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AbstractVHistamine is widely distributed in the lungs and increases capillary permeability and P-

selectin expression. To observe the role of histamine in acute lung injury (ALI), we measured the

histamine and protein concentrations and cell numbers in the bronchoalveolar lavage (BAL) of LPS-

induced ALI in rats. We instilled LPS (3 mg/kg) intratracheally, in conjunction with the intravenous

histamine receptor antagonists (mepyramine, a H1-receptor antagonist, or ranitidine, a H2-receptor

antagonist). LPS increased protein concentration and neutrophil numbers in the BAL as well as

myeloperoxidase (MPO) activity in lungs after 6 h. LPS also increased histamine concentration in

BAL after 2 h. Mepyramine and ranitidine attenuated the increased histamine concentrations. Total

cell number in the BAL and MPO activity in the lungs were significantly decreased and neutrophil

numbers and protein concentration in the BAL seemed to decrease with the administration of ranit-

idine at 6 h. In conclusion, endogenous histamine might be involved in the recruitment of neutrophils

and protein leaks in LPS-induced ALI via the H2 receptors.
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INTRODUCTION

Acute lung injury (ALI) is characterized by increased

alveolar-capillary permeability with acute, bilateral

pulmonary edema and severe hypoxia [1]. Sepsis,

arising as a consequence of exposure to bacterial

lipopolysaccharide (LPS), is one of the main contribut-

ing factors to the development of ALI [2]. Activated

neutrophils may play a central role in its pathogenesis

by releasing several inflammatory mediators in sepsis-

induced ALI [3Y6].

Histamine is widely distributed on the mast cells

surrounding pulmonary vasculatures. It has been con-

sidered to be an important mediator in many immuno-

logic and inflammatory responses. Histamine can

constrict or dilate pulmonary vasculatures and increase

capillary permeability [7]. It is involved in endothelial

cell injury and the migration of neutrophils to tissues

[8Y12]. Histamine reacts on its receptors on vascular

endothelial cells [13] and increases the expression of P-

selectin, which influences the migration of neutrophils

to the tissues or endothelial cell surfaces [14, 15]. In

addition, histamine induces interleukin (IL)-8, a potent

neutrophil chemoattractant secreted by endothelial cells

[16], and increases the chemokinesis of neutrophils [9].

Moreover, the release of endogenous histamine from

the mast cells around pulmonary vasculature is in-

creased by IL-1, a main proinflammatory cytokine in
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the pathophysiology of sepsis [17, 18]. We previously

reported that, in SpragueYDawley rats, histamine,

administered in conjunction with TNF-a or IL-1,

augmented the TNF-a- or IL-1-induced infiltration of

neutrophils into the lung tissues and increased neutro-

phil numbers in the BAL fluid after 5 h. There was,

however, no additional increase in the leakage of the

pulmonary vasculature [19]. It can be assumed, there-

fore, that endogenous histamine may be involved in

sepsis-induced ALI. However, the role of histamines on

the pathogenesis of ALI has not been thoroughly

addressed.

At least three different types of histamine receptors

are distributed on several cells in the lung tissues. The H1

receptors are involved in bronchoconstriction and pul-

monary vascular constriction, and the H2 receptors

mediate mild bronchodilation, mucus release, and pul-

monary vascular relaxation [20]. H1 receptors are known

to be the main receptors involved in the increased

permeability of the alveolar capillary endothelial cells

[21], meanwhile, H2 receptors also seem to be involved

in the increased permeability of alveolar epithelial cells

[22]. We hypothesized that histamine could be involved

in the mechanism of LPS-induced neutrophil infiltration

in lung tissues leading to an increase in capillary per-

meability in rats. To address this hypothesis, this study

aimed to 1) examine whether LPS increases endogenous

histamine production, 2) observe the effect of co-treat-

ment of histamine receptor antagonists on neutrophil

infiltration into the lung tissue, and 3) determine their

effect on capillary permeability in LPS-induced ALI. In

this study, we evaluated the degree of neutrophil infil-

tration by measuring the number of neutrophils in the

BAL fluid and myeloperoxidase (MPO) activity in the

lung tissue. Measurement of the protein and histamine

concentrations in the BAL fluid assessed the capillary

permeability in the lung tissue and the degree of

endogenous histamine production.

MATERIALS AND METHODS

Experimental Animals

Species pathogen-free(SPF) male SpragueYDawley
rats (Section of Laboratory Animals, Asan Institute for

Life Science, Seoul, Korea) weighing 270Y370 g were

used for this investigation. Rats were fed a controlled

diet (Sam-yang Feed Company, Seoul, Korea) and were

housed in cages before the experiment. The Animal

Care Committee of the Asan Institute for Life Science

approved the experimental protocol. The rats were

cared for and handled according to the guidelines of

the National Health Institute.

Experimental Design

Rats were divided into six groups with eight

animals in each group: 1) a saline (control) group of

rats, administered 0.5 ml saline intratracheally, 2) a

lipopolysaccharide (LPS) group, administered 3 mg/kg

body weight of LPS (Escherichia coli lipopolysaccha-

ride, 055;B5, Sigma Chemical Co., St. Louis, MO,

USA) in 0.5 ml saline intratracheally, 3) the two his-

tamine receptor antagonist treatment groups, treated

intravenously with either the H1 receptor antagonist

mepyramine (pyrilamine, Sigma Chemical, St. Louis,

MO, USA) at a dose of 10 mg/kg of body weight

(H1RA/saline group) [8] or with the H2 receptor

antagonist ranitidine (Zantac\:Glaxo Smith Kleine,

USA) at a dose of 10 mg/kg of body weight (H2RA/

saline group) [8] with intratracheal saline infusion, and

4) the two histamine receptor antagonist/LPS co-

treatment groups, treated by mepyramine (LPS/H1RA

group) or by the H2 receptor antagonist ranitidine (LPS/

H2RA group) just before LPS instillation. The doses of

histamine receptor antagonists were chosen based on

several reports used histamine as the mediators of

inflammation [8, 9]. Recent evidence indicates that a

sufficient inflammatory response can be induced in the

lung 6 h after LPS treatment, demonstrable as neutro-

phil accumulation in the lung and neutrophil oxidant

burst in the lung [23]. Therefore, we examined the rats

6 h after LPS treatment.

Experimental Process

Rats underwent intraperitoneal instillation of ke-

tamine (45 mg/kg, Boerhinger Ingelheim, St. Joseph,

MO, USA) and xylazine (3 mg/kg, Haver, NY, USA)

while enflurane was administered by inhalation. Subse-

quently, normal saline or LPS with or without histamine

receptor antagonists via trachea or vein was adminis-

tered. Air was infused with a 3-ml syringe two times to

ensure delivery of the drugs into the lung tissues after

intratracheal instillation of normal saline or LPS. Rats

were kept awake so that they would be active until the

next experiment. Five hours and 50 min after the

treatment, anesthesia was induced again by intraperito-

neal administration of ketamine (90 mg/kg) and

xylazine (7 mg/kg). A 16-gauge stub adaptor tube was
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then inserted into the trachea and connected with a

ventilator. Then, 200 U of heparin were injected via the

right ventricle after an open thoracotomy and laparot-

omy. The venous blood from the right ventricle was

obtained and centrifuged at 3,000 rpm for 10 min and

stored as plasma. Heart and lungs were extracted during

the perfusion of phosphate-buffered saline (PBS) by an

infusion pump (masterflex pump, Cole-Parmer Instru-

ment Co. Barrington, IL, USA). The extracted lung

tissues were stored immediately at j70-C until myelo-

peroxidase (MPO) activity could be measured. Control

rats received identical anesthesia and surgery. To

minimize experimental bias, we treated six rats simul-

taneously, one from each of the separate six groups

throughout the whole experiment.

Acquisition of the BAL Samples for Measurement
of Histamine Concentrations and Cell Numbers

At 1, 2, and 6 h after LPS administration, we

inserted a 16-gauge stub adaptor tube into the trachea of

the rats after the induction of anesthesia. BAL samples

were recovered from the airway lumen by flushing the

airways with 6 ml of saline delivered through the tracheal

cannula and retrieved. This collection procedure was

repeated three times. The BAL samples from each group

were then centrifuged at 1,400 rpm for 10 min, and then

aliquots from the supernatants were frozen at j60-C and

used for the measurements. Centrifuged BAL cell pellets

were resuspended in 1 ml of supernatant. The total cell

number was measured by hemocytometer and the

percentage of neutrophils was counted after cytospin

and Wright stain.

Measurement of Histamine Concentrations in Plasma
and BAL Samples

We obtained the plasma and BAL samples from

each group at 1, 2, and 6 h and measured the histamine

concentration by automatic photometry using the Astoria

Analyzer Series 300 (Clackamas, OR, USA) [24].

Measurement of the Activity of Myeloperoxidase (MPO)
in Lung Tissues

The lung tissues were homogenized by Vertishear

tissue homogenizer (Virtis, Gardiner, NY, USA) using

4 ml of phosphate buffer. The samples were then cen-

trifuged using the Sorvall RC-5B refrigerated centrifuge

(Dupont Instruments, Irving, TX, U.S.A.) at 4-C with

30,000 g for 30 min. After the acquisition of pellets,

4 ml of phosphate buffer and 0.5% hexadecylV trimethyl

ammonium bromide were added to the pellets, which

were then sonicated with Kontes micro-ultrasonic cell

disrupter (Vineland, NJ, USA). The broken samples were

heated for 2 h at 60-C to inactivate the tissue MPO

inhibitors. The activity of MPO was measured by spec-

trometry using O-dianisidine [25].

Measurement of the Indices of Lung Inflammation
and Injury

The protein concentrations of plasma and BAL

were measured by the bicinchoninic acid (BCA) method

[26].

Statistical Analysis

Data are presented as mean T standard error of

the means. The comparison between groups was per-

formed with the nonparametric KruskalYWallis test and

MannYWhitney U test using SPSS 11.0 (SPSS Inc.,

Chicago, IL, USA). A p value of <0.05 was considered

significant.

RESULTS

The Effects of LPS on Histamine Concentration

in BAL Fluid

Figure 1A shows the histamine concentration in the

BAL fluids from rats sacrificed after 1, 2 and 6 h of saline

or LPS intratracheal instillation. The histamine concen-

trations were similar in all time periods for the saline

control group. In the LPS group, histamine concentration

in the BAL fluid was significantly higher at 2 h than in

the control group (p = 0.016), and returned to baseline at

6 h. In the H1RA/saline group and H2RA/saline groups,

histamine concentrations were also similar in all the

time periods, showing no significant difference when

compared to control group. In the H1RA/LPS group, the

histamine concentration at 6 h was significantly higher

than in the control group (p = 0.002). When compared

to the H1RA/saline group, the histamine concentration

seemed to be higher in the H1RA/LPS group (at 1 h: p =

0.028, at 6 h: p = 0.05) without any significant dif-

ference compared to the LPS group. At 2 h after the

treatment, the histamine concentration in the H1RA/

LPS group was significantly lower than in the LPS

group (p = 0.015). The histamine concentrations in the

H2RA/LPS group showed no significant difference in
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any of the time periods compared with the control group

or the H2RA/saline group. Two hours after the treat-

ment, the histamine concentration in the H2RA/LPS

group was significantly lower than that in the LPS

group (p = 0.005). The decrease of the histamine con-

centration compared to the LPS group was more pro-

minent in the H2RA/LPS group than in the H1RA/LPS

group.

The Effects of LPS on Histamine Concentration

in Plasma

Figure 1B shows the histamine concentration in the

plasma. The histamine concentrations in the plasma were

similar in all time periods for the saline control group. In

the LPS group: histamine concentration showed no

significant difference compared with the control group.

The histamine concentration in the H1RA/saline group

was higher than in the control group at 6 h after the

treatment (p = 0.001). In the H2RA/saline group,

histamine concentrations in the plasma were signifi-

cantly higher at all the time periods (p = 0.006, p =

0.028, and p = 0.001 in each). In the H1RA/LPS group,

the histamine concentration at 6 h was significantly

higher than in the control group (p = 0.001) without

showing any significant difference with the H1RA/

saline group. When compared to the LPS group, the

histamine concentration in the H1RA/LPS group

showed no significant difference. The histamine con-

centration in the H2RA/LPS group showed no signifi-

cant difference compared to the H2RA/saline control

group or the LPS group for all measured time periods.
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Fig. 1. Histamine concentrations in BAL fluids (BALF) (A) and plasma

(B) at 1, 2, and 6 h after the intratracheal dose of saline or lipopolysaccha-

ride (LPS) in different groups. j or # represents that p values were less

than 0.05 as compared to the saline control group (j) or LPS group (#).
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Total Cell Numbers in BAL Fluid

Figure 2A shows the total cell numbers in the BAL

fluid in all six groups of animals. In the saline control

group, the total cell number showed no significant change

according to the time process. In the LPS group, the total

cell number was significantly higher than in the control

groups at 6 h (p = 0.001). In the H1RA/saline group and

the H2RA/saline group, the total cell numbers showed no

significant difference when compared to the control group

at any time. In the H1RA/LPS group, the total cell number

was significantly higher than in the H1RA/saline group at

6 h (p < 0.000). But, when compared with the LPS group,

there was no difference in total cell number at 6 h. In the

H2RA/LPS group, the total cell number was significantly

higher than in the H2RA/saline group at 6 h (p = 0.004).

When compared with LPS group, however, the total cell

number in the H2RA/LPS group was significantly lower

than that in the LPS group (p = 0.038).

Neutrophil Numbers in BAL Fluid

Figure 2B shows the neutrophil numbers in the BAL

fluid in all six groups of animals. In the saline control

group, the neutrophil numbers showed no significant

change according to the time process. In the LPS group,

the neutrophil number was significantly higher than in the

control groups at 6 h (p = 0.001). In the H1RA/saline

group and the H2RA/saline group, the neutrophil number

showed no significant difference from the control group at

any time. In the H1RA/LPS group, neutrophil number

was significantly higher than in the H1RA/saline group at

2 and 6 h (p = 0.001, p < 0.000 each). When compared

with the LPS group, there was no difference in neutrophil

Fig. 2. Total cell number (A) and Neutrophil number (B) in BAL fluids

(BALF) at 1, 2 and 6 h after the intratracheal dose of saline or lipopolysac-

charide (LPS) in different groups. j or # represents that p values were less

than 0.05 as compared to the saline control group (j) or LPS group (#). +

represents that p values were less than 0.05 as compared to the matched

control group.
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number at any time. In the H2RA/LPS group, the

neutrophil number was significantly higher than that of

the H2RA/saline group at 2 and 6 h ( p = 0.021, p = 0.000

each). When compared with the LPS group, the neutrophil

number showed a tendency to decrease ( p = 0.053).

Total Protein Concentrations in BAL Fluid

Total protein concentrations in the BAL fluids at the

same time periods are shown in Fig. 3. In the saline

control group, the total protein concentration showed no

interval change during the entire time process. In the LPS

group, total protein concentration was significantly higher

at 6 h compared to the control group (p = 0.000). In the

H1RA/saline and H2RA/saline groups, the total protein

concentrations showed no significant differences with the

control group at any time. In the H1RA/LPS group, the

total protein concentration was significantly higher than

that of the H1RA/saline group (p = 0.000). The H1RA/

LPS group also showed no significant difference com-
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pared with the LPS group. In the H2RA/LPS group, the

total protein concentration showed no significant differ-

ence compared to the control and H2RA/saline groups.

The H2RA/LPS group did, however, tend to be lower

than the LPS group at 6 h (p = 0.05).

MPO Activities in the Lung Tissues

The MPO activities of all six groups, examined as

an indicator of neutrophil infiltration and activity in

lung tissues, are shown in Fig. 4. MPO activity in the

saline control group, expressed as the median and

range, was 5.6 (3.82Y7.96) U/g. In the LPS group, the

MPO activity [25.10 (15.33Y42.09)] was higher than in

the control group (p = 0.000). The MPO activity in rats

treated with histamine receptor antagonists were 4.18

(3.24Y10.80) U/g in the H1RA/saline group and 5.22

(3.16Y10.31) U/g in the H2RA/saline group, respective-

ly, showing no significant difference compared to the

control group. In the H1RA/LPS group, the MPO

activity [23.13, (16.28Y45.01)] was significantly higher

than in the control group but not significantly different

compared with the LPS group. The MPO activity [13.99

(4.88Y20.89)] in the H2RA/LPS group, however, was

significantly lower than the LPS group (p < 0.01).

DISCUSSION

It is known that neutrophils accumulate in the lungs of

ARDS patients and play a central role in experimental

models of ALI [27]. Because neutrophils should initially

be recruited before participating in ALI, chemotactic

factors that elicit neutrophil migration are important.

Histamine is abundantly distributed in lung and increases

the expression of P-selectin [13], which is involved in

neutrophil migration to tissues at the surface of the

vascular endothelial cells [14, 15]. Furthermore, histamine

has been reported to increase the release of IL-8 [16] and

the chemokinesis of neutrophils via other pathways like

phospholipase C and nitric oxide synthase isozymes [10].

Therefore, it can be assumed that endogenous histamine

may be involved in neutrophil accumulation in ALI. The

role of histamine in ALI, however, has not been well

elucidated. We used a LPS-induced ALI model to observe

the effect of endogenous histamines on ALI because

activated neutrophils seem to be essential in the patho-

genesis of sepsis-induced ALI [3Y6].

As a first step, to estimate the effect of LPS on

endogenous histamine production, we measured the

histamine concentrations in BAL fluid and plasma.

Histamine concentration in BAL fluid was significantly

elevated 2 h after LPS instillation compared to that of

the control group in our study, suggesting that LPS may

augment endogenous production of histamine. This is

supported by results showing that the co-treatment of

histamine receptor antagonists attenuated the increased

histamine production in BAL fluids by LPS instillation.

In the case of plasma histamine concentration in the

LPS group, there was no significant difference com-

pared with the control.

When we measured histamine concentration in BAL

fluids after administration of histamine receptor antago-

nists without LPS, no definite effect of histamine blockade

was found. This might reflect the local production of

histamine in the lung did not affected by use of receptor

antagonists in usual condition. On the other hand,

histamine concentration in plasma was elevated with

H2RA treatment from 1 h after LPS or saline instillation

and onward. The plasma histamine concentration was

higher in the H2RA/saline group than in the control group

from 1 h onward, and significantly higher at 6 h in the

H1RA/saline group. However, when comparing the

histamine receptor antagonist/LPS co-treatment group to

the LPS group, we found no significant difference. One

possible explanation for the higher plasma histamine

concentration in the H2RA/saline group might be that

histamine degradation might be lowered by H2 receptor

antagonist. Histamine methyl transferase (HMT), one of

the two important enzymes involved in histamine metab-

olism, is possibly inhibited by typical H1 and H2

histamine receptor antagonists [20]. HMT is also widely

distributed in the lung tissue. Therefore, the action of

HMT could partly explain the changes in the plasma

histamine concentrations.

The mechanism by which LPS increases the

endogenous histamine concentration is not certain. It

has been reported that LPS increases production of

many pro-inflammatory cytokines like TNF-a or IL-1b.

Histamine release from basophils or mast cells is

increased with cytokines like IL-1b, IL-3 or GM-CSF

[12, 28]. The pro-inflammatory cytokines released by

LPS, therefore, might play an important role in the

release of histamines.

We compared the neutrophil numbers in BAL fluids

and MPO activities in the lung tissues of rats treated

by LPS with or without histamine receptor antagonists

to find the relationship between the increased endog-

enous histamine production and the neutrophil accu-

mulation in the lungs of our model. We found that
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ranitidine, a kind of H2 receptor antagonist, tends to

decrease the elevated neutrophil numbers in BAL fluid.

We also found that ranitidine significantly decreased the

elevated MPO activity in lung tissue by LPS in this

model. These results suggest that endogenous histamine

may be involved in the neutrophil infiltration in lung

tissues via the H2 receptor, which is distributed most

widely in the endothelial cells [13]. In the literature, the

augmentation of neutrophil infiltration by histamine in

the lung tissues, along with IL-8 administration, were

blocked only by mepyramine, an H1 receptor antagonist

[8], and the increased neutrophil activity by histamines

was via the activation of the H2 receptor [10]. The in-

crease in the production of IL-8 by histamine, however,

was blocked by H1 and H2 receptor antagonists in the

endothelial cells [16]. According to these results (includ-

ing ours), the involved histamine receptors would be dif-

ferent depending on the experimental models. It is well

known that the importance of inflammatory mediators

responding to LPS varies with the design of the studies,

the origin of LPS production, the method of LPS delivery

(e.g., intravenous, intratracheal, or intraperitoneal admin-

istrations) and even with the strain of animals studied [27].

We thought that the increases in neutrophil

numbers 2 h after in LPS + H1RA, LPS + H2RA group

compared with their matched control (saline + H1RA,

saline + H2RA in each) might be mainly due to LPS

effect because there were no significant differences in

the comparison of either between saline only and saline

with the histamine receptor antagonists groups or

between LPS group and LPS with the histamine

receptor antagonists groups. The possibility of an

additional effect of the two histamine receptor antago-

nists in the recruitment of neutrophils at 2 h after LPS

treatment seems to be remote, because there were no

significant differences in between LPS group and LPS

with the histamine receptor antagonists groups.

Because neutrophils were known to perform their

main action on the acute vascular and lung epithelial

permeability induced by LPS, and because H2 receptor

was involved in the histamine induced acute lung leak

[22], we expected that the H2 receptor antagonist would

attenuate the acute leak in our model by decreasing the

neutrophil infiltration in the lung tissues. If so, the H2

receptor antagonist can have a very important clinical

implication. Patients with ALI often receive preventive

measures for stress ulcers during ventilatory support. In

clinical practice, surface coating agents such as sucral-

fate or an H2 histamine receptor antagonist such as

ranitidine have been administered for this purpose. If an

H2 histamine receptor antagonist can attenuate the ALI

via modulation of neutrophilic inflammation, it could be

more strongly and primarily considered for the preven-

tion of stress ulcers in patients with ALI. In our model,

the H2 receptor antagonist tends to attenuate acute

protein leaks by LPS. It did not, however, reach

statistical significance (p = 0.05). The H2 receptor

antagonist, therefore, did not definitely attenuate the

acute protein leak in our model. This result suggests

that the dose of histamine receptor antagonist adminis-

tered in our study could not definitively modulate the

recruited neutrophils’ toxic action or, alternatively, that

endogenous histamine may not have important role in

the pathogenesis of LPS-induced ALI.

In our data, the histamine concentration in the BAL

fluid increased at 2 h. The total cell and neutrophil

number and the protein concentration in BAL fluid

showed peak levels at 6 h after LPS instillation. Pro-

inflammatory cytokines like TNF-a, IL-1b and some

chemokines, like CINC-1 and MIP-2, are increased

2õ4 h after aerosol delivery or intratracheal instillation

of moderate doses of LPS [27, 29]. It is suggested that the

histamine could increase the cytokines or chemokines

along with the stimulation of LPS by an uncertain

mechanism or vice versa, with resultant neutrophil

recruitment. Because we did not measure the levels of

pro-inflammatory cytokines or chemokines, we could not

prove the relationship of histamine and cytokines or

chemokines in our model. Alternatively, histamines could

recruit neutrophils by increased P-selectin expression.

The increase of endogenous histamine in BAL fluid

was not sustained in our model, which might suggest that

the effect of intratracheal LPS on endogenous histamine

production is temporary. The preventive effect of

histamine receptor antagonists for recruitment of neu-

trophils could be limited to only around 2 h. These

results, then, suggest that histamine may be sufficient but

not necessary for the recruitment of inflammatory cells

into the lung following the LPS challenge.

In conclusion, endogenous histamines might be

involved in the recruitment of neutrophils in LPS-induced

ALI via the H2 receptor. Its role in ALI, however, would

not be important in this model.
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