneins I and I, mainly MT
II (Figure 1). It is well established that MT II plays
an important role in the zinc metabolism. MT II
mRNA transcription increased in the ZD group as
compared to the control group, but during the sup-
plementation period, MT II gene transcription was
decreased compared to the control. The gene tran-
scription of MT I was not significantly different
among all groups.

Thiobarbituric Acid—-Reactive Substances

TBARSs were measured by levels of MDA in lung
tissue. Table 1 summarizes the effect of ROS and
RNS production on the lipid metabolism and shows
an enhanced lipid peroxidation in the ZD group

MT |

[

51& —X
312pb

< 05
297 pb =

co =0 20 wkd
MT 1l

243 pb o s

é 075 G

c';“' 0.3

é Dlﬁ l

(B) 0.00 — -

FIGURE 1 (A) Transcription of metallothionein I and II in control and ZD rats. I: Ethidium
bromide-stained agarose gel of MT I PCR products. II: Ethidium bromide-stained agarose gel of MT
II PCR products. Ethidium bromide—stained agarose gel of B-actin PCR products, used as an internal
control. Lanes 1, 2: control samples. Lanes 3, 4: ZD samples. (B) Quantification of the intensity of
the fragment bands in relation to the intensity of the internal control bands (n = 8 per dietary group).

*#*P < .001 significance when compared to controls.
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FIGURE 2 (A) Transcription of NADPH oxidase (INOX-2) in control, ZD, and ZD-refed

group. I: Ethidium bromide-stained agarose gel of NOX-2 PCR products. II: Ethidium
bromide-stained agarose gel of S-actin PCR products, used as an internal control. Lanes 1, 2:
control samples. Lanes 3, 4: ZD samples. Lanes 5, 6: ZD-refed samples. (B) Quantification of
the intensity of the fragment bands in relation to the intensity of the internal control bands (n =
8 cases per group). **P < .05 significance when compared to controls.

(P < .001). Total lung MDA levels in the ZD-refed
group were significantly higher than the control.

Expression of NADPH Oxidase (NOX-2)

One of the most important sources of superoxide
is NADPH oxidase. There are several isoforms of
NADPH oxidase, one of which is NOX-2. Given the
fact that local inflammation produces an increase of
superoxide level, we determined NOX-2 mRNA tran-
scription in lung, which was significantly higher in the
ZD group (Figure 2). Gene transcription of NOX-2
in the ZD-refed group decreased to control values.

Expression of Superoxide Dismutase (SOD-2),
Gluthatione Peroxidase (GPx-1), and Catalase
(CAT)

As a consequence of oxidative damage, the antiox-
idant mechanism induces the gene transcription of
enzymes of the antioxidant system. For this reason,
we measured SOD-2, GPx-1, and CAT mRNA tran-
scription during lung injury. The gene transcription
of SOD-2 was significantly higher in the ZD group;
therefore, the concentration of H,O, increased. How-
ever, after a short refeeding time, SOD-2 transcrip-
tion decreased in the ZD-refed group. H,O, is further
decomposed to H,O by action of GPx-1 and CAT.
GPx-1 mRNA transcription was significantly higher
in the ZD and refed groups. In contrast, CAT mRNA
transcription did not change among all the groups
(Figure 3).

Expression of Tumor Necrosis Factor Alpha
(TNFw)

The levels of TNFo were measured after exposure to
zinc deficiency by RT-PCR analysis. Gene transcrip-

RIGHTS O

tion of TNF«a was significantly increased in the ZD
group (P < .05), whereas this response was signifi-
cantly higher in the ZD-refed group (P < .005) than
the control (Figure 4).

Expression of Vascular Cell Adhesion
Molecule (VCAM-1)

To further characterize the mechanism that under-
lies high neutrophil influx in the lung in response to
zinc deprivation, VCAM-1 mRNA transcription was
determined by RT-PCR analysis. VCAM-1 mRNA
transcription increased in the ZD group when com-
pared to the control. In contrast, in the ZD-refed
group, the gene transcription of VCAM-1 decreased
compared to control group (Figure 5).

Expression of Peroxisome
Proliferator-Activated Receptor Gamma
(PPARy)

The effect of zinc deficiency and supplementation
in the gene transcription of PPAR-y was studied
(Figure 6). This transcription factor contains “zinc
fingers” in its structure. PPAR-y mRNA transcrip-
tion was markedly reduced during zinc deficiency,
and the time of refeeding was not sufficient to recover
the gene transcription (ZD refed).

Expression of Endothelial Nitric Oxide
Synthase (eNOS)

We determined the expression of eNOS by Western
blot techniques. The results showed an increase of
eNOS expression in the ZD group when compared to
the control group. The expression in ZD-refed group
of eNOS did not overtake the level of control group
(Figure 7).
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FIGURE 3 (A) Transcription of enzymes of the antioxidant system in control, ZD, and
ZD-refed rats. I: Ethidium bromide—stained agarose gel of SOD-2 PCR products. II: Ethidium
bromide-stained agarose gel of GPx-1 PCR products. III: Ethidium bromide-stained agarose gel
of CAT PCR products. IV: Ethidium bromide-stained agarose gel of S-actin PCR products,
used as an internal control. Lanes 1, 2: control samples. Lanes 3, 4: ZD samples. Lanes 5, 6:
ZD-refed samples. (B) quantification of the intensity of the fragment bands in relation to the
intensity of the internal control bands (z = 8 cases per group). *P < .01, **P < .05 significantly

different than controls.

Lung Histophatology

The lungs were fixed, sectioned, stained, and exam-
ined for evidence of lung injury. Significant morpho-
logical changes in lung parenchyma were observed
in ZD rats when compared to the control group
after 2 months of treatment (Figure 8). A section
of ZD shows accumulation of abundant polymor-
phonuclear infiltration in the lung, with thickened

I TNFc

Il B-actin bas

(A)

WIS SRR — 243pb 0.25

&5
] )
w
~
w
[e)}

alveolar septae, alternated collapsed and expanded
alveoli, inflammation, and edema. Similarly, ZD lung
exhibited hypertrophy due to an increase of connec-
tive tissue fibers. A section of the ZD-refed group
shows polymorphonuclear infiltration, severe inflam-
mation, expanded alveoli, and focal interstitial prolif-
eration. The significant changes observed in the histo-
logical appearance in lung of ZD and ZD-refed group
reflect their susceptibility to injury.

TNFo
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o
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FIGURE 4 (A) Transcription of tumor necrosis factor (TNF«) in control, ZD, and ZD-refed
rats. I: Ethidium bromide-stained agarose gel of TNFa PCR products. II: Ethidium
bromide-stained agarose gel of S-actin PCR products, used as an internal control. Lanes 1, 2:
control samples. Lanes 3, 4: ZD samples. Lanes 5, 6: ZD-refed. (B) Quantification of the
intensity of the fragment bands in relation to the intensity of the internal control bands (n = 8 per
dietary group). *P < .05, **P < .005 significantly different than controls.
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FIGURE 5 (A) Transcription of vascular cell adhesion molecule (VCAM-1) in control, ZD, and
ZD-refed rats. I: Ethidium bromide-stained agarose gel of VCAM-1 PCR products. II: Ethidium
bromide—stained agarose gel of B-actin PCR products, used as an internal control. Lanes 1, 2:
control samples. Lanes 3, 4: ZD samples. Lanes 5, 6: ZD-refed samples. (B) Quantification of the
intensity of the fragment bands in relation to the intensity of the internal control bands (z = 8 per
dietary group). *P < .01 significance when compared to controls.
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Expression of Insulin Growth Factor-1 (IGF-1)
and Insulin Growth Factor-Binding Protein
(IGFBP-5)

We examined the influence of zinc deprivation in the
gene transcription of some growth factors, such as
IGF-1 and IGFBP-5. As shown in Figure 9, gene
transcription of IGF-1 decreased whereas gene tran-
scription of IGFBP-5 increased (P < .05) in the ZD
group. The gene transcription of IGF-1 (P < .001)
and IGFBP-5 (P < .01) in the ZD-refed group were
higher than control group.

DISCUSSION

Mild-to-moderate zinc deficiency is frequently re-
ported in developing countries. However, the preva-
lence of mild deficiency in industrialized countries is
unknown due to the lack of sensitive clinical biomark-
ers of zinc status.

| PPARY

(A)

1 2 3 4 5 6

Previous works have shown a clear association be-
tween lung and oxidative stress. Also, a number of in
vitro and in vivo studies have shown increased oxida-
tive stress, specifically in the airways [30, 31] follow-
ing zinc deprivation, but few works related the lung
parenchyma to this situation [32-34]. We demon-
strated that NO-related species are accumulated in
the lung during the course of zinc deficiency [2]. Un-
der pathological conditions, this situation is interest-
ing because NO and superoxide anion are produced
at high levels, and can react extremely fast in order
to form the potent oxidant peroxynitrite [2]. Con-
sidering this, we examined ZD animals in search of
changes in the gene transcription of antioxidant en-
zymes, and proinflammatory factors, among others,
in lung stromal. We refed those animals with a con-
trol diet for 10 days in order to determine if there
was recovery of some of the parameters. We also stud-
ied what happened with some factors such as IGF-1
and its regulator IFGBP-5. We used an experimental
model that has the advantage of having been used for

PPARy
1.59
131pb o
§ 1.04
= *
>
B
g 0.5
243pb
00— "%a ZD 2D refed
(B)

FIGURE 6 (A) Transcription of peroxisome proliferator-activated receptor gamma (PPARy) in
control, ZD, and ZD-refed rats. I: Ethidium bromide—stained agarose gel of PPARy PCR
products. II: Ethidium bromide-stained agarose gel of S-actin PCR products, used as an internal
control. Lanes 1, 2: control samples. Lanes 3, 4: ZD samples. Lanes 5, 6: ZD-refed samples. (B)
Quantification of the intensity of the fragment bands in relation to the intensity of the internal
control bands (n = 8 per dietary group). *P < .01 significance when compared to controls.
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FIGURE 7 (A) Immunoblot analysis of endothelial NO synthase (eNOS) expression in lung.
Representative experiment of Western blot is shown. I: eNOS expression was detected with an
anti-eNOS antibody. II: S-actin was used as an internal control. (B) Quantification of the protein
band corresponding to eNOS was performed by densitometry. Results show intensity of eNOS
band in relation to the intensity of the internal control band (z = 8 per dietary group). **P <
.001 significance when compared to controls.
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FIGURE 8 Histological assessment of the effect of zinc deficiency (ZD), and zinc refeeding
(ZD refed) in lung. The lungs from 6 rats in each group and at each time point were fixed in situ
by intratracheal instillation of Bouin’s solution at 20 cm H,O pressure for 10 minutes, and
immersed in addition fixative. The samples were dehydrated in graded series of ethanol and
embedded in paraffin. Sections were stained with hematoxylin-eosin (300x). (A) Control (Co)
lungs show preserved lung parenchyma architecture. (B) ZD show prominent
polymorphonuclear infiltration, thickened alveolar septae, inflammation, edema, and
hypertrophy of connective tissue. (C) These features were not diminished in rat treated with
control diet. ZD refed show clear cells infiltration, over expanded alveoli, inflammation, edema,
and focal interstitial proliferation. (D) Morphometric examination of the lungs. Each bar
represents the mean + SEM of alveolar space in each group. **P < .001 significantly different
than Co.
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FIGURE 9 (A) Transcription of insulin growth factor (IGF-1) and Insulin growth factor-binding
protein (IGFBP-5) in control, ZD, and ZD-refed rats. I: Ethidium bromide-stained agarose gel of
IGF-1 PCR products. II: Ethidium bromide—stained agarose gel of IGFBP-5 PCR products. I1I:
Ethidium bromide-stained agarose gel of S-actin PCR products, used as an internal control. Lanes
1, 2: control samples. Lanes 3, 4: ZD samples. Lanes 5, 6: ZD-refed samples. (B) Quantification of
the intensity of the fragment bands in relation to the intensity of the internal control bands (n = 8
per dietary group). *P < .01, *P < .05, **P < 0.001 significantly different than control.

a long time to obtain more relevant physiological re-
sults [33—35]. In our experimental design, Zn depri-
vation for 8 weeks induces decrease of body weight
in the ZD group and Zn refeeding restores the body
weight in the ZD refed group (Table 1), and confirms
previous results [2, 33].

A decrease in serum zinc increased the risk for
developing metabolic and clinical signs of zinc de-
ficiency [36] and confirmed previous data [2, 34].
During the supplementation period, serum zinc con-
centration increased in relation to ZD. Some authors
have shown that when zinc is added back to the diet,
growth is promptly resumed, and it initially proceeds
even faster than in the controls [37]; the time of
refeeding used in this work was enough to overtake
the normal level of zinc.

In addition, zinc homeostasis is regulated by MTs,
which control the uptake, distribution, storage, and
release of zinc during oxidative damage [38, 39], and
MTs appear to act as a component of cellular de-
fenses [40, 41]. Also, MTs could play an important
role in the intracellular signal transduction pathways
[38, 39, 42]. We think that the increased gene tran-
scription of MT II in our experimental model is asso-
ciated to zinc deficiency [33]. MT I transcription did
not change in either group (Figure 1).

In an inflammatory environment, ROS production
is activated, and ROS can attack not only DNA, but
also other cellular components such as polyunsatu-
rated fatty acid residues of phospholipids, which are
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extremely sensitive to oxidation [43]. In our model,
the increase of TBARS levels might be attributed to
high concentrations of hydroperoxides arising from
polyunsaturated fatty acid, among others [44]. How-
ever, in the ZD-refed group, TBARS levels did not
decrease to the level of control group (Table 1). Ap-
parently, such a brief refeeding period of time is not
enough to overcome the redox changes induced by
the zinc deficiency.

It is known that part of ROS production is
normally generated by tightly regulated enzyme
NAD(P)H oxidase isoforms, which are best char-
acterized in neutrophils, and contribute to a large
number of pathologies, in particular chronic in-
flammation [45, 46]. Activated PMNs generate
extracellular superoxide anions through a plasma
membrane NADPH oxidase, which is expressed at
high levels in these cells [45, 46]. Inappropriate gene
transcription or activation of NOX during various
pathologies suggests their specific involvement in the
disease. In addition, this is one of the first commu-
nications that relates the changes of NOX-2 to ZD.
Our results demonstrated that NOX-2 transcription
is increased in the ZD group; so the superoxide
production could explain, at least in part, chronic
inflammation in our experimental model. At the end
of the supplementation period, the level of NOX-2
decreases in relation to ZD, which suggests that the
superoxide concentration may be decreasing and the
situation improves (Figure 2).
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The mammalian cells present a specific antioxidant
defense system that plays an important role during
the inflammatory process. This system is formed
by several enzymes, such as SOD, GPx, and CAT.
In agreement with other authors [20, 47], we pre-
viously showed increased activity of enzymes of the
antioxidant system in lung tissue of ZD rats [33]. We
demonstrated that the gene transcription of SOD-2
in the ZD group increased, and that SOD-2 tran-
scription in the ZD-refed group overtakes the control
level. In fact, increased SOD-2 levels could decrease
toxicity by decreasing superoxide availability and,
therefore, lessen direct and indirect reactions of
ROS with cellular constituents [47-49]. The H,0,
content is further decomposed to water by CAT or
GPx and considerable evidence suggests that GPx
gene transcription increases in lung injury [48-50].
In the present study, the gene transcription of lung
GPx-1 was higher in the ZD and ZD-refed groups
when compared to the control group, and CAT
transcription did not change in any of the groups
(Figure 3); these results agree with the activities of
this antioxidant enzyme [33].

The acute inflammatory response, as a conse-
quence of zinc deprivation, produces several effects;
one of them is the neutrophils activation [50]. The
migration of neutrophils is mediated by the abnormal
expression of adhesion molecules, which promotes a
much firmer interaction with endothelial cells, prob-
ably by the abnormal induction of redox-sensitive
signaling pathways [51]. Adhesion molecules, such
as VCAM-1, may play a major role in recruitment
PMNs and their subsequent retention in the airways
[52]. Besides, the expression of adhesion molecules
can be up-regulated by a number of cytokines, such
as TNFa by activating NF-«B pathways [51], as
shown in our previous results [2]. There is consider-
able evidence that pathophysiological concentrations
of TNF«a contribute to increased expression of
VCAM-1 [53]. In addition, we demonstrated an
increased transcription of TNFo and VCAM-1 in the
ZD group (Figures 4, 5). Moreover, as we expected,
the gene transcription of VCAM-1 decreased in the
ZD-refed group, which suggests that the period of
supplementation was enough to restore their control
levels (Figures 4, 5).

On the other hand, it is well established that
PPARy interferes negatively with the nuclear factors
NF-«B and TNF-«, which have also been identified
as therapeutic targets in inflammation [54]. TNF-«
is an important stimulus for the release of inflam-
matory mediators by airway smooth muscle cells
and down-regulates the expression of inflammatory
genes. In our experimental work, we demonstrated
the decreased gene transcription of PPARy in ZD
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rats (Figure 6); but after 10 days of refeeding, its
gene transcription increased even though it did not
overtake the control level. This situation is associated
to the higher increase of TNFa gene transcription in
ZD-refed group, probably as a consequence, at least
in part, of PPARy.

eNOS is constitutively expressed in bronchial
epithelium in type II alveolar epithelial cells and in
pulmonary blood vessels [55]. We measured the ex-
pression of eNOS, which increased in the ZD group
as compared to control, whereas in the ZD-refed
group the level of eNOS did not overtake the level
of control (Figure 7). In addition, recent studies
have indicated that treatment of endothelial cells
with H,O, can result in short-term increased eNOS
activity [56], and chronic enhanced eNOS expression
[57, 58]. Previously we measured the concentration
of H,O, (data not shown) in the same model and we
found that eNOS expression increased in parallel,
which suggests a possible role of this enzyme during
lung injury.

Under these conditions, the interaction among
activated macrophages, infiltrated neutrophils, alve-
olar cells, and vascular endothelial cells in alveolar
space potentiate moderate to severe inflammation,
amplifying a cascade of inflammatory reactions and
modification of the surfactant synthesis [59], and
causing surfactant dysfunction [60, 61]. Moreover,
histological studies showed an inflammatory situation
with mononuclear inflammatory cells infiltration,
edema, expanded alveoli, and interstitial proliferation
in the ZD group. In the ZD-refed group, more sig-
nificant changes in lung parenchyma were observed.
The ZD-refed group revealed fragmentation of the
alveolar septa, focal interstitial proliferation, edema,
and mononuclear inflammatory cell infiltration
(Figure 8). The significant changes observed in lung
of the ZD and ZD-refed groups reflect their suscep-
tibility to injury. This fact could be considered as a
result of cellular oxidative and nitrosative damage.

An increasing number of reports indicate that
changes in the oxidants levels are able to regulate the
growth factor and cytokines-mediated signaling [62].
In addition, Krein et al. recognized the potential
role of several growth factors in the fibroproliferative
process in the lung, and they focused on the possible
roles of the growth factors IGF-1 and TGF-8 in cell
migration and proliferation [62]. PMN migration
and proliferation and increased TGF-8 (data not
show) were observed in our experimental model.
In addition, IGF-1 has been shown to be elevated
in the lungs of patients with IPF, fibroproliferative
ARDS, and other fibrotic lung disorders, as well
as in animal models of pulmonary fibrosis such as
bleomycin-induced fibrosis [63].
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In our results, IGF-1 gene transcription in ZD
lung is decreased compared to control. Laboratory
studies have shown that bone marrow—derived
macrophages in the presence of TGF-g8 has reduced
basal IGF-1 mRNA production and, when stimu-
lated with TNFw, macrophages have been unable to
enhance IGF-1 messenger RNA production.
Interestingly, other authors showed large numbers
of IGF-1-immunoreactive cells in the early stages
of IPF, whereas in later phases of the disease the
presence of IGF-1-positive cells was significantly
reduced. This situation is supported by the theory
that IGF-1 acts early following inflammation to
promote cell proliferation and that in later phases of
the disease, when TGF-g is present, IGF-1 has been
negatively regulated.

Some researchers have previously demonstrated
that IGFBP-5 increases in lung tissues of patients
with lung fibrosis [14]. We demonstrated that
IGFBP-5 transcription is increased in the ZD group
compared to the control (Figure 9), which is also
consistent with the morphological changes observed
in the ZD group. During refeeding time, both IGF-1
and IGFBP-5 increases overtake the control values.
The mechanisms by which zinc regulates IGF-1
gene expression have not been extensively studied.
Alternatively, indirect mechanisms such as hormonal
or metabolic alterations secondary to zinc depletion
could also contribute to the impaired IGF-1 gene
transcription [64].

In conclusion, the present results suggest that
moderate Zn deficiency produces alterations in the
gene transcription of various antioxidant enzymes,
proinflammatory genes, and growth factors such
as IGF-1 in lung, which leads to histoarchitectural
alterations. It would be important to apply the
knowledge of Zn deficiency and its effects on lung in
order to design public health interventions to address
micronutrient malnutrition. When this situation
occurs together with other pathologies in lungs, it
could lead to worse prognosis in patients at risk.
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