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Chao J, Viets Z, Donham P, Wood JG, Gonzalez NC. Dexa-
methasone blocks the systemic inflammation of alveolar hypoxia at
several sites in the inflammatory cascade. Am J Physiol Heart Circ
Physiol 303: H168-H177, 2012. First published May 18, 2012;
doi:10.1152/ajpheart.00106.2012.—Alveolar hypoxia produces a rapid
and widespread systemic inflammation in rats. The inflammation is
initiated by the release into the circulation of monocyte chemoattractant
protein-1 (MCP-1) from alveolar macrophages (AMO) activated by the
low alveolar Po,. Circulating MCP-1 induces mast cell (MC) degranu-
lation with renin release and activation of the local renin-angiotensin
system, leading to microvascular leukocyte recruitment and increased
vascular permeability. We investigated the effect of dexamethasone, a
synthetic anti-inflammatory glucocorticoid, on the development of the
systemic inflammation of alveolar hypoxia and its site(s) of action in
the inflammatory cascade. The inflammatory steps investigated were the
activation of primary cultures of AMO by hypoxia, the degranulation of
MCs by MCP-1 in the mesentery microcirculation of rats, and the effect
of angiotensin II (ANG II) on the leukocyte/endothelial interface of the
mesentery microcirculation. Dexamethasone prevented the mesentery
inflammation in conscious rats breathing 10% O- for 4 h by acting in all
key steps of the inflammatory cascade. Dexamethasone: /) blocked the
hypoxia-induced AMO activation and the release of MCP-1 and abol-
ished the increase in plasma MCP-1 of conscious, hypoxic rats; 2) pre-
vented the MCP-1-induced degranulation of mesentery perivascular MCs
and reduced the number of peritoneal MCs, and 3) blocked the leukocyte-
endothelial adherence and the extravasation of albumin induced by
topical ANG II in the mesentery. The effect at each site was sufficient to
prevent the AMO-initiated inflammation of hypoxia. These results may
explain the effectiveness of dexamethasone in the treatment of the
systemic effects of alveolar hypoxia.

alveolar macrophages; mast cells

ALVEOLAR HYPOXIA OCCURS WHEN inspired Po, is reduced, as in
altitude, or in pulmonary diseases presenting regional or global
hypoventilation. Rats and mice exposed to low inspired Po,
develop a widespread systemic inflammation within minutes of
the onset of hypoxia. This response is characterized by generation
of reactive oxygen species (ROS) (35, 42), degranulation of
perivascular mast cells (MCs) (36), rolling, adherence, and emi-
gration of leukocytes to the perivascular space, and increased
vascular permeability (43, 44). The systemic inflammation has
been observed in the mesentery (3, 4, 35, 36, 42—-44), skeletal
muscle (6, 11, 12, 26, 32), and pial microcirculations (23). The
similar characteristics of these responses reflect common under-
lying mechanisms in these diverse microvascular beds.

A substantial body of evidence indicates that the inflammation
is not initiated by low systemic tissue Po, but by a mediator
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released from alveolar macrophages (AMO) activated by the low
alveolar Po, (3, 4, 11). The possible role of an AMO-borne
circulating mediator as the trigger of inflammation in systemic
microvascular beds was suggested by the observation that the
inflammation occurs only when alveolar Po; is reduced, indepen-
dent of the systemic microvascular Po, (6, 32), and that topical
application of plasma from hypoxic rats and of supernatant of
hypoxic AMO induces inflammation in tissues of normoxic ani-
mals (6, 11, 26). The AMO-borne mediator, which has been
identified as monocyte chemoattractant protein-1 (MCP-1), a
chemokine of the CC family, also known as CCL2, is transported
by the circulation and activates MCs (3), which release renin and
activate the local renin-angiotensin system (RAS) system (5).
Angiotensin II (ANG II) generated as a result of the RAS activa-
tion initiates the microvascular phase of the inflammatory re-
sponse (4, 5, 12). The systemic inflammation is abrogated by
depletion of AMO (11), stabilization of MCs (36), and blockade
of the RAS (12), as well as by administration of antioxidants and
nitric oxide donors (42, 43).

Numerous links between hypoxia and inflammation have been
demonstrated. At the cellular level, it is now clear that, in addition
to reduced tissue Po,, inflammatory agents and ROS are capable
of promoting the stabilization of hypoxia-inducible factors and
thereby influence the expression of genes that control O, delivery
and uptake (31, 38). At the organism level, acute alveolar hypoxia
in humans or laboratory animals is frequently associated with
systemic effects that present an inflammatory component: exam-
ples are the illnesses of high altitude such as acute mountain
sickness and high-altitude cerebral edema (1, 13, 14, 16, 19) and
the multiple organ failure secondary to atelectasis (18), acute lung
injury (29, 37), and pulmonary contusion (27). Conversely, the
edema and tissue swelling of inflammation leads to impaired O,
delivery and tissue hypoxia. Accordingly, the mechanisms re-
sponsible for the inflammation of hypoxia, the factors that modify
it, and the role of inflammation on the overall mechanisms of
adaptation to hypoxia constitute an important and growing re-
search subject.

Dexamethasone is a synthetic glucocorticoid used clinically for
its anti-inflammatory properties and, more specifically, to reduce
associated edema. Hence, dexamethasone is highly effective in
the treatment of acute diseases of high altitude, in particular
high-altitude cerebral edema (20). In addition, recent studies also
show that dexamethasone improves exercise capacity and pulmo-
nary gas exchange in subjects prone to the development of
high-altitude pulmonary edema (10). The present experiments
were designed to determine the effect of dexamethasone on the
systemic inflammation of alveolar hypoxia and to investigate the
possible site(s) of the systemic inflammatory cascade at which
dexamethasone may act. Dexamethasone influences AMO and
MC function, and has anti-inflammatory effects in various sys-
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temic microvascular beds; accordingly, we reasoned that it may
act at different sites of the inflammatory cascade of hypoxia. The
results show that dexamethasone acts in all key steps of the inflam-
mation and that its effect on each site is sufficient to abrogate the
systemic inflammation initiated by activation of AMO.

METHODS

The Animal Care and Use Committee of the University of Kansas
Medical Center, an institution accredited by the American Association for
Accreditation of Laboratory Animal Care, approved all procedures.

Dexamethasone Pretreatment

Dexamethasone (0.1 mg/kg) was administered subcutaneously 24 h
before the experiments to male Sprague-Dawley rats; a second dose
was given 30 min before the initiation of the experiments. Untreated
controls were given vehicle with the same schedule.

Primary Cultures of AMO

AMO were harvested by bronchoalveolar lavage (BAL) from dexameth-
asone-treated and control rats anesthetized with pentobarbital sodium,
40 mg/kg ip. Catheters were placed in the jugular vein (PE-50) and in
the trachea (PE-240). After euthanasia with an overdose of pentobar-
bital sodium (150 mg/kg iv), BAL was carried out as described
previously (11). The fluid collected was centrifuged at 1,500 rpm for
10 min, the cell pellet was resuspended in 2 ml DMEM with 10%
serum, plated in a sterile flask and placed in an incubator at 37°C, and
equilibrated with 5% CO- in air for 45 min. The supernatant was
discarded and replaced with serum-free DMEM equilibrated with
15% 02-5% CO»-80% N». After 30 min, the equilibrating gas mixture
was replaced with a hypoxic gas mixture consisting of 5% O>-5%
C0O-90% N>. These gas mixtures provide Po, values that approxi-
mate those to which AMO are exposed in vivo during normoxia and
during 10% O, breathing, respectively. The cultures were gassed via
a needle placed through the cap of the culture dish and connected to
the gas source. With the use of this approach, steady-state Po, values
are reached within 2-3 min of equilibration (4).

An electrochemical detection system (Apollo 4000; World Preci-
sion Instruments, Sarasota, FL) was used to determine H>O, concen-
tration in the supernatant, as described before (4). At the end of the
hypoxic period, a 0.2-ml sample of supernatant was obtained for
MCP-1 concentration measurement with enzyme-linked immunosor-
bent assay (ELISA) (SABiosciences, Frederick, MD). At the end of
the experiment, the supernatant was removed, and 2 ml of 0.4%
Trypan blue was added to the culture and mixed for 2 min. Photo-
graphs of five different areas of the culture, containing ~200 cells
each, were obtained 30 min after Trypan blue addition. Cell viability
expressed as the percentage of cells excluding Trypan blue exceeded
98% in all experiments.

Peritoneal Lavage

Peritoneal MCs and macrophages were harvested by peritoneal
lavage of control and dexamethasone-treated rats anesthetized with
ketamine, 40 mg/kg, and atropine, 5 mg/kg im (4). Before the lavage,
a catheter was placed in the jugular vein to obtain a blood sample for
determination of plasma concentration of stem cell factor (SCF, c-kit
ligand) using an ELISA kit (Ray Biotech, Norcross, GA), after which
the animals were killed with 150 mg/kg pentobarbital sodium intra-
venously. After lavage, MCs were separated from macrophages by
differential centrifugation using a Percoll solution. MCs isolated
essentially had no contamination with macrophages. The cells were
counted using a hemocytometer.

Bright-Field Intravital Microscopy

The procedures for intravital microscopy of the mesentery have
been described in detail before (43, 44). Briefly, male Sprague-
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Dawley rats (225-250 g) were anesthetized with ketamine, 40 mg/kg,
and atropine, 5 mg/kg im. PE-50 catheters were placed in the jugular
vein and carotid artery for injection of solutions and measurement of
arterial blood pressure and heart rate. The abdomen was opened via a
midline incision, and the ileocecal portion of the intestine was gently
drawn out, exteriorized, and mounted on a transparent plastic stage.
The intestinal loop was covered with Saran wrap to prevent drying of
the tissue and to minimize the effect of ambient oxygen on the
mesenteric microcirculation. The Saran wrap cover was briefly lifted
when solutions were applied topically to the mesentery. The animals
were covered with a thermal blanket to maintain rectal temperature at
37°C. Postcapillary venules of 20—40 pwm diameter were selected for
microscopic observation. Adherent leukocytes were defined as those
remaining stationary for at least 30 s. Leukocyte-endothelial adher-
ence was expressed as the number of adherent leukocytes per 100 wm
vessel. Ruthenium red, 5 mg/100 ml, was used to detect degranulation
of MCs. MC degranulation intensity (MCDI) was estimated using
image analysis (AnaliSYS software Soft Imaging, Lakewood, CO)
and expressed in arbitrary units. At least five MC were analyzed in
each experiment. At the end of the experiment, the rats were killed
with pentobarbital sodium (150 mg/kg iv).

Measurement of Extravasation of Fluorescent Albumin

Rats were prepared for intravital microscopy of the mesentery
circulation as described above. After a suitable venule was identified
by bright-field microscopy, fluorescein isothiocyanate (FITC)-labeled
bovine albumin was injected intravenously (50 mg/kg), and images
were obtained under fluorescence microscopy. To minimize photo
bleaching, fluorescence recording was <15 s in any given area.
Fluorescence from FITC-albumin (excitation wavelength 420-490
nm, emission wavelength 520 nm) was detected with an F-view SIS
camera. Images were analyzed for intravascular fluorescence intensity
in an area including the full width of the vessel and 100 pm in length,
avoiding areas with underlying vessels. Extravascular fluorescence
was measured on both sides of the 100-pwm venule segment. The same
section of the microcirculation was analyzed in all the images of a
given experiment. The magnitude of albumin extravasation was esti-
mated by the ratio of the extravascular-to-intravascular fluorescence.

Exposure of Conscious Rats to Hypoxia

Dexamethasone-treated and untreated rats, 250-300 g, were anes-
thetized with ketamine, 40 mg/kg, and atropine, 5 mg/kg im. PE-50
catheters were placed in the carotid artery and the external jugular
vein, tunneled subcutaneously, exteriorized at the back of the neck,
cut at a length of ~2.5 cm, and flame-sealed. Four to 6 h after
recovery from anesthesia, an arterial blood sample was obtained under
normoxic conditions, after which the animals were placed in a Lucite
chamber where either room air or 10% 0,-90% N, were circulated.
Blood samples were obtained at 5, 30, and 60 min of hypoxia. Blood
removed was replaced with donor blood. Arterial blood pressure and
heart rate and chamber O, concentration were recorded continuously.
At the end of the experiment, the animals were killed with pentobar-
bital sodium, 150 mg /kg iv.

In a separate series of experiments, dexamethasone-treated and
untreated conscious rats were placed in the hypoxic chamber at 10%
O,. After 4 h of exposure to hypoxia, the animals were anesthetized
with ketamine, 40 mg/kg, and atropine, 5 mg/kg im and prepared for
intravital microscopy of the mesenteric microcirculation as described
above. The animals breathed 10% 0,-90% N throughout surgery and
the entire experimental procedure. An additional group of untreated
animals was placed in the chamber for 4 h under normoxic conditions
(Fio, = 0.21).

Statistics

Data are presented as means = SE. Each experiment served as its
own control, with the data after a given treatment compared with the
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corresponding average control. Average control was the mean of all
the values observed in the control period. Significance was established
with a #-test for paired samples. Intergroup comparisons were carried
out with a one-way ANOVA followed by Bonferroni tests for multiple
comparisons. A P value <0.05 was considered to indicate a signifi-
cant difference.

RESULTS

Effect of Dexamethasone on the Inflammatory Response
of the Mesenteric Microcirculation to Alveolar Hypoxia

Figure 1 shows representative bright-field (Fig. 1, A-C)
and fluorescence (Fig. 1, D-F) photomicrographs of the
mesentery microcirculation of normoxic untreated animals

Nx untrea

Fig. 1. Top: representative bright-field photomicro-
graphs of mesentery postcapillary veins of an un-
treated rat breathing room air (A) and of an untreated
rat (B) and a dexamethasone-treated rat (C) after 4 h

[ ] Nx Untreated,

DEXAMETHASONE AND SYSTEMIC INFLAMMATION OF ALVEOLAR HYPOXIA

and untreated and dexamethasone-treated animals that had
been exposed to 4 h of hypoxia in the conscious state. The
hypoxic animals were prepared for intravital microscopy
while they continued to breathe 10% O,. The bar graphs under
the bright-field photomicrographs show average values of inflam-
matory markers as follows: leukocyte-endothelial adherence, leu-
kocyte emigration, and MCDI, obtained in five rats of each group.
The graph below photomicrographs D—F shows the time course
of the changes in extravascular-to-intravascular FITC fluores-
cence intensity ratio. The untreated rats show the typical re-
sponse of the mesentery microcirculation to alveolar hypoxia
(compare Fig. 1A with 1B): increased leukocyte-endothelial
adherence, emigration of leukocytes to the perivascular fluid,

4h Hx Dex

a

ed 4h Hx untreated
i3 R \ “‘{\\‘. AL
' it

N=5 [l 4h Hx Untreated, N=5 [ ] 4h Hx Dexa, N=5
*
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and red arrows indicate mast cells (MCs). The red 8 1 15 100 -
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cates degranulation. The large solid black circles are 4 +——H 50 -

used to align the optical Doppler velocimeter and 2 A 5 1

occasionally are moved to obtain a better image of 0 - 0 - 0

the leukocyte-endothelial interface for photographs.

The bar graphs below the bright-field images are Leukocyte adherence Leukocyte emigration MC degranulation intensity
average data (n = 5/group) of leukocyte-endothelial Leukocytes /100um Leukocytes /100um? Arbitrary units

adherence (left), leukocyte emigration (center), and
MC degranulation intensity (right). Bright-field data
were obtained 30 min after the postsurgery stabili-
zation period, with the animals in the hypoxia
groups breathing 10% O continuously. D—F" repre-
sentative fluorescence images of mesenteric post-
capillary venules of an untreated rat breathing room
air (D), and of an untreated (E) and a dexametha-
sone-treated rat (F) after 4 h of breathing 10% O in
the conscious state. The graph below the fluores-
cence images depicts the time course of the ex-
travascular-to-intravascular fluorescein isothiocya-
nate (FITC)-albumin fluorescence intensity ratio af-
ter iv injection of the dye in the three groups of rats.
Data are mean * SE of 5 rats in each group. *P <
0.05, 4 h hypoxia (Hx) untreated vs. normoxia (Nx)
untreated. #P < 0.05, 4 h Hx Dexa vs. 4 h Hx

Nx untreated

4h Hx untreated 4h Hx Dexa
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Fig. 2. Effect of dexamethasone (Dexa) on the hypoxia-induced release of
H20> (A) and monocyte chemoattractant protein (MCP)-1 (B) by primary
cultures of alveolar macrophages (AMO). Cultures were equilibrated with 15%
02-5%CO0»-balance N» (normoxia) and 5% 0»-5% CO»-balance N> (hypoxia).
Samples for supernatant MCP-1 concentration were obtained at the end of the
normoxic period in the untreated group and at 15 min of hypoxia in the
untreated, Dexa AMO, and Dexa rat groups. Dexa rats, AMO harvested from
rats treated with dexamethasone; Dexa AMO, AMO from untreated rats to
which dexamethasone (1 wM) was added to the supernatant 30 min before the
experiment. Data are means * SE of 5 primary cultures in each group. *P <
0.05 vs. corresponding average H>O» concentration obtained during normoxia
(A) and vs. untreated Nx sample (B).

degranulation of MCs evidenced by uptake of ruthenium red,
and increased extravasation of FITC-labeled albumin (compare
Fig. 1D with 1E), demonstrated by the continued increase in
the extravascular-to-intravascular ratio of fluorescence inten-
sity, documented for 1 h after FITC-albumin injection. It is
clear that dexamethasone substantially attenuates the expres-
sion of all inflammatory markers generated by exposure to
hypoxia for 4 h.

Effect of dexamethasone on the response of AMO to hypoxia.
As expected from previous data (3, 4), AMO obtained from
untreated rats showed a rapid and transitory release of H,O»
after 15 min of exposure to 5% O, (Fig. 2A). This response
is the consequence of the generation of superoxide that
characterizes the respiratory burst produced by AMO acti-
vation (21): H,O; generated from the dismutation of super-

H171

oxide produced during the burst is released into the super-
natant. Release of H»O, did not occur when Po, was
lowered in cultures obtained from rats pretreated with dexa-
methasone or in cultures obtained from untreated rats to
which dexamethasone (1 wM) was added to the supernatant
before lowering Po,. Each set of data represents the average
of five individual primary cell cultures.

The activation of AMO by hypoxia resulted in the ex-
pected release of MCP-1 into the supernatant (Fig. 2B and
Ref. 3). The inhibitory effect of dexamethasone on AMO
activation by hypoxia was reflected in abrogation of the
release of MCP-1. This was the case in the cultures obtained
from dexamethasone-treated rats as well as in the AMO
cultures treated with dexamethasone in vitro, in neither of
which MCP-1 concentration differed significantly from the
normoxic untreated control.

Effects of dexamethasone on plasma MCP-1 concentration
during hypoxia. Figure 3 shows that alveolar hypoxia induced
the expected (3) rapid and sustained rise in plasma concentra-
tion of MCP-1 in the untreated rats (n = 5). Dexamethasone
completely inhibited this response: plasma MCP-1 remained at
prehypoxic levels throughout the 60 min of exposure to hyp-
oxia (n = 5). Mean arterial blood pressure and heart rate of the
untreated rats showed the typical response of conscious rats to
this level of hypoxia (12): a modest decrease in blood pressure
accompanied by an increase in heart rate; both were signifi-
cantly different from their respective controls only at 5 min of
hypoxia. There was no difference between the responses of
untreated and dexamethasone-treated rats.

Effect of dexamethasone on the response of the normoxic
mesenteric microcirculation to MCP-1. Topical application of
MCP-1 (30 ng/ml) to the mesentery of normoxic untreated rats
produced MC degranulation, evidenced by the uptake of ruthe-
nium red, and leukocyte-endothelial adherence (compare with the
effect of vehicle, Fig. 4A). These effects of MCP-1 were pre-
vented by dexamethasone (Fig. 4C). Administration of the MC
stabilizer cromolyn (8-mg bolus followed by 0.15 mg/ml, 2 ml/h
iv) to previously untreated rats prevented the effects of topical
MCP-1 on MC degranulation as well as the increase in leukocyte-
endothelial adherence (Fig. 4D).

Topical application of MCP-1 to untreated rats produced a
significant increase in the extravasation of FITC-albumin, as
shown by the progressive increase in the extravascular-to-
intravascular ratio of fluorescence intensity above the values
observed before MCP-1 application (Fig. 5). In contrast, data
of untreated rats administered vehicle show that extravasation
of FITC-albumin after 1 h of injection is minimal, as shown by
the lack of significant difference between the initial and final
values of extravascular-to-intravascular fluorescence intensity
ratio in this group. As with the inflammatory markers shown in
Fig. 4, dexamethasone prevented the extravasation of albumin
that follows topical application of MCP-1. When MCP-1 was
applied in control rats pretreated with cromolyn, no increase in
FITC-albumin was observed. This, together with the data of
Fig. 4, show that dexamethasone prevents the activation of
MCs by MCP-1. Furthermore, the finding that MCP-1 has no
inflammatory effects in rats treated with the MC stabilizer
cromolyn suggests that MCP-1 has no direct effects down-
stream of MCs.
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Fig. 3. Plasma MCP-1 concentration (fop) and
mean arterial blood pressure and heart rate
(bottom) of conscious rats before and during
10% O breathing. Data are means = SE of 5
untreated and 5 dexamethasone-treated rats.
*P < 0.05 vs. corresponding normoxic con-
trol.
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Effect of Dexamethasone on Peritoneal MC Number
and on the Plasma Concentration of Soluble DCF

In the course of these experiments, it became apparent that
the number of MCs visualized in the microcirculation was

Vehicle

Leuko/100 um

0 -

Leukocyte/endothelial adherence

[] Vehicle N=5 [l MCP-1 N=5

lower in the dexamethasone-treated rats. This was confirmed
by counting MC recovered by peritoneal lavage, which showed
a significantly lower number of peritoneal MC, but not of

peritoneal macrophages, in the dexamethasone-treated rats
(Table 1).

Dexa + MCP-1

Arbitrary units

MC degranulation intensity

Dexa+MCP-1 N=5  [] Cromolyn + MCP-1 N=5

Fig. 4. Representative photomicrographs of mesentery postcapillary venules of untreated rats receiving vehicle (A) or MCP-1, 30 ng/ml (B). C: dexamethasone-
treated rat receiving MCP-1. D: effect of MCP-1 on a rat pretreated with the MC stabilizer cromolyn 30 min before MCP-1. The images were obtained ~30
min after topical application of MCP-1 (30 ng/ml) or vehicle on the mesentery. Red arrows point to MCs, and blue arrows point to adherent leukocytes (Leuko).
MC degranulation in the untreated rat is evidenced by the red coloration produced by ruthenium red uptake. No MCs were identified in the image of the
dexamethasone-treated rat. Cromolyn prevents the MC degranulation and leukocyte-endothelial adherence produced by topical MCP-1 applied after a 30-min
control period. The data depicted in the bar graphs were obtained 30 min after administration of MCP-1 or vehicle. Data are means = SE of 5 rats in each group.
*P < 0.05, MCP-1 vs. vehicle. #P < 0.05, MCP-1 + Dexa vs. MCP-1. §P < 0.05, MCP-1 + cromolyn vs. MCP-1.
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1 —(— Vehicle, N=5 —QO— MCP-1 + Dexa, N=5
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0.8 ' |
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FITC
0.6 vehicle

l |
A |
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Fig. 5. Effect of MCP-1 on the extravasation of FITC-albumin. The arrows
indicate the times of iv injection of FITC-albumin and the topical administra-
tion of MCP-1 or vehicle. Data are means = SE of 5 rats in each group. *P <
0.05, vehicle vs. MCP-1. #P < 0.05, MCP-1 + Dexa vs. MCP-1. §P < 0.05,
MCP-1 + cromolyn vs. MCP-1.
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The plasma concentration of SCF, a cytokine required for
MC development, was significantly reduced in the dexameth-
asone-treated rats (Table 1).

Effect of Dexamethasone on the Response of the Mesentery
to Topical ANG II. Figure 6 shows photomicrograph obtained
30 min after topical application of vehicle (Fig. 6A) or ANG II
(10 nM) to the mesentery of untreated (Fig. 6B) and dexam-
ethasone-treated (Fig. 6C) rats: the typical response to ANG II,
leukocyte-endothelial adherence in the absence of MC degran-
ulation, (4) is evident in the untreated rats. Dexamethasone
completely blocked the response to ANG II. Figure 7 shows
that dexamethasone also prevents the progressive increase in
FITC-albumin that follows topical ANG II.

DISCUSSION

The results show that pretreatment with dexamethasone
prevents the inflammatory response of the mesenteric micro-
circulation to alveolar hypoxia. This is due to inhibitory effects
of dexamethasone at each of the key steps of the inflammatory
cascade: AMO, MCs, and the leukocyte-endothelial interface.
Furthermore, the data show that the effect at each site is
sufficient to block the inflammatory response.

Experimental Design

To determine the effects of dexamethasone on the systemic
inflammation of alveolar hypoxia, we exposed conscious rats

Table 1. Effect of dexamethasone on peritoneal mast cell and
macrophage number and on plasma levels of soluble SCF

n Untreated Dexamethasone
PMO, 10° cells/rat 5 15.60 = 1.39 15.25 £ 1.65
MC, 10° cells/rat 5 1.34 = 0.08 0.40 £ 0.06*
Plasma SCF, pg/ml 3 4248 =523 160.1 = 13.9%

Values are means * SE; n, no. of rats in each group. SCF, stem cell factor;
PMO, peritoneal macrophages; MC, peritoneal mast cells. *P < 0.05 vs.
untreated.
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to 10% inspired O, for 4 h, using a dexamethasone dose
comparable to that used in humans (20). While degranulation
of MCs by circulating AMO-borne MCP-1 is evident within
minutes of the reduction of alveolar Po, (36), some inflamma-
tory markers such as leukocyte emigration and increased vas-
cular permeability develop with a slower time course (43).
Exposing the animals to hypoxia for 4 h ensured the full
expression of all inflammatory markers in the untreated rats
and provided an adequate background to evaluate the effects of
dexamethasone.

The inspired Po, used in these experiments is equivalent to
that of an altitude of 5,500 meters. This value was chosen
because the response of rats to this fairly severe degree of
hypoxia has been studied extensively (3, 4, 6, 11, 12, 32, 35.
36, 42—44). In addition, since the incidence of altitude illnesses
increases with altitude, we reasoned that it would be important
to determine the effectiveness of dexamethasone in conditions
in which there is a high likelihood of these diseases. While the
systemic inflammatory response to this level of hypoxia has
been well characterized, there is less information on the sys-
temic effects of more moderate levels of hypoxia, such as those
that may be seen in patients with pulmonary disease. Reducing
Po, from normoxic values to ~65 and to ~5 Torr produced
increasing release of H>O, in isolated AMO cultures (4). This
suggests that AMO are activated at relatively mild levels of
alveolar hypoxia and that the intensity of their response is
Po,-dependent, although it is not known if the graded release
of H,0, is accompanied by proportionate releases of MCP-1.
Similarly, a Po,-dependent increase in microvascular ROS
fluorescence intensity, leukocyte-endothelial adherence, and
MC degranulation was observed in the mesentery of rats
breathing hypoxic O, mixtures that result in alveolar Po,
values of ~70, 40, and 30 Torr, respectively (35). Neverthe-
less, while this evidence suggests that the AMO-initiated
systemic inflammation may develop at Po, levels closer to
those seen in pulmonary disease, the present results are appli-
cable only to the relatively severe degree of hypoxia used in
these experiments. It is reasonable to assume, however, that, if
dexamethasone is effective at low Po, levels, it would also be
effective in less severe hypoxia.

The mesenteric microcirculation was studied because the
effects of hypoxia have been well characterized in this micro-
vascular bed (3, 4, 35, 36, 42—44); in addition, exposure of the
mesentery is a relatively simple procedure that can be accom-
plished in a few minutes, thereby limiting the effects of
prolonged surgery and anesthesia. The inflammatory responses
of mesentery, skeletal muscle, and pial microcirculation have
common characteristics such as MC degranulation and RAS
activation (3, 4, 6, 11, 12, 23, 26, 32, 35, 36 42—44). Thus, data
in the mesentery are likely to be a reasonable representation of
an inflammatory response initiated by a circulating mediator
activating MCs, a cell type ubiquitously distributed throughout
the organism.

Pretreatment rather than dexamethasone administration after
the onset of hypoxia was done because the inflammation
involves several linked processes with different time courses.
Given the rapid initiation of the inflammation, the timing of the
treatment would introduce another variable in the experimental
design. Administration of dexamethasone 24 h before the onset
of hypoxia avoided these possible drawbacks. While this ap-
proach does not mimic the clinical use of dexamethasone, it
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Fig. 6. Representative photomicrographs of mesentery postcapillary venules of an untreated rat given vehicle (A) or ANG II, 10 nM (B) and of a
dexamethasone-treated rat given ANG II (C). Images were obtained ~30 min after the topical administration of ANG II or vehicle. Vehicle and ANG II were
applied after a 30-min control period. The red arrows point to MC, and the blue arrows point to adherent leukocytes. Notice the adherence of leukocytes in the
absence of MC degranulation produced by ANG II in the untreated rat. The data depicted in the bar graph were obtained 30 min after application of ANG II
or vehicle. Data are means * SE of 5 rats/group. *P < 0.05, vehicle vs. ANG II. #P < 0.05, Dexa + ANG II vs. ANG II.

does provide useful information on the mechanism of action of
this agent.

A major objective of the research was to determine the
possible sites of action of dexamethasone in the inflammatory
cascade. This was investigated by determining the effect of
dexamethasone on the response of each key site to its specific
stimulus. Previous work has shown that AMO are activated by
low Po, (3, 4), whereas MCs and the leukocyte-endothelial
interface do not respond to a reduction of local Po, (4, 6, 32).
Rather, MCs are activated by circulating AMO-borne MCP-1
(3), and the inflammatory responses at the leukocyte-endothe-
lial interface are the result of ANG II (4, 12) generated by the
release of renin from MCs (5).

Finally, it should be acknowledged that, while this experi-
mental design is appropriate to address the questions asked, it

/\Vehicle, N=5 W Angll, N=5 O Ang Il + Dexa, N=5

-

o
o

Angll
FITC  or Vehicle

Extra/intravascular FITC
fluorescence intensity
o o o
N 'S o

-15 0 15 30 45  min

Fig. 7. Effect of dexamethasone in the ANG II-induced increase in FITC-
albumin extravasation. The vertical arrows indicate the times of injection of
FITC-albumin and the topical administration of ANG II (10 nM) or vehicle.
Data are means * SE of 5 rats in each group. *P < 0.05, vehicle vs. ANG IL
# P < 0.05, ANG II + Dexa vs. ANG II.

is not directed to provide information on the cellular signal
transduction pathways affected by dexamethasone. The results
obtained provide an overall view of the effects of dexametha-
sone on the inflammatory cascade at the intact organism level
and represent a necessary initial step in the elucidation of the
mechanisms of action of dexamethasone in the inflammation of
hypoxia.

Activation of AMO by Hypoxia

The results clearly show that dexamethasone prevents the
development of the systemic inflammation of hypoxia by
acting at each of the key sites of the inflammatory cascade.
Dexamethasone prevented the respiratory burst and release of
MCP-1 that follows exposure of AMO to hypoxia (Fig. 2). The
role of dexamethasone and other glucocorticoids in attenuating
the activation of AMO by specific effectors has long been
known and is thought to explain the beneficial effects of these
agents in some pulmonary diseases such as asthma (2, 7).
Dexamethasone inhibits the in vivo and in vitro release of
several cytokines and chemokines, including MCP-1 induced
by activation of AMO by LPS and other inflammatory agents
(2, 24). Our results extend these observations by showing that
dexamethasone blocks the effects of AMO activation and
release of MCP-1 elicited by a different stimulus, in this case
reduced Po,. It should be noted that the response of AMO to
hypoxia appears to differ from that elicited by other stimuli
such as lipopolysaccharide (LPS), at least within the time
frame of the development of the systemic inflammation of
alveolar hypoxia: previous results show that from 16 inflam-
matory mediators investigated, MCP-1 was the only agent
released from AMO within minutes of the reduction of Po, (4).

Dexamethasone had the same effect whether it was admin-
istered to the animals or to cultures of AMO harvested from
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untreated rats (Fig. 2, A and B). Previous studies also showed
similar in vivo and in vitro effects of dexamethasone in
reducing AMO phagocytic activity and LPS-induced release of
tumor necrosis factor-a (24).

As a result of the inhibition of AMO activation by dexa-
methasone, plasma MCP-1 of the treated rats failed to increase
during hypoxia (Fig. 3). The main source of the plasma MCP-1
increase, at least during the first 30 min of hypoxia, appears to
be AMO, since this increase is eliminated by AMO depletion
with intratracheal clodronate liposome administration (3). Af-
ter 60 min of hypoxia, however, plasma MCP-1 concentration
increases moderately in AMO-depleted rats, suggesting the
participation of sources of MCP-1 in addition to AMO. In the
present experiments, plasma MCP-1 of the dexamethasone-
treated rats failed to increase during the entire 60 min of
hypoxia, implying that dexamethasone also blocks the release
of MCP-1 from non-AMO sources.

These results provide additional support to the critical role of
AMO activation in the initiation of the inflammation and show
that the effect of dexamethasone on AMO is sufficient to
prevent the systemic inflammation of hypoxia. Depletion of
AMO prevents the hypoxia-induced inflammation in skeletal
muscle (11) and mesentery (3, 4); dexamethasone has a similar
effect, in this case by functionally eliminating the role of AMO
in the initiation of the systemic inflammation.

Response of MCs to MCP-1

The second key step in the inflammatory cascade of alveolar
hypoxia is the degranulation of MCs by AMO-borne MCP-1.
Local tissue hypoxia does not produce MC degranulation if
alveolar Po, is maintained at normal values (6, 32); similarly,
reduction of medium Po, does not activate MC in vitro (4).
MCP-1 administered to normoxic rats replicates the microvas-
cular inflammatory response to alveolar hypoxia (Figs. 4 and 5
and Ref. 3); conversely, blockade of MCP-1 receptors with
RS-102895 prevents the development of the microvascular
inflammation in hypoxic rats (3). Accordingly, MCP-1 is the
appropriate agent to investigate the effects of dexamethasone at
this step of the cascade. Prevention of MCP-1-induced MC
degranulation by dexamethasone was accompanied by inhibi-
tion of the downstream responses, leukocyte-endothelial ad-
herence (Fig. 4), and vascular extravasation of albumin (Fig.
5). These responses highlight the central role of MC activation
in the AMO-initiated inflammation and are consistent with
previous observations that stabilization of MCs with cromolyn
blocks all the downstream inflammatory responses to alveolar
hypoxia and that MC secretagogues replicate the microvascular
inflammation of hypoxia (36).

The data on the effects of the MC stabilizer cromolyn
provide additional evidence concerning the role of MCP-1 in
the systemic inflammation of hypoxia. Cromolyn prevented
MC degranulation by MCP-1, as well as the downstream
inflammatory responses that follow the MC degranulation
(Figs. 4 and 5). This shows that the effects of MCP-1 on
leukocyte-endothelial adherence and in albumin extravasation
are mediated by its effect on MCs, rather than by a direct action
of MCP-1 on the leukocyte-endothelial interface. These results
support previous findings that, although MCP-1 induces MC
degranulation and P-selectin-mediated leukocyte/endothelial
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interactions in the cremaster microcirculation, it does not
induce expression of P-selectin in endothelial cells (41).

In addition to preventing the activation of MCs by MCP-1,
dexamethasone produced a substantial decrease in the number
of harvested peritoneal MCs. The extent of MC depletion
observed here is similar to that found before within analogous
time frames (34). It is likely that the effects on MC number and
on MC activation by MCP-1 are both due to the well-known
inhibition by dexamethasone of the synthesis of SCF, a cyto-
kine necessary for MC development and function that regulates
proliferation, differentiation, adhesion, and release of inflam-
matory mediators by MC (30). SCF synthesis is rapidly inhib-
ited by dexamethasone and other glucocorticoids (8). MC
depletion was accompanied by a decrease in the plasma con-
centration of the soluble form of SCF to <50% of the value
observed in the untreated rats (Table 1). The decrease in
circulating SCF points to a systemic reduction of this agent,
and is consistent with observations of dexamethasone-induced
MC depletion in various organs (8, 30, 34). Given the central
role of MC activation in the inflammatory response, it is likely
that the effect of dexamethasone observed in the mesentery
extends to other organs where the inflammation of hypoxia is
expressed. Because MC stabilization with cromolyn com-
pletely blocks the AMO-initiated inflammation (36), the effect
of dexamethasone at this step is likely to be sufficient by itself
to prevent the inflammation.

Response of the Leukocyte-Endothelial Interface to ANG II

The final step in the inflammatory cascade is the increase in
leukocyte-endothelial interactions and in vascular permeability
produced by ANG II. Degranulation of MCs by MCP-1 leads
to release of MC renin and angiotensin-converting enzyme,
activation of the local RAS, and generation of ANG II (5),
which acts downstream of MCs to induce microvascular in-
flammation (Fig. 6 and Refs. 3, 12, and 28). On the other hand,
local hypoxia in the absence of alveolar hypoxia fails to elicit
increased leukocyte-endothelial interactions (6, 32). In view of
these facts, ANG II is the agent of choice to investigate the
effect of dexamethasone on this step of the inflammatory
cascade.

Dexamethasone prevented the increases in leukocyte-endo-
thelial adherence and in vascular permeability produced by
topical ANG II (Figs. 6 and 7). ANG II participates in virtually
all the steps of the inflammatory response, including rolling,
adhesion, and extravasation of leukocytes as well as increase in
vascular permeability (22). The increased leukocyte-endothe-
lial adhesive interactions produced by ANG II in the mesentery
are attenuated by fucoidan and anti-P-selectin monoclonal
antibody (28), indicating an involvement of P-selectin in this
phenomenon. Dexamethasone attenuates the expression of P-
selectin in systemic inflammation (45), suggesting a possible
mechanism for dexamethasone in hypoxia. A possible role of
P-selectin in the systemic effects of altitude hypoxia is sug-
gested by the elevated levels of soluble P-selectin in individ-
uals acutely exposed to altitude (19).

The effects of ANG II on vascular permeability may in part
depend on the release of inflammatory agents by adherent
leukocytes; in addition, ANG II directly increases vascular
permeability, at least in part by increasing the expression of
vascular endothelial growth factor (VEGF), a potent permea-
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bility factor (46). Dexamethasone reduces VEGF expression,
suggesting a possible mechanism for its effect of ANG II-
mediated increase in vascular permeability (9, 17).

While it is clear that dexamethasone blocks the systemic
inflammation that develops at the onset of hypoxia, it should be
kept in mind that alveolar hypoxia is a complex stimulus; in
addition to the phenomena described here, additional mecha-
nisms with different time courses, including changes in gene
expression, contribute to the overall response to hypoxia.
Whether dexamethasone influences these responses and alters
the adaptation of intact organisms to more prolonged periods of
hypoxia should be the subject of further research.

The present study highlights the extrapulmonary effects of
AMO activation. While most known effects of AMO stimula-
tion occur within the lung, evidence of systemic inflammatory
effects resulting from substances released by AMO has been
accumulating within the past few years. Examples are the bone
marrow effects of cytokines released by AMO in idiopathic
pulmonary fibrosis (39) or in response to exposure to particu-
late matter (15). Cytokines released from AMO after particle
deposition in the lung are thought to act on the bone marrow to
produce the release of platelets and leukocytes into the sys-
temic circulation and stimulate the release of acute- phase
proteins (40), leading to systemic endothelial dysfunction and
inflammation of characteristics similar to that described here
(25). It has been suggested that overspill of inflammatory
mediators from the lung contribute to systemic inflammation in
pulmonary diseases, including chronic obstructive pulmonary
disease (33). This suggests that activation of AMO by various
stimuli may represent a mechanism underlying some of the
systemic inflammatory processes observed in various pulmo-
nary pathologies. The findings of this study suggest that the
effects of dexamethasone and other glucocorticoids in pulmo-
nary diseases involving AMO may extend to the systemic
effects of these conditions.
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