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 i  g  h  l  i g  h  t  s

Exposure to  formaldehyde  induces  lung  inflammation  in  rats.
Female sex  hormones  mediates  lung  inflammation  induced  by  exposure  to  formaldehyde.
Tracheal reactivity  in  response  to formaldehyde  is mediated  by sex  hormones.
Adhesion molecule  expression  in  response  to formaldehyde  is mediated  by  sex  hormones.
Mast cell  activation  in  response  to  formaldehyde  is  mediated  by sex hormones.
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a  b  s  t  r  a  c  t

Female  sex  hormones  (FSHs)  exert  profound  regulatory  effects  on  the  course  of lung  inflammation  due
to  allergic  and  non-allergic  immune  responses.  As  pollution  is one  of  the pivotal  factors  to induce  lung
dysfunction,  in this  study  we  investigated  the  modulatory  role  of  FSHs  on  lung inflammation  after  a
formaldehyde  (FA)  exposure.  For  this  purpose,  lung  and  systemic  inflammatory  responses  were  evaluated
in terms  of  leukocytes countings  in  bronchoalveolar  lavage  (BAL),  peripheral  blood  and  bone  marrow
lavage  from  7-day  ovariectomized  (OVx)  and  Sham-OVx  rats  subjected  to  FA  inhalation  for  3  consecutive
days.  The  hypothesized  link between  effects  of  FSHs  on  expression  of adhesion  molecules  and  mast  cells
degranulation  was also  studied.  Once  exposed  to FA, Sham-OVx  rats  increased  the number  of  total  cells
recovered  in  BAL  and of leukocytes  in  peripheral  blood,  and  decreased  the  counts  in  bone  marrow.  By
contrast,  in  OVx  rats  upon  FA exposure  there  was a reduction  of the  total cells  counts  in BAL and  of  blood
leukocytes;  lung  expressions  of  ICAM-1  and  Mac-1  were  depressed,  but the number  of bone  marrow  cells
did not  vary.  Estradiol  treatment  of OVx  rats  increased  the  total  cells  in  BAL  and  decreased  the  number  of
blood  leukocytes,  whereas  the  number  of  bone  marrow  cell  remained  unaltered.  Progesterone  treatment,
in turn  increased  the  total  cells  in  BAL  and  blood  leukocytes,  but decreased  the number  of  bone  marrow
cells.  OVx  rats  exposed  to FA  developed  tracheal  hyperresponsiveness  to  methacholine  (MCh).  A similarly
altered  response  was  found  between  the  tracheal  segments  of Sham-OVx  rats  after  FA  exposure  and  that
found in  tracheae  of naïve  rats.  Estradiol  treatment  prevented  FA-induced  tracheal  hyperresponsiveness
to  MCh  whereas  progesterone  was  ineffective  in  this  regard.  In  addition,  OVx  rats  upon  FA  exposure
significantly  increased  both,  the  ability  of  mast  cell  degranulation  and  serum  corticosterone  levels. In
Please cite this article in press as: Lino-dos-Santos-Franco, A., et al., Differential effects of female sex hormones on cellular recruitment and
tracheal reactivity after formaldehyde exposure. Toxicol. Lett. (2011), doi:10.1016/j.toxlet.2011.06.023

conclusion,  it  was  found  that  FSHs  act by distinct  control  mechanisms  on  FA-induced  lung  inflammation
and  tracheal  hyperresponsiveness,  since  at low  circulating  levels  of FSHs  (such  as  those  after  OVx)  there
is some  resistance  to  the  development  of a lung  inflammatory  response,  but the cholinergic  tracheal
responsiveness  is exacerbated.  Our  data  also  help  to  understand  the involvement  of  FSHs  on  mast  cells
activity  after  pollutants  exposure  and  add  information  regarding  the role  of  FSHs  on the  mechanisms
related  to endothelium-leukocyte  interactions.
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1. Introduction31

Formaldehyde (FA) is a common environmental contaminant32

found in building materials, furniture carpets, wallpaper, plywood,33

floor coverings and sterilizing agents (Fló-Neyret et al., 2001;34

Krakowiak et al., 1998). FA is also emitted by tobacco smoke, urea-35

FA foam insulation, cosmetics, solvents and disinfectants (Ohtoshi36

et al., 1998). Despite the convincing evidence that correlates FA37

exposure with the development of lung inflammation (Green-38

Mckenzie and Hudes, 2005), it is that a contradictory array of lung39

responses arises after FA inhalation. More specifically, a reduced40

capacity of the bronchial smooth muscle to contract in response41

to a cholinergic stimulus coexisting with an intense neutrophil42

recruitment (Lino-dos-Santos-Franco et al., 2006).43

The scenario is further complicated by the observation that,44

although mast cells have been reported to be the target of the45

FA action in the lung (Fujimak et al., 1992; Stenback et al., 1996;46

Lino-dos-Santos-Franco et al., 2006, 2009, 2010a)  the exposure to47

this pollutant causes a downregulation of the allergic lung inflam-48

mation (Lino-dos-Santos-Franco et al., 2009). In parallel studies49

we have also demonstrated that FA exposure reduced expression50

of PECAM-1 and ICAM-1 in lung tissue of allergic rats (Lino-dos-51

Santos-Franco et al., 2009, 2010b).  The subject is still controversial,52

since in a different model of allergic asthma it has been shown that53

FA exposure induces a worsening of the lung inflammation (Kita54

et al., 2003).55

Clinical and experimental evidence indicate a role for female sex56

hormones (FSHs) have definite control influences on lung inflam-57

mation (Stanford et al., 2006; Haggerty et al., 2003; Skobellof et al.,58

1996). In this context, Cuzzocrea et al. (2000) demonstrated that59

estradiol protects carrageenan-induced pleurisy in rats. Moreover,60

Speyer et al. (2005) showed that FSHs exert a protective role in61

LPS-induced lung inflammation. On the other hand, our group have62

demonstrated that ovariectomy reduces allergic lung inflamma-63

tion in rodents (Ligeiro de Oliveira et al., 2004). We  have shown64

that FSHs inhibit mast cells degranulation (De Oliveira et al., 2007).65

Women  are more susceptive for development of lung disease such66

as asthma when compared to men  (Eliasson and Scherzer, 1986).Q167

In addition, postmenopausal women suffer less asthma symptoms68

episodes. Since pollutants are putative inductors of asthma deteri-69

oration, then we hypothesized that FSH could also interfere with70

lung inflammatory disease induced by FA exposure. At present71

there is little doubt that FSHs exert subtle, though definite, modula-72

tory influences on both allergic and non-allergic lung inflammation.73

By taking into account that on the one hand pollutants like FA can74

also exert mast cell-mediated effects on lung inflammation and75

on the other hand, FSHs recognizedly influence these actions, we76

investigated the participation of FSHs after being called into play77

during a FA-induced lung inflammation. For this purpose, in this78

study we investigated the lung and systemic repercussions of FA79

exposure in ovariectomized (OVx) rats.80

2. Materials and methods81

2.1. Animals82

Female Wistar rats (180–200 g) from Institute of Biomedical Sciences, University83

of São Paulo were housed in groups (5 rats per cage) in a light and temperature84

controlled room (12/12-h light-dark cycle, 21 ± 2 ◦C) with free access to food and85

water. The experiments were approved by the Institutional Animal Care Committee.86

2.2. Ovariectomy (OVx)87

Rats were anesthetized with ketamine-xylazine by intraperitoneal route88

(100 mg/kg and 20 mg/kg, respectively). Upon laparotomy the ovaries were taken89

and removed free from adherent tissue. The surgical wound was sutured and animals90

received a single dose of Pentantibiotic® (570 mg/kg, im). Vaginal smears and quan-91

tification of the uterine weight were used in order to assess the effectiveness of OVx.92

Similarly operated rats, except for ovaries removal, were used as the sham-operated93

controls (Sham-OVx group). A non-manipulated group of rats (Naïve group) was 94

used to obtain the basal parameters. 95

2.3. Exposure to formaldehyde (FA) 96

A standard glass chamber (20 L) coupled to an ultrasonic nebulizer device (Icel® , 97

Brazil) was used to generate a constant airstream from an aqueous solution of for- 98

malyn diluted to 1 wt% FA, as previously described (Lino-dos-Santos-Franco et al., 99

2006). The final concentration of methanol (present in the parent medium to pre- 100

vent FA polymerization) in the nebulized solution was  0.32%. Rats (5/chamber) were 101

subjected to daily 90-min sessions of FA inhalation for 3 consecutive days. The cho- 102

sen concentration and period of FA exposure were found to induce a neutrophilic 103

lung inflammation (Lino-dos-Santos-Franco et al., 2006). 104

2.4. Experimental design 105
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Upon ketamine-xylazine anesthesia, the rats were OVx or not (Sham-operated) 106

on day 1. After 7 days, the rats were subjected to 90-min sessions of FA inhala- 107

tion (at days 8, 9 and 10). The rats were subjected to euthanasia (choral hydrate, 108

>400 mg/kg ip followed by exsanguination of abdominal aorta) at day 11. The exper- 109

imental design was selected considering our previous studies showing that after 110

7 days of ovaries removal, the serum levels of estradiol and progesterone and the 111

uterus weight were significantly reduced (Ligeiro de Oliveira et al., 2004; De Oliveira 112

et al., 2007). 113

2.5. Bronchoalveolar lavage (BAL) 114

According to De Lima et al. (1992) BAL fluid was  taken from euthanized animals 115

(choral hydrate, >400 mg/kg ip followed by exsanguination of abdominal aorta). A 116

polyethylene tubing (1 mm inner diameter) was inserted in the trachea and the lung 117

washed by flushing with RPMI-1640 culture medium (20 ml). The recovered BAL 118

fluid was centrifuged (170 × g for 10 min at 20 ◦C) and the resulting cell pellet was 119

then resuspended in 1 ml  of RPMI-1640. Cell suspensions (90 �l) were stained with 120

10 �l of 0.2% crystal violet and the total cell number were determined in Neubauer 121

chambers. 122

2.6. Blood leukocytes and bone marrow cell counts 123

Peripheral blood leukocytes and bone marrow cells were quantified in samples 124

obtained from the abdominal aorta and from aliquots of femoral lavage (FL), respec- 125

tively. Blood aliquots were diluted (1:20) in Türk fluid (3% acetic acid), while the 126

cells in FL were resuspended in PBS (1 ml) and stained with crystal violet (0.2%). 127

The quantitative analyses of cells were performed in blood smears and FL samples 128

stained with Rosenfeld’s dye. 129

2.7. Flow cytometry 130

Total BAL cells were resuspended in Dulbecco-modified Eagle’s medium 131

(DMEM) containing 2% FCS. In order to prevent non-specific binding via the Fc recep- 132

tor, the cells were blocked with Fc blocking at 4 ◦C for 20 min and then stained for 133

30 min  at 4 ◦C with FITC-(ICAM-1) (FL1 detector), PE (Mac-1) antibodies (FL2 detec- 134

tor), according to the manufacturer’s specifications. After being washed twice with 135

cold HBSS, the cells were resuspended in paraformaldehyde (1%) and analyzed using 136

a FACSCalibur flow cytometer (BD Bioscience, San Diego, CA). Data were analyzed 137

using FlowJo software. 138

2.8. Quantification of serum levels of corticosterone 139

Blood samples were collected from rats 24 h after the last FA inhalation ses- 140

sion. All the samples were collected in a standard time (between 10 h am and 141

11 h am). Aliquots of blood were centrifuged (170 × g, 10 min), and the resulting 142

sera were stored at −80 ◦C. Corticosterone levels were determined using radioim- 143

munoassay Kits (Coat-A-Count, Genese). The detection limit for corticosterone was  144

25–1000 ng/ml. 145

dx.doi.org/10.1016/j.toxlet.2011.06.023
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Table  1
Wet  uterine weights of rats, ovariectomized (OVx) or sham-operated (Sham-OVx),
subjected to formaldehyde (FA) inhalation (1%, 90 min  daily, 3 days). A naïve group
of  intact rats was  used for control. Uteri were taken free of adherent tissue and
weighted 24 h after the last FA inhalation.

Animal groups Uterine weight (mg)

Naïve 514 ± 44
FA  Sham-OVx 513 ± 42
FA  OVx 128 ± 24*
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Fig. 1. Effect of female sex hormones on pulmonary cellular recruitment after
formaldehyde inhalation. Groups of rats were subjected to ovariectomy at day 1
(OVx) and after 7 days the rats were subjected to FA inhalation (3 consecutive days,
1%, 90 min/day). Control group consisted of rats submitted to similar manipulations
excepting the ovaries removal (Sham-OVx). In a parallel set of experiments, group of
OVx rats were treated with estradiol or progesterone during 3 days before each FA
inhalation. Lung inflammation was assessed by quantification of the recruited cells
present in bronchoalveolar lavage (BAL) 24 h after FA exposure. The basal param-
eters were obtained of non-manipulated rats (Naïve). Data are mean ± SEM of 6
animals per group. *P < 0.05 relative to the naïve group; **P < 0.05 relative to the FA
Sham-OVx group; �P < 0.05 relative to the FA OVx group.
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Fig. 2. Effects of female sex hormones on bone marrow cells and on peripheral blood
cells in rats exposed to formaldehyde. Groups of rats were subjected to OVx and
after 7 days were subjected to FA inhalation (3 consecutive days; 1%, 90 min/day).
ata are mean ± SEM from 6 animals in every group.
* P < 0.05 vs Sham-OVx.

.9. Ex-vivo tracheal responsiveness to methacholine (MCh)

Isometric force development was quantified in tracheal rings mounted in a 15-
l  organ bath by means of two steel hooks (De Lima and Da Silva, 1998). Force

ontraction was recorded using a force displacement transducer and a chart recorder
Powerlab® , Labchart, AD Instruments). Briefly, tracheal rings were suspended in
rgan bath filled with continuously aerated (95% O2 and 5% CO2) Krebs–Hanseleit
KH) solution at 37 ◦C. After a 40-min equilibrating period the tracheal tension
as  adjusted to 1 g. Tissue viability was assessed by replacing KH solution with

0 mM KCl buffer in the bath and comparing the contraction force generated with
hose obtained previously. Next, cumulative dose-response curves to MCh  were
onstructed (Van Rossum, 1963).

.10. Evaluation of mast cells degranulation

Rats lungs were removed and fixed in 2% paraformaldehyde and 2% glutaralde-
yde in 0.1 M sodium phosphate buffer (pH 7.4) for 24 h at 4 ◦C. Next, they were

ragmented, washed, dehydrated in ethanol, clarified in xylene and embedded in
istosecTM (MERK, USA). Sections were cut (3 �m;  HYRAX M60, Zeiss, GR), mounted
n slides, and stained with 0.25% toluidine blue and 0.25% borate sodium solution.
uantification of mast cell number and activation in tissue samples was performed
ith a high-power objective (×40) and measuring the area of analysis with the Soft-
are Axiovision (Zeiss, GR). Data were expressed as cells/mm2 (analyzing at least 10
istinct sections per rat).

.11. Pharmacological treatments

Four hours before every FA inhalation session, groups of OVx rats were sub-
ected to subcutaneous injection of 17�-estradiol (280 �g/Kg) or progesterone
200 �g/Kg). Controls consisted of OVx rats subjected to injection with the corre-
ponding volumes of the hormone vehicles (distilled water for progesterone and
7�-estradiol). The doses of estradiol and progesterone utilized were selected con-
idering our previous studies showing that an increased systemic levels of estradiol
nd progesterone in comparison to OVx non-treated rats (De Oliveira et al., 2007).

.12. Statistical analysis

Data are expressed as mean ± SEM and comparisons among the experimental
roups were analyzed by one-way ANOVA followed by the Student–Newman–Keuls
est for multiple comparisons using the GraphPad prism software V.5. Statistically
ignificant differences were considered for P values less than 0.05.

. Results

.1. Effect of female sex hormones on lung inflammation induced
y formaldehyde inhalation

Firstly, we assessed the effectiveness of ovariectomy. As can
e observed in Table 1, ovariectomy resulted in a significant loss
f uterine weight and as previously described (Ligeiro de Oliveira
t al., 2004) caused morphological changes in vaginal cells compat-
ble with the diestrus phase (data not shown).

A significant increase in the number of leukocytes was
bserved in the BAL fluid of Sham-OVx rats exposed to FA
21.8 ± 2.8 × 105 cells; n = 6) when compared to the naïve group
10.3 ± 0.8 × 105 cells; n = 6). However, ovariectomy caused a
ignificant decrease (11.8 ± 0.7 × 105 cells; n = 6) in the num-
Please cite this article in press as: Lino-dos-Santos-Franco, A., et al., Differential effects of female sex hormones on cellular recruitment and
tracheal reactivity after formaldehyde exposure. Toxicol. Lett. (2011), doi:10.1016/j.toxlet.2011.06.023

er of leukocytes recovered in the BAL of OVx rats exposed
o FA when compared to the Sham-OVx group and did not
iffer from the naïve group. The treatments of OVx animals
ith estradiol or progesterone caused an increase in the num-

The  femoral lavage (A) and the blood leukocytes counts (B) were performed 24 h
after  FA inhalation. The parameters were also analyzed after the treatment of OVx
rats  with estradiol or progesterone. Data are mean ± SEM of 6 animals per group.
*P  < 0.05 relative to the naïve group; **P < 0.05 relative to the FA Sham-OVx group;
�P < 0.05 relative to the FA OVx group.

dx.doi.org/10.1016/j.toxlet.2011.06.023
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Fig. 3. Expression of ICAM-1 in total leukocytes (Panels A and B) and granulocytes (Panels C and D) collected in BAL of ovariectomized rats exposed to formaldehyde. Groups
of  rats were subjected to OVx and after 7 days were subjected to FA inhalation (see Section 2). Data are mean ± SEM from 5 animals. *P < 0.05 relative to the FA Sham-OVx
group.

ber of leukocytes recovered in the BAL (OVx + E = 16.1 ± 1.5 × 105
197

cells; OVx + P = 18.5 ± 0.9 × 105 cells; n = 6) when compared to the198

untreated OVx rats (11.8 ± 0.7 × 105 cells) (Fig. 1).199

Differential cell analyses indicated that after FA inhalation BAL of200

Sham-OVx rats had an increased number of recruited mononuclear201

and neutrophils, without significant eosinophils migration. It was202

noteworthy that FA inhalation of OVx rats evoked a BAL cell profile203

similar to that found in the naïve group.204

The treatment with estradiol caused a significant increase in205

the number of mononuclear and neutrophils recovered in BAL of206

OVx rats upon FA inhalation when compared to the OVx untreated207

group. There was an increase of the countings of all recovered BAL208

cell types in the OVx rats upon progesterone treatment (OVx + P)209

when compared to OVx untreated group.210

3.2. Effects of female sex hormones on bone marrow cells and on211

peripheral blood leukocytes in rats exposed to formaldehyde212

Since that OVx rats presented reduced lung inflammation after213

FA exposure, we evaluated whether FSHs could affect the mobi-214

lization of leukocytes from the blood and bone marrow to lung215

compartment. Fig. 2 (Panel A) shows that Sham-OVx rats exposed216

to FA inhalation exhibited a significant decrease in the bone mar- 217

row cells count (54.7 ± 4.2 × 106 cells; n = 5) when compared to the 218

naïve group (200.0 ± 23.8 × 106 cells; n = 5). On the other hand, OVx 219

failed to change the number of bone marrow cells (57.8 ± 4.11 × 106
220

cells; n = 5) in relation to found in Sham-OVx rats (54.7 ± 4.2 × 106
221

cells; n = 5). 222

Treatment with progesterone caused a decrease in the num- 223

ber of bone marrow cells in OVx rats (28.1 ± 2.45 × 106 cells; n = 5) 224

and whereas estradiol did not modify the bone marrow cellularity 225

when compared to OVx untreated group (57.8 ± 4.11 × 106 cells; 226

n = 5). 227

In panel B, we  observed that FA inhalation determined a sig- 228

nificant increase in the total blood leukocytes count of Sham-OVx 229

rats (392.0 ± 16.5 cells/mm3; n = 5) when compared to naïve rats 230

(199.0 ± 20.0 cells/mm3; n = 5). In contrast, OVx rats upon FA 231

inhalation reduced the number of blood leukocytes (221.0 ± 16.3 232

cells/mm3; n = 5) regarding the Sham-OVx rats (392.0 ± 16.5 233

cells/mm3; n = 5). Estradiol treatment caused a decrease in the 234

number of blood leukocytes in OVx rats (133.0 ± 7.5 cells/mm3; 235

n = 5), whereas the treatment with progesterone increased the 236

blood leukocytes (426.6 ± 27.8 cells/mm3; n = 5) when compared 237

to the OVx untreated rats (221.0 ± 16.3 cells/mm3; n = 5). 238

dx.doi.org/10.1016/j.toxlet.2011.06.023
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Fig. 4. Effects of FA exposure on expression of Mac-1 in total leukocytes (Panels A and C) and granulocytes (Panels A and B) collected in BAL of ovariectomized rats. Groups
of  rats were subjected to OVx and FA inhalation (see Section 2). Data are mean ± SEM fro
FA  OVx group.

3.3. Determination of Mac-1 and ICAM-1 expression in cells of239

BAL after formaldehyde exposure in ovariectomized rats240

In order to understanding the reduced lung inflammation after241

FA exposure in OVx rats, we investigated the role of FSHs on expres-242

sion of adhesion molecules. As shown in Fig. 3, OVx caused a243

decrease of ICAM-1 expression (CD54) in both cellular types (total244

cells, panels A and B) and granulocytes (panels C and D) by BAL cells245

in relation to data obtained from animals with intact ovaries (Sham-246

OVx group). On the other hand, the treatments with estradiol or247

progesterone did not modify ICAM-1 expression of OVx rats.248

In Fig. 4, we can observe a decreased Mac-1 expression249

(CD11b/CD18) in granulocytes (Panels A and B) and mononuclear250

cells (Panels A and C) by BAL cells of OVx rats upon FA inhalation251

when compared to observed in Sham-OVx rats. In panel B we noted252

that only progesterone of OVx rats upon FA inhalation treatment253

increased Mac-1 expression when compared to OVx untreated rats.254

On the other hand, in panel C we observed that only estradiol treat-255

ment increased of Mac-1 expression when compared to OVx group.256

3.4. Quantification of corticosterone levels after FA exposure in257

ovariectomized rats258

Since we observed a reduced expression of adhesion molecules259

in OVx rats, we investigated a possible correlation with corticos-260

terone levels. It is well establish the modulation of corticosterone261

262

263
m 5 animals. *P < 0.05 relative to the FA Sham-OVx group; �P < 0.05 relative to the

levels on expression of adhesion molecules. Fig. 5 shows that there 

was an increase of serum corticosterone levels in OVx rats upon FA
rential effects of female sex hormones on cellular recruitment and
0.1016/j.toxlet.2011.06.023

inhalation relative to Sham-OVx rats. Moreover, Sham OVx rats sub- 264

jected to FA inhalation significantly increased the levels of serum 265

corticosterone relative to naïve rats. 266
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Fig. 5. Effects of OVx on levels of corticosterone of rats exposed to FA inhalation.
Groups of rats were subjected to OVx and after 7 days were subjected to FA inhalation
for  3 consecutive days (1%, 90 min/day). The quantification of corticosterone was
determined in sample of serum after 24 h the last FA inhalation. Data are mean ± SEM
from 5 animals. *P < 0.05 relative to the naïve group; **P < 0.05 relative to FA Sham-
OVx  group.
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Fig. 6. Involvement of female sex hormones on airways reactivity after formalde-
hyde inhalation. Groups of rats were subjected to OVx and FA inhalation (see
Section 2). After 24 h last FA exposure the concentration-effect curve for metha-
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Table 2
Mast cell degranulation in samples of lungs of rats, ovariectomized (OVx) or sham-
operated (Sham-OVx), subjected to formaldehyde (FA) inhalation (1%, 90 min daily, 3
days). A naïve group of intact rats was used for control. Parallel groups of FA OVx  rats
were treated with 17�-estradiol (E) or with progesterone (P). Data are mean ± SEM
from 5 rats per group.

Groups Mast cells number/mm2

Intact Degranulated %

Naive 17.6 ± 0.5 0.4 ± 0.1 0.0
FA  Sham-OVx 13.3 ± 1.2* 7.8 ± 1.2* 36.9
FA  OVX 6.0 ± 3.4§ 12.1 ± 2.4§ 66.8
FA  OVx + E 13.3 ± 1.2¶ 4.8 ± 1.2¶ 26.5
FA  OVx + P 6.5 ± 0.5 11.6 ± 0.5 64.0

*
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holine (MCh) were constructed using an organ bath system. Data are expressed
s  mean ± SEM of 6 animals. *P < 0.05 relative to the FA Sham-OVx group; �P < 0.05
elative to the FA OVx group.

.5. Role of female sex hormones on tracheal reactivity to
ethacholine after formaldehyde inhalation

As shown in Fig. 6 (Panel A), OVx in rats exposed to FA displayed
racheal hyperresponsiveness to MCh  when compared to the Sham-
Vx group (EmaxOVx = 11.6 ± 0.8 g vs EmaxSham-OVx = 7.0 ± 0.58 g).
o differences were found between the FA-exposed Sham-OVx and
aïve groups (Emaxnaïve = 6.0 ± 0.46 g).

In panel B it is seen that the tracheal hyperresponsive-
ess to MCh  observed in the OVx group was reduced by
reatment with estradiol (EmaxOVx+E = 6.8 ± 0.6 g vs EmaxOVx

ntreated = 11.6 ± 0.7 g). No differences were found when rats were
reated with progesterone (EmaxOVx+P = 11.2 ± 1.24 g) and OVx
ntreated groups.

.6. Mast cells degranulation analysis

Lung mast cells of naïve rats did not show significant degran-
lation (Fig. 7A and Table 2). Conversely, lung fragments of the
Please cite this article in press as: Lino-dos-Santos-Franco, A., et al., Diffe
tracheal reactivity after formaldehyde exposure. Toxicol. Lett. (2011), doi:1

ham-OVx rats upon FA inhalation showed significant degranula-
ion. Degranulation was also evidenced by the presence of granules
n the surrounding extracellular space (Fig. 7B, Table 2). On the
ther hand, a more intense mast cell degranulation was found in
P < 0.05 vs Naïve group.
§ P < 0.05 vs FA Sham-OVx group.
¶ P < 0.05 vs FA OVx group.

lung of OVx rats after FA inhalation group (Fig. 7C and Table 2) as 

compared with Sham-OVx rats exposed to FA inhalation. Estradiol
treatment prevented the lung mast cells degranulation when com- 

pared to the untreated OVx rats upon FA inhalation (Fig. 7D and
Table 2). However, the treatment of rats with progesterone did not 

change the degranulation of lung mast cells (Fig. 7E and Table 2). 

4. Discussion 

In this study, we have investigated the role of FSHs on the acute 

lung inflammation caused by FA inhalation. As FA is an indoor and 

outdoor pollutant (Fló-Neyret et al., 2001; Krakowiak et al., 1998), 

there is an increasing concern regarding its deleterious effects 

notably in the lung (Sherriff et al., 2006). Our studies have been 

performed in rodents using a model of short term exposure to FA. 

Our findings suggest that ovariectomy downregulates the cellular 

migration into the lungs after FA exposure and increases the ability 

of mast cells to degranulate, thus explaining the tracheal hyper- 

reactivity. Our data suggest that estradiol, but not progesterone 

prevents the tracheal hyperreactivity. Similarly, estradiol and pro- 

gesterone mediate positively the lung inflammation induced by FA 

exposure. 

Female sex hormones exert profound effects on the immune sys- 

tem and inflammatory response (Stanford et al., 2006; Yang et al., 

2005; Haggerty et al., 2003; Skobellof et al., 1996). In this context, a 

number of clinical and experimental evidence show that estradiol 

and progesterone exert pro and anti-inflammatory actions depend- 

ing on the nature (allergic or non-allergic) of the inflammatory 

agent (De Oliveira et al., 2010, 2007; Speyer et al., 2005; Ligeiro 

de Oliveira et al., 2004). 

We  have found exposure of male rats to FA lead to a lung 

inflammatory response where mast cells-derived mediators play an 

important role (Lino-dos-Santos-Franco et al., 2006, 2009, 2010a). 

By the other hand, FA exposure also blunted allergic lung inflamma- 

tion by mechanism involving mast cells piecemeal degranulation 

(Lino-dos-Santos-Franco et al., 2009). Keeping in mind that fluctu- 

ations of FSHs levels are related to airway dysfunctions and that 

postmenopausal women might reduce/develop asthma symptoms 

(Stanford et al., 2006; Cohen and Holbrook, 2004; Haggerty et al., 

2003; Tan, 2001), we  decided to evaluate whether FSHs mediate 

the lung inflammatory response caused by FA inhalation as well as 

the involvement of mast cells activation in this process. 

In comparison to Sham-OVx group, OVx rats developed a 

less intense cell infiltration into the lung after FA exposure and 

decreased number of circulating blood leukocytes, but did not mod-
rential effects of female sex hormones on cellular recruitment and
0.1016/j.toxlet.2011.06.023

ify the number of cells in the bone marrow. These data show that 330

FA exerts systemic effects and the reduced lung inflammation in 331

OVx rats did not result from a deficiency in the mobilization of 332

leukocytes from the blood as well the bone marrow to the lung. 333
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Fig. 7. Mast cells degranulation in ovariectomized rats exposed to formaldehyde inhalation. Panel A mast cells from naïve rats were intact and metachromatic (arrows),
localized near the bronchus. Panel B: lung sections from Sham-OVx rats showing mast cell degranulation (arrowhead). Panel C: OVx induced activation of mast cells
(arrowhead). Panels D and E: Treatment with estrogen and progesterone in rats previously OVx caused some intact (arrow) and degranulated (arrowhead) mast cells in the
lung  (n = 3). Toluidine blue stained. Quantification of mast cell number and activation in tissue samples was performed with a high-power objective (×40) and measuring
the  area of analysis with the Software Axiovision (Zeiss, GR). Data were expressed as cells/mm2 (analyzing at least 10 distinct sections per rat). Scale bars = 10 �m.

Conversely, FA exposure of OVx rats caused a tracheal hyperreactiv-334

ity to MCh. Overall, our studies revealed that airways reactivity and335

cellular recruitment into the lung after FA exposure are controlled336

differentially by FSHs.337

Being so, since our data indicated that FA inhalation not only338

affected the lung but also exerted systemic effects, we have con-339

sidered the possibility that a previous FA inhalation might modify340

the mechanisms involving the induction of immune response. Sim-341

ilarly, FSHs might modulate the course of immune response.342

Considering that leukocytes migration into inflamed tissues343

involves complex interactions of these cells with the endothelium344

through regulated expression of surface adhesion molecules, we345

investigated the role of FSHs in this scenario. We  observed that346

ovariectomy induced a reduced expression of Mac-1 and ICAM-1,347

and this could contribute to decreased cell migration into the lung348

after FA exposure. Interestingly, the expression of Mac-1, but not349

of ICAM-1, was positively mediated by estradiol and progesterone.350

ICAM-1 is well established as a molecule involved in neutrophil, 351

macrophage and lymphocyte vascular transmigration (Kelly et al., 352

2007), whereas MAC-1 is expressed on the surface of monocytes, 353

granulocytes, macrophages and natural killer (Solovjov et al., 2005). 354

Corticosterone exerts potent anti-inflammatory and immuno- 355

suppressive effects, including the reduction of both functional 356

activity of phagocytes and its expression of adhesion molecules 357

(Cammeron and Hamid, 2001). Besides, inhibition of corticosterone 358

synthesis caused an increase of cell recruitment into lung of OVx 359

rats upon allergic challenge (Ligeiro de Oliveira et al., 2004). After 360

our observation that OVx reduced the expression of adhesion 361

molecules in BAL cells, and keeping in mind that corticosterone 362

exerts strong anti-inflammatory effects, an investigation on the 363

levels of corticosterone in OVx rats after FA exposure was  in order. 364

In this study we  found that FA exposure per se induced an 365

increase of serum levels of corticosterone in both Sham-OVx and 366

OVx group. As our studies were carried out 10 days after the surgi- 367
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cal procedures, these data allowed us to suggest that the increase of368

corticosterone levels might not be attributed to the surgical stress.369

We  showed that FA exposure in OVx rats increased the corticos-370

terone levels relative to Sham-OVx rats.371

FA exposure had definite effects on bone marrow, as viewed372

by the significant reductions of cell counts in both Sham-OVx373

and OVx groups. Though on the one hand it is conceivable that374

FA-induced corticosterone release can suppress bone marrow ger-375

minative activity, on the other hand such suppression does not376

appear to be linked to the reduced lung inflammation observed377

in the OVx group. Overall, taking into account the OVx-induced378

increase of corticosterone levels, the reduced lung inflammation379

observed in OVx rats exposed to FA might be, at least in part, due380

to the interaction of FSHs with corticosterone. Thus, we propose381

that this association could be involved in the mechanisms underly-382

ing leukocyte-endothelial cells interaction, notably in the adhesion383

cell molecules.384

Albeit OVx rats did not develop an exuberant lung inflamma-385

tion after FA exposure, in the present study we found a high rate of386

lung mast cells degranulation. Interestingly, our data showed that387

estradiol prevents whereas progesterone exacerbates mast cells388

degranulation caused by FA exposure. However, we observed that389

estradiol and progesterone treatments of OVx rats increased the390

cellular recruitment in BAL. Thus, despite the fact that ovariectomy391

increase mast cells degranulation, such event did not seem to cor-392

relate with the increment of cell recruitment into the lung observed393

after FA exposure.394

The presence of inflammatory cells in the lung was  found not395

to be required for the induction of bronchial hyperreactivity in396

lung inflammation models (Lino-dos-Santos-Franco et al., 2006;397

Tournoy et al., 2000). Here we demonstrated that FA exposure398

caused tracheal hyperreactivity that coexisted with a reduced399

lung inflammatory response. As our data indicated that estradiol400

decreases and progesterone increases the mast cell degranulation,401

we can infer that in this model, estradiol exerts protective effects on402

tracheal reactivity, likely by mechanisms involving estradiol recep-403

tors on mast cells (Zaitsu et al., 2007). Interestingly as we  previously404

reported that tracheal reactivity of male rats was  not affected by405

FA exposure (Lino-dos-Santos-Franco et al., 2006), then our data406

reinforce a role of FSHs on lung repercussions of FA exposure.407

Male (Lino-dos-Santos-Franco et al., 2006) and female Sham-OVx408

rats subjected to FA inhalation develop similar lung inflamma-409

tory response. Taken together, these results indicate that male rat410

mast cells regulate both cellular recruitment and airways reactivity,411

whereas mast cells from female rats are involved only in airways412

reactivity.413

Our study demonstrates that at low levels of circulating FSHs,414

female are more resistant to develop a lung inflammatory response415

to FA, but present exacerbated upper airway reactivity. These data416

strongly suggest that lung inflammation and upper airway reac-417

tivity due to FA exposure are under distinct control of FSHs. In418

conclusion, our data contribute to the understanding of the putative419

involvement of gender differences on mast cells after pollutants420

exposure and add information regarding the dual role of FSHs on421

the control of lung inflammation.422
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